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 ray source with monochromatic wavelength of 0.45 Å. The indexing each 
diffraction peaks were done as per the color legends detail analysis of 
individual peaks with phase identification are listed in Table 4.5. 

Figure 4.7: (a) SE micrograph of the of annealed Fe – 15 Y2O3 – 2 Ti alloy powder 
showing morphology of the each powder particle upon annealing and  (b, c, 
d and e) micro-chemical analysis from the region shown in (a) using Fe K , 
Y L , Ti K  and O K X-rays respectively. 

Figure 4.8: (a-b) BF-TEM micrographs of the annealed powder Fe – 15 wt. %Y2O3–
2 wt. % Ti alloy at various magnifications (a) entire FIB lamella and 
(b) from a relatively thin region, (c) SADP from the entire region shown in 
figure (b) using 10 µm SAD aperture and (d) the radial integrated intensity 
profile of the SADP. 

Figure 4.9: (a) SE micrograph of the of annealed Fe – 15 wt. %  Y2O3 –5 wt. % Ti alloy 
powder showing morphology of the each powder particle upon annealing 
and  (b, c, d and e) micro-chemical analysis from the region shown in 
(a) using Fe K , Y L , Ti K  and O K X-rays respectively. 

Figure 4.10: (a-b) BF-TEM micrographs of the annealed powder Fe – 15wt. % Y2O3– 
5wt. % Ti alloy at various magnifications (a) entire FIB lamella and 
(b) from a relatively thin region, (c) SADP from the entire region shown in 
figure (b) using 10 µm SAD aperture and (d) the radial integrated intensity 
profile of the SADP. 
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Figure 4.11: High-resolution TEM micrograph of 60 h milled and annealed powder of 
Fe – 15Y2O3– 5Ti alloy and (A) and (B) represent the corresponding FFT 
from regions marked A and B respectively in the HRTEM image. 

Figure 4.12: (a) SE micrograph of the of annealed Fe – 15 wt. % Y2O3 –  10  wt.  %  Ti  
alloy powder showing morphology of the each powder particle upon 
annealing and  (b, c, d and e) micro-chemical analysis from the region 
shown in (a) using Fe K , Y L , Ti K  and O K X-rays respectively. 

Figure 4.13: (a) BF-TEM micrographs of the annealed powder Fe – 15wt. % Y2O3– 
10 wt. % Ti alloy, (b) SADP from the entire region shown in figure 
(a) using 10 µm SAD aperture and (c) the DF-TEM micrograph using one 
of the diffraction spots corresponding to FCC-Y1.6Ti1.8Fe0.4O6.6 (222) 
Debye ring. 

Figure 4.14: (a) SE micrograph of the of annealed Fe – 15 wt. % Y2O3 –  15  wt.  %  Ti  
alloy powder showing morphology of the each powder particle upon 
annealing and  (b, c, d and e) micro-chemical analysis from the region 
shown in (a) using Fe K , Y L , Ti K  and O K X-rays respectively. 

Figure 4.15: (a) BF-TEM micrograph of  60 h milled and annealed powder of Fe – 
15 wt. % Y2O3– 15 wt. % Ti alloy (b) radial normalized integrated intensity 
of  the  SADP  from  the  entire  region  of  BF,  (c)  the  SADP   showing  two
region encircled as A and B represents the diffraction beam corresponding 
to  Y2Ti2O7 (222) and Fe (110) respectively, which was considered for 
generation of dark-field imaging (d) DF- TEM micrograph using Fe (110) 
reflection and the inset shows the histogram of size distribution of 
Fe crystallites and (e) DF- TEM micrograph using Y2Ti2O7 (222) reflection 
and the inset shows the histogram of size distribution of Y2Ti2O7 crystallites. 

Figure 4.16: (a) SE micrograph of TEM lamella 60 h milled and annealed powder of 
Fe  -  15  wt.  %  Y2O3 - 15 wt. % Ti alloy prepared by FIB, showing tiny 
Fe grains (size 1.4 µm) with nearly uniformly distributed dispersoid, (b) the 
BF-TEM micrograph of the section of one powder (c) The EDS spectrum 
obtained from the relatively thicker particle encircled figure (a), and 
(c) high resolution TEM micrograph from the region bounded by square in 
figure  (a)  confirming presence  of  Y1.6Ti1.8Fe0.4O6.6 oxide with d spacing of 
0.58 nm. 
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Chapter 5 

Figure 5.1: (a) SE micrograph and (b) EDS maps of Fe - 9Cr - 2W-0.1C pre-alloy 
powder using Fe K , Cr K , W L , Y L , and O K   X-rays 

Figure 5.2: (a-b) SE micrographs at low and high magnification and (c) EDS maps of 2 
h milled ODSS-A alloy using Fe K ,  C r  K ,  W  L ,  T i  K ,  Y  L , 
and O K   X-rays 

Figure 5.3: (a-b) SE micrographs at low and high magnification and (c) EDS maps of 5 
h  milled  ODSS-A  alloy  using  Fe  K ,  Cr  K ,  W  L ,  Ti  K ,  Y  L , and 
O K  X-rays 

Figure 5.4: (a-b) SE micrographs at low and high magnification and (c) EDS maps of 
1 0  h  m i l l e d  O D S S - A  a l l o y  u s i n g  F e  K ,  C r  K ,  W  L ,  T i  
K ,  Y  L , and O K   X-rays 

Figure 5.5: XRD pattern of the 10h mechanically milled powder of ODSS-A alloy 

Figure 5.6: The average particle size and aspect ratio of the ODSS-A alloy powder 
before (0 h) and after mechanical milling (for 2 h, 5 h and 10 h durations) 

Figure 5.7: SE micrographs and EDS maps of 10 h milled ODSS-B alloy using Fe K , 
Cr K , W L , Ti K , Y L , and O K   X-rays 

Figure 5.8: XRD pattern of the 10h mechanically milled powder of ODSS-B alloy 

Figure 5.9: SE micrograph of SPS consolidated (a) ODSS-A and (b) ODSS-B steels 

Figure 5.10: DF-TEM micrograph using (400) reflection of Y2Ti2O7 in SPS consolidated 
(a) ODSS-A steel (b) ODSS-B steel and (c) normalized cumulative 
frequency of size distribution of dispersoid in the ferrite matrix 

Figure 5.11: Visible light micrograph depicting the grain morphology of (a) SPS 
consolidated ODSS-A steel and (b) P91 steel in normalized and tempered 
condition 

Figure 5.12: Bright field microstructure of (a) SPS consolidated ODSS-A and 
modified 9Cr-1Mo steel in normalized and tempered condition 

Figure 5.13: (a-d) crystal orientation maps and (e-f) Kikuchi band contrast map of SPS 
consolidated Fe-9Cr-2W-0.35Y2O3-0.35Ti-0.1C ODS steel in normalized 
and tempered condition (a, c and e) and modified 9Cr-1Mo steel in 
normalized and tempered condition (b, d, and f) 

Figure 5.14: Creep-rupture life of SPS consolidated ODS steels (ODSS-A and ODSS-B) 
and P91 steel in normalized and tempered condition 
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Chapter 6 

Figure 6.1: (a) BF-TEM micrograph of heavily deformed P91 steel showing shearing of 
coarse Cr23C6 carbide and dislocation forest and cell structures (b) EDS 
analysis from a coarse carbide indicated by white arrow in BF micrograph 
and (c) EDS analysis from a finer Nb rich MX carbide (indicated by 
black arrow). 

Figure 6.2: 2D-crystal orientation map and IPF map for heavily deformed P91steel (a1) 
IPF map along RD-TD plane (a2)  IPF  with  respect  to  RD,  TD  and  ND
planes obtained from RD-TD plane EBSD scan (b1) IPF map along RD-
 ND plane and (b2) IPF with respect to RD, ND and TD planes obtained 
from RD-ND plane EBSD scan. 

Figure 6.3: (a) virtual bright-field TEM micrograph and (b) high resolution crystal 
orientation map of heavily deformed P91 steel using PED technique. 

Figure 6.4: 3D-EBSD map for heavily deformed (CR88%) P91 steel reconstructed from 
41  serial sections of crystal orientaion maps. 

Figure 6.5: ODF maps for 2=45° in CR88% specimen for (a)1st slice (b) 15th slice and 
(c) 30th slice. 

Figure 6.6: (a) BF-TEM micrograph of recrystallized deformed P91 steel showing 
recrystallization of ferrite grains and precipitation of coarse M23C6 type 
carbides (indicated by white arrow) and Zener pinning of dislocations by 
finer carbides (indicated by black arrow) (b) EDS analysis from a coarse 
carbide (indicated by white arrow in BF micrograph) and (c) EDS analysis 
from a finer V rich MX carbide (indicated by black arrow). 

Figure 6.7: Crystal orientation map and IPF of recrystallized P91 steel (a1) IPF map 
along RD-TD plane (a2) IPF with respect to RD, TD and ND obtained from 
RD-TD plane EBSD scan (b1) IPF map along RD-ND plane and (b2) IPF 
with respect to RD, ND and TD obtained from RD-ND plane EBSD scan. 

Figure 6.8: (a) virtual BF- TEM micrograph and (b) high resolution crystal orientation 
map of recrystallized P91 steel using PED technique. 

Figure 6.9: 3D-EBSD map for recrystallised  P91 steel reconstructed from 32  serial 
sections of crystal orientaion maps. 

Figure 6.10: ODF maps for 2=45° in recrystallized specimen for (a)1st slice (b)15th slice 
and (c) 30th slice. 

Figure 6.11: IPF maps of recrystallized steel for (a)1st slice (b)15th slice and (c) 30th slice 
and their corresponding GOS graphs for (d) 1st slice (e)15th slice  and
(f) 30th slice respectively. 
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Figure 6.12: Comparison of major texture components in CR88% and recrystallized 
steels. 

Figure 6.13: Fabrication steps of 9Cr-ODS steel clad tube. 

Figure 6.14: (a) BF-TEM micrograph from 9Cr ODS steel extruded rod (SAD pattern 
shown as inset) (b) corresponding DF-TEM micrograph from the same 
region shown in figure (a) using Y2Ti2O7 (400) diffracted beam (indicated 
in SAD pattern), the white encircled regions are some of the coarse 
dispersoids (c) EDS analysis from the coarse M23C6 carbide and 
(d) Y2Ti2O7 dispersoid size distribution in the ferrite matrix. 

Figure 6.15: (a) 2D-EBSD grain orientation map along with image quality map of 
longitudinal section of 9Cr ODS steel extruded rod and (b) corresponding 
ODF ( 2=45º section)using Bunge notation and orthotropic sample 
symmetry. 

Figure 6.16: (a) BF-TEM micrograph from 9Cr ODS steel clad tube (SAD pattern shown 
as inset) (b) corresponding DF-TEM micrograph from the same region 
shown in figure (a) using Y2Ti2O7 (400) diffracted beam (indicated in SAD 
pattern), the white encircled regions are some of the coarse dispersoids 
(c)  EDS analysis  from the  coarse  Y2Ti2O7 oxide and (d) Y2Ti2O7 dispersoid 
size distribution in the ferrite matrix. 

Figure 6.17: (a) 2D-EBSD grain orientation map along with image quality map of 
longitudinal section of 9Cr ODS steel clad tube in normalised and tempered 
condition and (b) corresponding ODF ( 2=45º section) using Bunge 
notation and orthotropic sample symmetry. 
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7.1 Summary of the thesis: 

The thesis has focused on structural characterisation of evolution of dispersoids during 

mechanical milling and subsequent annealing treatments using concentrated dispersed 

Y2O3 and Ti in Fe-based model ODS alloys. The experimental observations indicate that the 

nano-crystalline ceramic dispersoid loses its crystallinity and transforms to amorphous 

structure during mechanical milling. Structural amorphisation of ceramic is due to 

severe plastic deformation introduced during milling process. In addition the stoichiometry of 

the Y2O3 dispersoid was unaffected by the mechanical milling and Y-O bond in the oxide 

found to be stable and intact in the molecule of Y2O3. No signature of Y and Ti solute in 

ferrite matrix were observed during milling process. Ti has no role in the process of 

amorphisation/ retention of crystallinity of Y2O3 during milling, but helps in refinement of 

dispersoid upon annealing by forming Y-Ti-O complex oxide. The Y2O3 to Ti weight ratio 

governs the size and stoichiometry of the Y-Ti-O complex oxide. It was observed that 

Y2O3 to Ti in the ratio of 1:1 resulted in formation of Y1.6Ti1.8Fe0.6O6.6 oxide, whose structure 

is similar to Y2Ti2O7 and size varies in the range of 5-10 nm. Using the optimum content of 

Ti and Y2O3 in the ratio of 1:1, two varieties of 9Cr ODS F/M steel were synthesized and 

Microstructural and mechanical properties were also evaluated. The 9Cr ODS steel dispersed 

with 0.35 wt.%Ti and 0.35 wt. % Y2O3 in normalized and tempered condition is found to be 

superior in term of mechanical property of 0.2 wt. % Ti and 0.2 wt.% Y2O3 dispersed ODS 

steel. The  0.35 wt. % dispersed Ti and Y2O3 variety of ODS steel mechanical property is 

found to be comparable with the reported 9Cr varieties of ODS steel consolidated by hot 

extrusion. The microstructure, microtexture and creep-rupture life of the SPS consolidated 

9Cr ODS steel in the normalised and tempered condition were compared with the modified 

9Cr 1Mo steel. It was observed that the later possess poorer creep rupture life as compared to 
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the former. Finally, the effect of heavy deformation and recrystallization treatments on 

microstructure and microtexture of P91 steel and 9Cr ODS steel was studied. The summary 

of each chapters of this thesis are briefly described as follows. 

Chapter-1:  A detailed literature review of the ODS steels for nuclear reactor core structural 

material application and various process induced amorphisation of dispersoid in the ODS 

steel have been discussed in this chapter. The role of Ti in the refinement of the dispersoids 

and how it provides stability to the dispersoid by means of formation of Y-Ti-O complex 

oxides have been brought out. In addition to this, necessity for development of concentrated 

Y2O3 & Ti dispersed model ODS alloys has been discussed. 

Chapter-2: This chapter illustrates the detailed experimental methods adopted for synthesis of 

concentrated yttria dispersed model ODS alloys and fabrication of 9Cr F/M ODS steel with 

optimized content of Y2O3 and Ti. It also explains the working principle of mechanical 

alloying and spark plasma sintering technique and various characterisation techniques such as 

XRD, FE-SEM, FIB, 2D and 3D-EBSD, TEM, PED, Raman spectroscopy, DSC and 

micro-mechanical property evaluation have been discussed in brief. 

Chapter-3: The structural characterisation of dispersoid in Fe - 15 wt. % Y2O3 - 5 wt. % Ti 

alloys, mechanically milled for various time durations in the range of 0 - 60 h. Morphology of 

the powders before and after milling has been studied using FESEM. XRD analysis showed 

that the intensity of Y2O3 diffraction peaks decreased with the increase of milling time and 

almost disappeared after 60 h of milling, implying either amorphisation or decomposition of 

Y2O3 during mechanical milling. Based on the morphology of various milled powders, 

structural degradation of the oxides and homogeneous distribution of dispersoids in ferrite 

matrix, the optimum milling duration is found to be 60 h. In order to understand role of the Ti 

in the structural evolution of yttria in ODS steel, Fe – 15 wt. % Y2O3– x wt. % Ti (x = 0, 2, 10 
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and 15) model ODS alloys have been synthesized with the optimum milling duration of 60 h 

and structural evolution of Y2O3 upon annealing has been studied in detail using both XRD 

and electron microscopy techniques and are discussed in this chapter. In order to address 

about the existence of Y-O bond after mechanical milling of model ODS alloys, 

Raman spectroscopy technique was adopted and the analyzed results are discussed in this 

chapter. 

Chapter-4: This chapter describes about the evolution of dispersoid upon annealing of 

mechanically milled Fe – 15 wt. % Y2O3–x wt. % Ti alloys. The structural studies of Fe-Y-O 

oxide upon annealing of mechanically milled Fe – 15 wt. % Y2O3 alloy powders have been 

discussed and the growth kinetics of this evolved oxide has been exemplified in this chapter. 

Upon annealing of Ti added mechanically milled model ODS alloys showed the evolution of 

various Y-Ti-O oxides such as YTiO3, Y2TiO5, Y2Ti2O7 and non-stoichiometry nano-clusters. 

The size distribution, morphology and microchemistry of these oxides in the ferrite matrix 

have been established and discussed in this chapter. The Y2O3 to Ti content has been 

optimized and found to be 1:1 in wt. %, which provides not only refined dispersoid but also 

homogeneous in microchemistry and structure. This chapter also discusses various interfaces 

of evolved oxides with the ferrite matrix. The micron-sized nearly spherical Fe-Y-O oxides in 

Fe - 15 wt. %Y2O3 alloy is found to be incoherent with the ferrite matrix. In Ti added alloys 

especially with Ti content ≥ 10%, the evolved dispersoids are Y1.6Ti1.8Fe0.4O6.6 (Y2Ti2O7) and 

based on their size, the interfaces are found to be semi-coherent/ coherent with the matrix. 

Chapter-5: This chapter illustrates about the synthesis of two sets of optimized content of 

Y2O3 and Ti: (1) 0.2 wt.%Y2O3 and 0.2 wt.% Ti and (2) 0.35 wt.% Y2O3 and 0.35 wt.% Ti 

9Cr - 2W  F/M ODS steel consolidated by means SPS and their structural characterizations in 

terms of   microstructure, microtexture and microchemistry. The results have been compared 
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with P91 F/M steel. The microstructure of the SPS consolidated steel reveal that the grains 

are polygonal in shape whose size varies in the range of 200 - 1000 nm, which upon 

normalizing and tempering treatment yields finer ferrite grain structure as compared to P91 

steel in N&T condition. The martensite laths are also finer in size in 9Cr ODS steel as 

compared P91 steel owing to uniform distribution of finer Y2Ti2O7 complex oxides in ferrite 

matrix, which not only restricts the growth of ferrite grains but also pins the migration of lath 

boundaries during N&T treatment. The SPS consolidated 9Cr ODS steel in normalised and 

tempered condition is found to possesses better creep-rupture life as compared to P91 steel. 

Chapter-6: In addition to above, the work remains incomplete without studying actual thin 

walled clad tubes made out of the ODS steel. This chapter first deals with the effect of heavy 

deformation and recrystallization treatments on microstructure and microtexture of P91 steel 

and then uses the knowledge gained to understand the microstructure and microtexture in 

extruded rods and clad tubes of 9Cr ODS steel. The microstructure and microtexture of the 

P91 steel was also studied by both 2D and 3D EBSD techniques. In addition the recently 

emerging nano-texture analysis using PED technique was utilized to establish inter/intra grain 

carbide orientation in the P91 steel as function of deformation and recrystallization. It was 

observed that upon heavy deformation the P91 steel some of the grains are elongated like a 

sheet along rolling direction having thickness ~200 nm, while others fragmented into 

submicron size due to severe plastic deformation. On recrystallization this P91 steel develops 

elongated plate like coarse grains and equiaxed recrystallized grains along the boundaries of 

deformed grains. With respect to microtexture study the P91 steel shows minor enhancement 

of α-fiber texture component upon heavy deformed, but upon recrystallization the γ-fiber 

texture component dominated over other BCC fiber texture components. Where as in 9Cr 

ODS F/M steel micro structure wise the steel is more resistant towards deformation and 
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recrystallization and shows no appreciable change in microtexture also. Finally, the P91 steel 

was compared with the 9Cr ODS steel in terms of its microstructure and microtexture. 

7.2 Scope for future work 

This thesis has attempted for detailed comprehensive understanding about structural 

evolution of dispersoid during mechanical milling and subsequent annealing. However, much 

needs to be done towards understanding the mechanism of amorphisation during milling and 

how Ti helps in formation of Y-Ti-O complex oxide. Some of the gap areas where more 

research is required to address the above issue are listed below. 

 Theoretical modeling to understand the mechanism of amorphisation of Y2O3 during

mechanical milling. 

 Mechanism of evolution Y-Ti-O oxide from an amorphous oxide need to be addressed

experimentally using advanced characterization techniques such as 3D atom probe 

tomography, TEM tomography and EELS techniques as well as through modeling. 

 Fabrication of clad tubes using optimized quantities of Ti and Y2O3 (each 0.35 wt.%).

 Investigating alternate oxides as dispersoids that do not coarsen during high

temperature processing, such as ZrO2 or ex-situ synthesized Y2Ti2O7. 

 3D- microstructure and microtexture studies of 9Cr ODS F/M fuel clad tube.
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ABSTRACT 

The thesis entitled “Study of nano-dispersoid characteristics in Oxide Dispersoid 

Strengthened Alloys” deals mainly with the understanding of the structural evolution of 

the dispersoid during high energy ball milling and subsequent annealing. It is customary to 

use small quantities of Y2O3 and Ti along with pre-alloyed steel powder to undergo powder 

metallurgical processing for fabrication of components. The mechanical properties of ODS 

steel  so  made  depends  strongly  on  the  size  and  size  distribution  of  the  dispersoids.  Ti  is  

added to Y2O3 to maintain a fine of the dispersoid during the powder metallurgical (PM) 

processing, which involves high energy ball milling followed by consolidation at high 

temperature. A Y- Ti-O complex oxide is formed in the process which acts as the 

dispersoid. But the structure and chemistry of this complex oxide dispersoid is barely under 

control during the complex process undergone by the feed powder. Of the various oxides 

that might result, the pyrochlore structured Y2Ti2O7 is most preferred due to excellent 

stability  at  finest  sizes   (~   few  nm).  In  addition,  the  ODS  steel  components  need  to

undergo multiple steps of heavy deformation and annealing during their processing which 

may result in preferential orientation of the grains. Therefore, such a study necessitates 

in-depth microstructural, microchemical and microtextural investigations.  

The state-of-the art in this field is discussed in Chapter 1. 

This thesis, tries to address these issues through detailed studies on a model concentrated 

alloy of Fe – 15 wt. % Y2O3 – x wt. % Ti (x = 0 – 15). The concentrated alloy helps in ease 

of characterization. Various characterization techniques used in the course of this 

thesis work includes, XRD, FE-SEM,FIB, 2D & 3D-EBSD, TEM, PED, Raman 

spectroscopy  and  DSC  (Chapter 2). The knowledge thus gained is used for studies on 

consolidated products of the ODS steel using quantities of dispersoid components. 



ix 

The  stru ctu ral  transformation  of  Y2O3 during milling is first investigated in order to 

understand if the oxide remains in amorphous state or is dissolved in the Fe matrix. 

Interestingly, the former is established with conviction (Chapter 3). The thesis then goes on 

to address the optimization of Ti content that is necessary to obtain fine sized Y2Ti2O7 during 

high temperature processing. Through this study, it is established that 1:1 concentration of 

Y2O3:Ti  is  op timum  (Chapter 4).  Consolid ated  prod u cts  of  9 Cr  ODS  steel  u sing  optimum  

amou nts  of  Y2O3:Ti is then fabricated using SPS technique. The structural details are 

correlated with mechanical properties of the material and compared with conventionally 

produced modified 9Cr-1Mo (P91) steel (Chapter 5) and results are found to be very 

encouraging indeed. Finally, it is realized that the ODS steel need to undergo heavy 

deformation as well as annealing during the fabrication of thin walled clad tubes for fast 

reactor application. Therefore the effect of heavy deformation and annealing on P91 steel in 

terms of microstructure and microtexture have also been studied in this work and 

compared with the studies on extruded rods and clad tubes of 9Cr ODS steel, 

fabricated in collaboration with NFC and ARCI, Hyderabad (Chapter 6).  

The summary of the thesis and future scope that arises out of this work are given 

in Chapter 7.  
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1.1 Country’s energy requirement and future challenges 

Access to clean, affordable, and reliable energy is an essential requirement for sustainable 

development of any developing country like India. The per capita electricity consumption is a 

measure of the development index of a county. For India, it is around 1075KWh, which is 

1/3rd of the world average i.e. 3000KWh (Central Electricity Authority (CEA) 2015a) [1]. 

The sources of commercial production of electric power are: (1) fossil fuels (coal, petroleum, 

and natural gases), (2) nuclear and (3) renewable (solar, wind, hydroelectric, geothermal, and 

biogas) [1]. Worldwide electricity production from fossil fuel is the largest contributor 

(~ 85%), but the fossil fuel reservoirs are shrinking quickly along with increasing carbon 

footprint with possible links to global warming [1]. As the country grows, there is a rapidly 

growing demand for production of energy. Other than consumption of fossil fuel with low 

carbon emission, there is a renewed global interest in mega-scale nuclear power plants by 

utilizing either fission or fusion of atoms in a nuclear reactor [1]. Presently around 30 

countries across the world have technological/ commercial capability of producing electricity 

through nuclear fission/ fusion processes, and very few have contributed nuclear energy as 

the major contributor towards their total electricity production [1]. Among them, France 

utilized ~ 75 % of its national consumption from nuclear reactors, and for U. S. A., it is 

~ 20 % [1-4]. In densely populated countries like India and China, it is only ~ 1 - 2 % [5]. 

Thus, nuclear energy can play a significant role in attaining energy security for India. 

The increasing demand for sustainability, reliability, safety, efficiency, and economic 

operation of nuclear reactors have induced the development of advanced structural materials 

to enable long term in-service ultra-severe conditions such as high-temperature, corrosive 

medium, high dose neutron fields, etc. [1, 3, 4]. The availability of the enriched nuclear fuels 

for economic operation of fission reactors is an important concern to the developing countries 

like India. India has a very limited reservoir of the uranium mines and also with low 
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enrichment of the fissile U235 (around 0.3 %) and most abundant fertile U238, which can be 

converted to the fissile Pu239 in a reactor environment [1]. India has the largest Th reservoir 

(world’s ~ 30 % of the total reserve) and the Th can also be convertible to the fissile U233 

after being transmutant by the fast neutrons [1]. The effective utilization of the Th can make 

India a world leader in the generation of power from the nuclear reactors. To facilitate 

effective utilization of the Th and closed nuclear fuel cycle program, India has committed to 

the effective development and promotion of the three stages of the nuclear program [1, 2]. 

Figure 1.1 illustrates a brief description of the three-stage Indian nuclear program [2]. 

 
Figure 1.1. Brief description of the Indian nuclear program [2] 

 
The first stage contains the utilization of the natural U or with the enriched U235 and 

converting the fertile U238 into the fissile Pu239 in a thermal neutron-based reactor such as 

Pressurized Heavy Water Reactor (PHWR), Boiling Water Reactor (BWR), and Light Water 

Reactor (LWR), etc. [1].The second stage nuclear program deals with utilization of both 

fissile Pu239 and the fertile U238 in fast neutron-based reactors, called Fast Breeder Reactors 

(FBR), in these reactors based on the coolants used are classified as Sodium-cooled Fast 

Reactor (SFR), Gas cooled Fast Reactor (GFR) and Lead Fast Reactor (LFR) etc. [3].  
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The thorium (Th232) used as blanket material in FBR or fast reactor (FR) are generally 

converted into the fissile U233 after capturing the fast neutrons. The third stage nuclear 

program contains effective utilization of the thorium and the fissile U233 in an advanced 

thermal neutron-based rector [1]. Both fast and fusion reactor in-service condition is guided 

by the type of nuclear fuel, chemically reactive environments, the temperature of operation, 

the intensity of neutron radiation fields and also the type of the structural materials housing 

the fuel and surrounding environments [3, 4]. The recent nuclear disaster in Japan leads to 

development in advanced accident tolerant core structural materials [1,4].  

Following Table 1.1, illustrates various core structural materials along with the type of fuel, 

temperature of operation, moderator/ coolant, maximum allowable dose, etc. in various 

nuclear reactors. 

The second stage of the nuclear program consisting of FBR technology has great importance 

not only ineffective utilization of the fertile nuclides but also minimizes the radio toxic 

burden of nuclear waste and their exposure to the environment. In addition, breeding the 

fissile content of the fuel for sustainable operation of fast nuclear reactors is also prime 

importance in this second stage nuclear program. The neutrons generated by the fission of 

either U235 and /or Pu239 and are being captured by the fertile U238 lead to the production of 

more fissile content of Pu239 as compared to its consumption. This is called breeding ratio 

(ratio of the rate of production of fissile content to the rate of its utilization) and for FBRs the 

breeding ratio is generally >1 [5]. In other-words, from the designer’s point of view, it is 

called doubling time and is defined as the time taken for the production of excess fissile 

material in a breeder reactor as compared to its consumption [6]. The housing of the nuclear 

fuel in a confined space imposes challenges in the development of advanced structural 

materials.  
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1.2 Selection criteria for Gen-IV fast reactor core structural materials 

Various nuclear reactors are categorized based on the chronological evolution of their design 

technologies called “generations”, like Generation I, II, III, III+ and IV [3]. Generation-I 

refers to those early prototype and power reactors developed during the 1950s and 1960s, 

such as Fermi-I, Shippingport, and Dresden-1in USA and Calder in the UK [3]. Generation II 

reactors developed in the late 1960s, consisting of commercial power reactors such as 

PHWR, BWR, LWR, Voda Voda Energo Reactor (VVER) and Advanced Gas-cooled 

Reactors (AGR) [3]. These reactors were designed in such a way as to serve for at least 40 

years [4]. The generation III reactors are basically an advanced version of the generation II 

reactors with enhanced design, thermal efficiency, safety, and economics. These reactors 

technologies have aimed at a higher operational life of 60 years. The Advanced Light Water 

Reactors (ALWR) and Advanced Boiling Water Reactor (ABWR) are coming under this 

Gen-III, categories [3]. Gen III+ reactors are the improved design of the Gen-III reactors with 

advanced safety features and cost-effectiveness. Gen-IV reactors are the future generation 

superior reactors designed in such a way that it consists of all features of Gen III+ reactors, as 

well as enhancement towards its ability for higher operating temperatures, fuel utilization 

efficiency, and thermal energy efficiency [3]. These reactor designs are essential not only to 

produce electricity but also to promote economic hydrogen production, water desalination, 

and actinide management [3]. The commercial utilization of Gen-IV reactor technology is 

nearly two to three decades away [7]. 

The development of core structural material for Gen-IV reactors, especially for SFRs is the 

challenging one, which has to withstand higher operating temperature (> 873K), higher 

neutron irradiation (>150 dpa) and corrosive environment (liquid sodium coolant and the 

highly radioactive nuclear fuel and the fission products) [8, 10-12]. 
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The general selection criteria of an alloy for application as the core structural in Gen-IV fast 

reactors are as follows 

 Adequate thermal and irradiation creep strength to resist any dimensional changes 

 Resistant to irradiation-induced swelling, hardening, and embrittlement 

 Chemical compatibility with the coolant and fuel 

 Compatible to the acidic medium during reprocessing of the exposed fuel clad 

 Cost-effective and easy of fabrication. 

Among all available options, nano-structured oxide dispersion strengthened (ODS) steels 

appear to be most promising owing to their enhanced high temperature creep properties and 

void swelling resistance as compared to the currently used austenitic steels such as 316LN, 

D9 and IFAC grade steels as fast breeder reactor fuel cladding materials [15-19]. Figure 1.2 

illustrates the maximum hoop direction deformation of various steels as an effect of neutron 

irradiation at reactor operating temperature of 400-550°C.  

 

Figure 1.2. The maximum hoop deformation of various steels as a function of neutron dose received at the  
temperature range of 400-550˚C [20] 

Generally, body-centered cubic (BCC) structured material such as ferritic steels are 

considered as a better alternative in terms of superior radiation resistance as compared to 

face-centered cubic (FCC) crystal structured material like austenitic steels. Apart from this, 
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the ferritic steels are also more economical than austenitic steels because they don’t contain 

the relatively expensive Ni as an alloying element. However, these steels possess poor 

high-temperature creep strength [4, 16, 18], which have been overcome in advanced 

medium Cr ferritic martensitic (F/M) steels containing a uniform distribution of stable 

nano-sized ceramic oxides in the ferrite matrix, named as the ODS F/M steels. The stable 

nano-oxides not only restrict the motion of dislocations during in-service high-temperature 

deformation of the material but also act as a pinning site for both high and low angle grain 

boundaries by the process called “Zener pinning” and prevent grain growth [21-25]. 

The interface of these oxide dispersoids and matrix also acts as a sink for trapping 

transmutant He, resulting in the formation of minute gas bubbles. In other words, these 

interfaces also act as sinks for point defect annihilation. As a result, neutron 

irradiation-induced void swelling resistance of the material improves [10, 26-28]. The type of 

oxide dispersoid, their size distribution in the matrix and stability under extreme service 

conditions (such as high temperature along with fast neutron irradiation) is extremely 

important which in turn governs the physical and mechanical properties of the steel. 

1.3 Choice of Oxide selection for ODS steels 

Given the ODS steel composition, the dispersoid which does not react with the steel and has 

maximum thermal stability while retaining fine size distribution is preferred. Usually, oxide 

compounds do not react with steel unless they decompose and hence an idea about their 

temperature dependence and stability is very important. The Ellingham diagram is very 

helpful in the evaluation of the purpose. It also predicts the equilibrium temperature between 

metal, its oxide, and oxygen. Figure 1.3 describes the stability of various oxides and nitrides. 

The analysis of this Ellingham plot reveals that the Y2O3 is the most stable among other 

oxides and nitrides within the range of desired temperature range of the application and hence 

is suitable for the synthesis of ODS steels for core structural material application. 
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Figure 1.3.  Gibbs-free-energy of various oxides and nitrides [29] 
 

Table 1.2 represents the melting point and the heat of formation of various oxides, it is 

interesting to note that the Y2O3 is the most stable oxide having the highest negative heat of 

formation of energy [12]. Monnet et al. [30, 31] have studied the irradiation stability of 

various oxides such as Y2O3, Al2O3, MgAl2O4 and MgO in the Fe-9Cr-1Mo ferritic matrix 

and they reported, Y2O3 receives less dpa than the others due to the high threshold 

displacement energy for Y as compared to Al and Mg. 
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Table 1.2: Thermal stability of various oxides 

Name of 
oxide 

Melting point (°C) Heat of formation (kJ/mol) Ref. 

ZrO2 2715 -1042.8 [32-35] 

MgO 2852 -569.3 

Y2O3 2425 -1816.65 

CeO2 2400 -1024.7 

Cr2O3 2435 -1058.1 

Fe2O3 1539 -824.2 

Al2O3 2072 -1582.3 

SiO2 1713 -910.86 

TiO2 1843 -888.8 

ThO2 3350 -1169.2 

La2O3 2315 -1705.8 
 

1.4 Synthesis of oxide dispersion strengthened alloys 

The ultra-fine grain materials typically have poor high temperature creep strength because the 

coble creep increases with the increase in grain boundary area and that is possible in reduced 

grain size material [36]. But, the ODS nano-structured materials have extremely good creep 

properties because of the uniform distribution of fine nano-oxides [8-12]. In addition, this 

nano-oxides pin the ferrite grain boundaries and dislocations introduced during creep, as 

a result, prevents their movement [25]. Miller et al. have reported the preferential 

precipitation of small oxide particles and the nano-clusters along the grain boundaries which 

effectively not only pin the migration of grain boundaries but also the vacancies; therefore 

atom diffusion is retarded drastically as a result inhibits the grain boundary sliding at high 

temperature [37-44]. The physical and mechanical properties of the ODS steel are mostly 

governed by the process parameters used during mechanical alloying and subsequent 
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consolidation process and fabrication route [11, 12]. The following section discusses the 

synthesis of the ODS alloys in brief. 

Unlike the conventional steel making process, it is impractical to fabricate ODS steel by 

conventional melting route, because of lower solubility of O [45], Y [46] and Ti [47] in a 

ferrite matrix. Additionally, the metal alloys being heavier as compared to refractory oxides, 

the separation of matrix, and the oxide take place during alloy melting. Besides, the tendency 

of the coarsening of the dispersed Y2O3 at melting temperature also suggested the discovery 

of an alternative route for alloy synthesis. Hence these ODS alloys are synthesized by the 

powder metallurgical process consisting of mainly two major processes 

(1) synthesis of alloy powder by mechanical alloying/ milling 

(2) consolidation of the mechanically milled alloy powder 

The following section briefly describes these two major processing steps. 

1.4.1 Alloy synthesis by mechanical alloying/ milling 

Mechanical alloying (MA) is about a few decade-old techniques developed by Benjamin and 

his co-workers around 1966 [48] at the International Nickel Company (INCO)’s 

Paul D Merica Research laboratory. These researchers were intending to produce gamma 

prime (γ’) dispersed Ni-base superalloys for gas turbine applications. According to Benjamin, 

MA is the process for producing composite metal powders with a controlled refined 

microstructure [48]. The MA technique is a non-equilibrium process and generally adapted 

for the synthesis of a composite alloy of the ductile-ductile or ductile-brittle or brittle-brittle 

class of materials [49-52]. Synthesis of ODS alloys comes under the ductile-brittle category, 

where the atomized elemental metal powder or pre-alloy powders (ductile) and ceramic 

oxides (brittle) are blended and agitated in a ball mill. In the early 1970s, this technique was 

successful in the development of uniform dispersion of oxides such as ZrO2, ThO2, and Al2O3 
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in the Ni matrix for the synthesis of  Ni-based super alloys. However, in a later stage, based 

on industrial demands, various Fe base and Al base ODS superalloys were also developed. 

For the synthesis of Fe based ODS steels, crystalline Y2O3 having few tens of nanometer in 

size are dispersed either to the pre-alloy powder (gas atomized) or elemental metal powders 

along with the refining agents such as Ti, Hf, Zr and are blended by the process of 

mechanical milling. The prime objective of the synthesis of these alloys by powder 

metallurgical by means of the mechanical milling process is to reduce the powder particle 

size in considerable time along with the uniform blending of the constituent metals/ ceramics 

by means of the solid-state reaction process. 

In 1983 Koch et al. reported about the formation of the amorphous phase by MA, after-ward, 

a new era of solid-state amorphization has evolved [53]. MA technique was utilized for the 

synthesis of nano-crystalline metals, alloys, intermetallic compounds, ceramics, 

nanocomposites [54]. During the mechanical milling process, ball to ball; ball to powder; 

ball to the wall of the container collisions takes place more frequently, as a result, significant 

fragmentation of the brittle powder and elongation of the ductile materials happen to 

be predominant. The compressed and sheared alloy powders were repeatedly flattened, 

fractured and cold-welded to form larger particles at the onset of milling as compared to the 

starting pre-alloy steel powders. With further increase in milling duration resulted in 

refinement of the alloy. The flattening/ fracture of the alloy powder during the milling 

process increases the surface to volume ratio and ruptures the ultra-thin metal oxide film, 

as  a result, the fresh metal surfaces are exposed to the atmosphere of the milling medium 

[49, 51, 52, 55]. The extent of these micro-processes depends upon the milling parameters 

such as the speed of the grinding container, weight of the ball, type of the material used for 

milling and also the ball to powder weight ratio (BPR), hence it is highly essential to 

optimize these process variables to achieve desired structure and property. The material of the 
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milling container should be harder than the alloy being milled so that frequent dislodgement 

of the milling container during the collision of the ball on the wall can be avoided as a result 

reduces alloy contamination. Generally, the jar and the ball are made with hardened 

martensite steel or stainless steel coated with tungsten carbide (WC). If the material of the 

grinding vessel is different from that of the powder, then the powder may be contaminated 

with the grinding vessel material [54, 56]. Depending upon the design of the mill and the 

rotation speed was optimized. In a conventional ball mill by increasing the speed of rotation 

of jar will increase the speed of the balls contained within. Above a critical speed (the speed 

at which the centrifugal force on the ball is equal to the gravitational force such that the ball 

will not fall from its position onto the base of the jar, the value of the critical speed depends 

upon radius of the ball, radius of the jar and the acceleration due to gravity [48-55]), the balls 

will be pinned to the inner walls of the vial and momentum transfer via collision is not 

effective, hence the maximum speed should be adjusted in such a way that it should be below 

this critical value (~ 462 rpm, for planetary ball of jar diameter 100 mm and ball diameter of 

10 mm). During mechanical alloying the jar rpm is generally set at ~ 65 to 75 % below the 

critical speed so that the momentum transfer to the powder is higher [54]. Normally the 

milling duration is optimized based on time to achieve steady-state cold welding and 

fracture [54]. 

Different types of high energy milling equipment such as oscillatory mill, planetary ball mill, 

and attritor ball mill are used to produce the mechanically alloyed/ milled powders. They are 

not only varying in their design and capacity, but also the efficiency of milling. 

Table 1.3 illustrates the capabilities of some of these milling equipment, which are widely 

used for the synthesis of ODS alloys in the laboratory/ industrial scale. 
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Table 1.3: Various types of ball mill and their capabilities 

Type of the mill Maximum 
capacity 

Maximum rpm Application Ref. 

Oscillatory mill Up to 50g 1200 Laboratory scale [50, 51] 

Planetary ball mill Up to 1000g 2500 Laboratory scale 

Attritor mill up to 100kg 300 Industrial-scale 

 

1.4.1.1 Mechanism of mechanical milling 

As discussed in the previous section the pre-alloy powders synthesized by gas atomized 

process possesses nearly spherical shape consisting of many recrystallized stress-free grains. 

These stress-free grains contain few dislocations within them. However, during the process 

of mechanical milling/ alloying the grain elongation, fragmentation and cold welding takes 

place. In addition, various kinds of defects such as dislocations, vacancies, interstitial, etc. 

are introduced to the metallic matrix [50, 51, 55]. Figure 1.4 illustrates the schematic of the 

evolution of the microstructure of the alloy powder during the process of mechanical milling. 

Following are the major phenomena occurring during different stages of mechanical milling 

 1st stage/ early stage: during the beginning of the milling process, plastic deformation 

of the powder takes place by slip and twinning process, local stain induces large stain 

to the crystalline powders as well increases dislocation density in the material. 

 2nd stage/ intermediate stage: with an increase in milling time, the dislocation pile-up 

takes place as a result of severe plastic deformation and the crystals are fragmented 

into sub-grains and cellular structures. The formation of these structures leads to a 

decrease in lattice strain. 

 3rd stage/ final stage: with further increase in milling duration leads to further 

fragmentation of the crystals to nano-crystalline or amorphous domains. 
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Figure 1.4. Schematic of microstructure, showing the arrangement of dislocations within the ferrite 
grains of alloy powder during various stages of mechanical milling  

BPR is an important variable in the milling process, which governs not only the milling 

duration but also the ease of amorphization of certain alloys. Some investigators have varied 

BPR from 1:1 to 220:1 [49-52].  Higher the BPR, shorter will be the optimum duration of 

milling, but very high BPR will lead to amorphization of the constituent powders and 

also sometime resulted in powder contamination [51]. 

The atmosphere of the mill is considered vital during ball milling of the elemental powders. 

Very fine powders have a large surface to volume ratio, and these surfaces are highly reactive 

to the available atmospheric gases such as oxygen, hydrogen, and nitrogen leading to the 

formation of various oxides or hydrides or nitrides of the metal alloy. To avoid these effects, 

the milling process generally carried out in an argon atmosphere. This was maintained with 

the repeated evacuation of the jar and refilling with the ultra-pure Ar gas and also the powder 

handling should be carried out in a glove box with a controlled atmosphere. 
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1.4.1.2 Synthesis of ODS alloy by reactive ball milling 

The reactive ball mill process is an innovative process of mechanical milling of various 

compounds such as oxides of base alloy and hydrides of the early transition metals. Based on 

solid-state chemical reactions happening during the milling process resulted in the formation 

of various oxides and also uniform dispersion in the metal matrix. The oxides of Fe (Fe2O3) 

and hydrides of Y and Ti (YH2 and TiH2) were generally used for the synthesis of Y-Ti-O 

dispersed ferritic ODS steel [57, 58]. 

1.4.2 Consolidation of the milled powder 

The consolidation of the milled alloy powder is an important step, which actually determines 

the density of the product. Though 100% dense product is not feasible, all powder 

metallurgists aim to go as close to the fully dense material as possible [49, 50, 55, 59-61]. 

This processing step also governs the size of evolved dispersoid and the stoichiometry of the 

precipitated dispersoid, which indirectly govern the microstructure and micro-texture of the 

alloy [3, 25, 59, 60, 62]. For sintering of the milled powder involvement of high pressure (in 

the range of 30-200 MPa) and high-temperature (in the range of 1073-1473 K) are an 

essential requirement, which can be applied simultaneously or sequentially. The 

consolidation of milled powder generally carried out either by spark plasma sintering (SPS) 

or hot isostatic pressing (HIP) or cold isostatic pressing (CIP) followed by heat treatment or 

hot extrusion (HE), etc. [10]. The consolidation of ODS steel milled powders started with 

filling the powders in a can (mostly made up of mild steel). Afterwards these cans were 

vacuum degassed at temperature  ~ 673-773 K, followed by compaction either by HE or HIP. 

The following Table 1.4 illustrates some of the parameters used during the consolidation of 

the alloy.  
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Table 1.4: Process variables for consolidation of ODS alloys 

Consolidation 
process 

Temperature 
(°C) 

Pressure 
(MPa) 

Environment Holding time Ref. 

Hot extrusion 
(HE) 

1050-1250 800-
1200 

Glass or 
graphite for 
lubrication 

Speed:25mm/s, 
extrusion ratio: 
13:1 

[10, 63-
68] 

Hot isostatic 
pressing (HIP) 

950-1150 100-300 Ar 1 – 4h [69-71] 

Cold isostatic 
pressing (CIP) 

23-27 100-300 - 15 – 30min [72] 

Spark plasma 
sintering (SPS) 

600-1200 30-100 Ar/vacuum 10 – 30min [62] 

1.5 Fabrication of various ODS steel cladding tubes and challenges 

The base composition of these alloys were derived either from martensitic or ferritic steel 

composition [3]. Figure 1.5 represents the schematic phase diagram for the Fe-Cr phase 

diagram indicating ferritic martensitic (F/M) and ferritic alloy composition. 

The analysis of this phase diagram reveals, the steel with the 9 wt. % Cr under-goes ferrite 

(α) to austenite (γ) upon heating and vice versa during cooling. The Cr is added for providing 

solid solution strengthening and oxidation resistance. These varieties of steels have an 

advantage for the control of the microstructure/ micro-texture and mechanical properties by 

suitable heat treatment. However, the alloys having composition within 12-20 wt. % Cr falls 

in the ferrite domain, i.e. these steels from room temperature upto melting have no phase 

transformation. In contrast the 9Cr F/M steel exhibit inferior corrosion and high-temperature 

oxidation resistance as compared to fully ferritic steel. Increasing chromium content counter 

balance the disadvantage of being prone to oxidation, by forming a protective chromium 

oxide film, but more chromium addition (> 20 wt. %) induces embrittlement due to the 

formation of α’  precipitates [65, 73, 74]. 
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Figure 1.5. Schematic phase diagram for Fe-Cr system, indicating the position of the 9Cr F/M 
composition (red dotted line) and the alloy composition of 12-20Cr ferritic steel (two parallel dotted lines 
in blue color) [12] 

The nuclear program, where the reprocessing of nuclear fuel is the prime importance to 

facilitate a closed fuel cycle program has adopted ferritic steel composition for cladding tube 

application. However, for fusion reactor first wall blanket material, F/M steel varieties are 

a better choice, since acidic corrosion has the least importance [3]. Generally, in these 

varieties of ODS steels, Mo is replaced by Win order to reduce activation in the radioactive 

environment and also to provide solid solution strengthening [66]. W content of more than 

2 wt. % is detrimental since it causes irradiation/ thermal embrittlement by forming the laves 

phase [75]. Some of the developed ferritic-martensitic and fully ferritic ODS alloy 

compositions are listed in Tables 1.5 and 1.6 respectively. 
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Table 1.5: Composition of various ferritic-martensitic (F/M) ODS steel 

 
Alloy Elemental composition in wt. % Ref. 

Cr W Ti C Y2O3 Fe [68] 

M11 9 2 0.02 0.13 0.37 Bal 

Mm13 8.9 2 0.2 0.14 0.34 Bal  

Y1 8.9 1.93 0.2 0.13 0.35 Bal [85] 

 

 

Y2 8.9 1.96 0.21 0.13 0.36 Bal 

Y3 8.9 1.97 0.21 0.14 0.36 Bal 

Mm11 9.0 1.92 0.20 0.14 0.36 Bal 

E5 8.9 1.97 0.21 0.13 0.36 Bal 

T3 8.8 1.93 0.21 0.13 0.34 Bal 

T5 8.8 1.93 0.46 0.13 0.34 Bal 

B0 9.1 1.95 0.18 0.13 0.01 Bal 

F1 11.8 1.92 0.13 0.06 0.08 Bal [11] 

F2 11.8 1.94 0.13 0.05 0.13 Bal 

F3 11.8 1.93 0.22 0.06 0.22 Bal 

F4 11.7 1.92 0.31 0.05 0.24 Bal 

CEA9Cr ODS 9 1 0.2 0.1 0.3 Bal [86] 

9Cr F/M ODS 9 2 0.2 0.11 0.3 Bal [18, 87] 

9Cr ODS 9 1.95 0.21 0.13 0.36 Bal [88] 

12Cr ODS 11.95 2.01 0.3 0.024 0.24 Bal 
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Table 1.6: Composition of various ferritic ODS steels 

Alloy Elemental composition in wt. % Ref. 

Cr Al Ti Mo W C Y2O3 Fe other  

MA956 20 4.5 0.5 - - 0.05 0.5 Bal. N:0.045 [83] 

 

 

 

 

 

 

MA957 14 - 0.9 0.3 - 0.01 0.27 Bal  

PM2000 20 5.5 0.5 - - 0.03 0.5 Bal  

PM2010 20 5.5 0.5 - - 0.03 1.0 Bal  

ODM751 16.5 4.5 0.6 1.5 - 0.05 0.5 Bal  

ODM331 13 3.0 0.6 1.5 - 0.05 0.5 Bal  

ODM061 20 6.0 0.6 1.5 - 0.05 0.5 Bal  

12YWT 12.29 - 0.4 - 3 - 0.25 Bal  [65, 89] 

14YWT 14 - 0.4 - 3 - 0.25 Bal  [90] 

DT 13 - 2.9 1.5 - - - Bal Ti2O3:1.8 [83] 

DY 13 - 2.2 1.5 - - 0.5 Bal Ti2O3:0.9 

DT2203Y05 13 - 2.2 1.5 - - 0.5 Bal  

CEA14Cr 
ODS 

14 - 0.3 - 1 0.01 0.3 Bal Mn:0.3, 
Ni:1.5 

[86] 

CEA18Cr 
ODS 

18 - 0.4 - 1 0.01 0.5 Bal Mn:0.3, 
Ni:1.5 

ODS6 17.4 - 0.31 - 2.2 0.01 0.36 Bal  [91] 

18Cr ODS 17.7 3.84 0.59 - 2.13 0.01 0.35 Bal  [92] 
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1.6 Ferritic-martensitic (F/M) ODS steel 
 
The 9Cr F/M steel is widely used as steam generator materials in many power generation 

industries[4, 16]. During the process of normalizing (heating the steel upto austenitizing 

temperature (1273 K) and followed by air cooling) resulted in the formation of martensitic 

structure and the morphology of these martensite varies based on the carbon content in the 

alloy[18, 76, 77]. Low carbon content alloy is preferred to form lath martensite as compared 

to medium carbon content steel, where the martensite is plate type. Upon reheating the 

normalized steel to a comparatively lower temperature (below carbide dissolution 

temperature) i.e. 1023 K, the steel transforms to tempered martensite structure along with the 

formation of varieties of carbides such as M23C6 (M: Cr, Fe, W, Mo) decorating martensite 

lath as well as prior austenite packet boundaries[70, 78, 79]. The tempered martensite 

structure along with uniform distribution of ceramic oxide dispersoids make them viable 

candidate material for the advanced 4th generation fast and fusion reactor core structural 

applications. 

The processing route to fabricate the tube from the alloy powder is shown schematically in 

Figure 1.6. The number of cold rolling/ hot rolling passes were required to achieving the 

desired wall thickness reduction. However, the reduction in thickness by rolling were highly 

dependent upon alloy composition, the starting mother tube dimension, and the finished tube 

dimension [80]. The mother tube can be obtained either by central hole drilling of the 

extruded rod or by the hollow extrusion of the forged billet [80-82]. The tube fabrication 

route for both ferritic or F/M ODS steels was tailored in such a way that to produce a thin-

walled tube of the desired dimension. 
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Figure 1.6. Schematic representation of important fabrication steps during the synthesis of F/M ODS 
alloys [12] 

1.7 Ferritic ODS Steel 

The composition of the ODS steel is tailored in such a way that it remains in the ferrite phase 

field and is called ferritic ODS steel. These types of steels vary in Cr composition in the 

range of 12-20 wt. %[74, 83, 84]. Since no phase transformation is involved upon heating, the 

tube making process for these varieties of ferritic steel has to be modified unlike 9Cr ODS 

F/M steel[81]. These steels show anisotropic properties that originated during the tube 

fabrication process. Ductility and high-temperature strength of these steel along the extrusion 

direction and radial hoop direction can be attained by modifying the intermediate heat 

treatment conditions during the tube manufacturing process [68, 85]. 

1.8 Crystallographic texture in ferritic and ferritic-martensitic ODS clad tubes 

The ferritic steels being BCCcrystal structure, the  slip occurs along closest packed 

direction i.e.<111>, but slip planes can be either {110} or {112} or {123} based onextent of 

deformation conditions(extent of cold or hot rolling) [93].  During cold rolling or pilgering 
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process, the crystal lattice rotates and align either parallel to the active slip direction or 

normal to the applied stress direction. The crystal reorientation during deformation is known 

as deformation texture. The BCC materials possess manily four kind of  of major fiber 

textures such as α, , η and ζ [94-96]. Upon heavy deformation, these materials tend to form 

α-fiber texture predominantly as compared to other fiber texture components. However, upon 

post deformation annealing  treatments the deformation texture, as well as the microstructure 

of the material, is altered by means of recovery, recrystallization and grain growth[97]. The 

recovery process begins with rearrangement and annihilation of dislocations, the formation of 

new cells and polygonized sub-grains. During this recovery process, the modification of 

deformation texture is considered to be a minimum. But, as the annealing temperature is 

increased, recrystallization process starts with the nucleation of new grains along the 

boundaries of deformed grains or partially recovered grains and grows by means of Oswald 

ripening [98]. Since the <111> is the most closed packed direction in BCC metals, during  the 

recrystallization process the grains orient in such a way that (111) plane is parallel to the 

rolling (deformation )direction that is <111>||ND. The material developing this kind of 

texture is called the γ-fiber texture[97]. If the deformed material possessing γ-fiber texture 

prior to deformation, then it is much easier to develop this texture during recrystallization 

also[99]. However, if the material possess higher fraction of α-fiber texture component 

during deformation, then the grains need to rotate larger extent towards the most preferred 

direction  to achieve <111>||ND type of texture, which purely depends upon the extent of the 

prior plastic deformation and subsequent annealing treatment[97, 99].

The ferritic ODS steels consolidated by the hot extrusion process develop strong α-fiber 

texture (<110> || extrusion direction (ED)), which further strengthens upon pilgering. The 

recrystallization temperature (1673K) for these steels is much higher than that of 9Cr 

F/M ODS steel (973K). However, it was reported that upon heat treatment of these 
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ferritic ODS steels at 1673 K induces not only abnormal grain growth but also coarsening 

of  the dispersoid. Hence performing intermediate annealing at a comparatively lower 

temperature (i.e. within recovery range) is found to be a good solution to avoid abnormal 

grain growth and sufficient enough for relieving the deformation stress introduced during 

pilgering. Narita et al. have reported the two-stage heat treatment as an alternative solution to 

control texture anisotropy in ferritic steel [81]. During the first step of heat treatment 

(comparatively higher recovery temperature but below the recrystallization temperature 

(1323-1423K), which relieves the strain energy accumulated by cold rolling/pilgering process 

and raises the recrystallization temperature of the steel. During the second stage of heat 

treatment at higher temperature i. e. at 1523K, the steel unable to develop the recrystallized 

structure rather it forms recovered one with relieved deformation stress, to enable further 

pilgering [81]. 

Figure 1.7, illustrates a comparison of microstructure and microstructure of extruded rods of 9Cr 

F/M and 18Cr ferritic ODS steels. The microstructure for the 9Cr variety shows nearly equiaxed 

ferrite grains along with nearly random texture, whereas in the case of 18Cr the ferrite grains are 

elongated bamboo-like structure, with predominant α fiber (<110> || ED) type of texture. 

 

Figure 1.7. Crystal orientation map of (a)9CrF/M and (b) 18Cr ferritic ODS alloy after extrusion.  
This data generated in Structural and Analytical Microscopy Section, Physical Metallurgy Division, 
IGCAR, Kalpakkam (unpublished data). 
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1.9 Refinement of dispersoid size 

Refinement of the dispersoid is highly essential as per the strength of the ODS steel is 

concerned. The crystalline Y2O3 having size in the range of few tens of nm were added to the 

pre-alloy powder and get refined to finer size during the process of mechanical milling as an 

effect of severe plastic deformation [11, 18, 66, 82, 87, 100]. As discussed earlier as an effect 

of mechanical milling large amounts of all kinds of defects such as point defects (vacancies 

and interstitials), line defect (dislocations) and surface defects (grain boundaries and 

interfaces) are being pumped to the alloy powders [49, 50, 55]. The matrix containing ferrite 

and Ti powders being ductile in nature are repeatedly elongated, fragmented, cold-welded 

and folded into finer size [49]. The ceramic oxides being hard are attached on the surface of 

the metal powders and also trapped within the folding of the ductile metal powders. Since the 

microcrystalline metal matrix powders are also fragmented to nano-crystallites during 

milling, a large number of new surfaces and interfaces have been created [50]. The Y2O3 

being harder than the Fe matrix also gets refined to finer scale and with the progress of 

milling, it loses crystallinity and also long-range periodicity, becomes not only X-ray 

amorphous but also electron amorphous. Some recent pieces of literature have reported that 

the Y2O3 will decompose into Y and O [9, 11, 66, 101] with prolong duration of milling. 

However, during the consolidation of the milled powder, involving high temperature and 

pressure resulted in reprecipitation of M-Y-O complex oxide (M: Ti, Fe or Cr, depending 

upon alloy composition) [35, 102-104]. Minor quantities of Ti or Zr or Hf generally added to 

the pre-alloy along with the oxide dispersoid, which is also milled and refined along with the 

alloy powder and upon consolidation combines with the amorphous oxide to form metal-

ceramic complex oxides [3, 25, 105, 106]. These complex oxides are very stable at smaller 

sizes, which not only block the mobile dislocation by the process of Zener pinning but also 

act the sink for the point defect annihilation [49, 50, 93]. 
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1.10 The necessity for the development of model ODS alloys 

Recently developed Fe based ODS steels generally contain 0.25 - 0.5 wt. % of each Y2O3 

and Ti amounting to a total of ~ 0.5 - 1 vol. %, which makes its characterization by 

conventional XRD and TEM very difficult. However, understanding the nature of dispersoid 

in terms of their chemical and structural evolution during alloy synthesis, especially during 

mechanical milling and subsequent annealing is of paramount interest for all ODS alloys as 

these are key to the material’s enhanced mechanical properties. Hence understanding the 

evolution of oxide dispersoid through a model system becomes essential. There are extensive 

literature reports on various Fe based Y2O3 dispersed model ODS alloy systems, some of them 

are listed in the Table 1.7. The prime objective of studying these model systems is to gain an 

understanding of the evolution of Y2O3upon mechanical milling and subsequent annealing. 

Table 1.7: Composition of various Y2O3 dispersed model ODS alloy 

Sl. No Model ODS alloys Ref. 

1 Fe - 15 wt. % Y2O3 [107] 

2 Fe -15 wt. % Y2O3 - 5 wt. % Ti [102] 

3 Fe - 9 wt. % Cr-15 wt.% Y2O3 [108] 

4 Fe - 24 wt.% Cr-15 wt.% Y2O3 [109] 

5 Fe - 38 at. % Y2O3 [110] 

6 Co -15 wt. % Y2O3 [111] 

7 Fe - 10 wt.% Cr-1 wt. % Mo - 5 wt. % Y2O3 [112] 

8 Fe-25 wt. % Y2O3 [113] 

9 Fe-1wt. % Y2O3 [114] 

10 Fe–14wt. % Cr –2wt. % W- 0.2 wt. % V- 0.07wt. % Ta–10 wt. % 
Y2O3 

[115] 

11 Fe-14 wt. % Cr- 0.4 wt.% Ti - x wt. % Y2O3(x= 0.25, 1, and 10) [116] 

12 Fe -10 wt. % Y2O3 - 5 wt. % Ti [117] 
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1.11 Structure and chemistry of dispersoids during the processing of the ODS alloys 

The structure and stoichiometry of the dispersoids play a crucial role during the in-service 

application of ODS steel [27, 34, 104]. The following section describes the evolution of the 

structure and chemistry of the dispersoid upon milling and subsequent annealing. In addition, 

the importance of the addition of transition elements such as Ti in the refinement of 

the dispersoid has been discussed. 

1.11.1 Amorphisation of Y2O3 during mechanical milling 

The dispersoid which is being added to the metallic matrix is not expected to enter into the 

solid solution of the matrix and is also not expected to precipitate out during processing 

conditions. They are also expected to hold on to their structure, chemistry during various 

powder metallurgical processes [118]. However, some reports show that upon mechanical 

milling the Y2O3 loses its crystallinity and becomes amorphous and others suggest 

dissociation/dissolution into elements i. e. Y and O [9, 108, 113, 119-121]. Amorphisation of 

ceramic oxides is expected during high energy mechanical milling since a high amount of 

mechanical energy was pumped during the milling process and the ceramic being brittle is 

unable to deform as the ductile alloy matrix does. From the crystal structure point of view, the 

Y2O3 is BCC structure (cI80) with 80 atoms per unit cell and the lattice size is 10.6 Å, which is 

comparatively larger than BCC-Fe (cI2) structure with lattice size of 2.86 Å.  

The Y atomic radius is larger as compared to Fe and it was reported that the Y has low solubility 

in BCC Fe lattice [46]. During the process of milling the inter-diffusion of alloying elements to 

the ceramic oxides during mechanical milling leads to destabilizing the crystal structure of the 

oxide and hence becomes amorphous.  Kimura et al. [109] have reported the amorphous Y2O3 to 

accommodate along with the interfaces of the nanocrystalline ferrite alloy matrix, which upon 

annealing precipitate as complex oxides after reacting with the alloying elements. 
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1.11.2 Precipitation of oxides during annealing 

The precipitation of the oxide starts with the nucleation of a few monomers of the M-O 

clusters, which grows with an increase in temperature. Dai et al. [108] has reported during 

mechanical milling of Fe-9Cr-15Y2O3 alloy, the ordered crystalline yttria get refined and 

become disordered/amorphous oxide because of severe plastic deformation. Upon annealing, 

the milled powder at 900 K resulted in precipitation of Y2O3 and it grows with an increase in 

temperature during subsequent annealing. Y. Kimura et al. [109] have reported about 

formation of YCrO3 along with Y2O3 upon annealing of the mechanically milled alloy of Fe-

 24Cr- 15 Y2O3. Tong Liu et al.[113] have reported the amorphization/ dissolution of Y2O3 

during mechanical milling of Fe – 25wt. % Y2O3 model ODS alloys and formation of FeYO3 

upon annealing at 1073K. Hin et al. [122] have proposed some computational modeling of 

the precipitation of the FeYO3 in the Fe-Y2O3 alloy system using kinetic Monte-Carlo 

simulation study. They reported the Y2O3 which becomes amorphous or decomposed as a 

monomer of Y2O3 molecules upon milling and distributed nearly uniformly in the steel 

matrix and oxygen being an interstitial atom were diffuse faster as compared to Y, as a result, 

meta-stable FeO forms which further changes to Fe2O3. In the later stage the nucleation of 

Fe-Y-O complex oxide takes place within the shell of the Fe2O3oxide and with an increase in 

temperature and time the meta-stable shell of Fe2O3 disintegrates, leaving behind the FeYO3 

oxide. The type of complex oxide evolve is very much dependent on the alloy composition, 

therefore, it would be intriguing to study all the oxide phases that emerge during annealing. 

 
1.11.3 Role of Ti during milling and subsequent high-temperature processing in ODS 

alloys 

The crystal structures ofY2O3 and Ti are shown in Figure 1.8 and their lattice dimensions 

were listed in Table1.8. The unit cell of Y2O3 is larger as compared to the HCP Ti lattice. 

During the process of mechanical milling, the large number of dislocations and excess 
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vacancies were pumped to the alloy system. These excess vacancies and dislocations 

accelerate the solute diffusion and act as a nucleation site for nano-feature oxides [34].  

 
Figure 1.8. Crystal structures of (a) Y2O3 and (b) Ti. 

Table1.8: Lattice structure comparison of Ti and Y2O3 

Element Structure Lattice parameter Unit cell volume 

Ti  hP2 a =b = 2.9505 Å; c = 4.6826 Å 212 Å3 

Y2O3 cI 80 a = b = c = 10.6 Å 1192.4 Å3 

 
G. R. Odette and his co-workers [26, 28, 34, 35, 63-65, 103-105, 123-127] have reported  

Y diffusion through dislocation (pipe diffusion process) leads to coarsening of the Y2O3 in 

the absence of Ti, but with a small addition of Ti increases the opportunity for the formation 

of Y- Ti oxides over Y2O3or Fe-Y-O or Cr-Y-O complex oxides. They also reported that 

Ti containing oxide phases have lower interfacial energy than Y2O3, thus have a higher 

nucleation rate and stable at finer size during annealing/consolidation process. Y-Ti-O  

nano- clusters size varies from GP zone type non-stoichiometric to near stoichiometric 

complex oxides, such as Y2TiO5 and Y2Ti2O7 bases on Y/Ti ratio in the alloy. 

According to Hsiung et al. [128], the formation mechanism of nanocluster/nano-oxide 

involves the following stages: 
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1. During the early stages of mechanical milling refinement of Y2O3 takes place which in 

the later stage becomes amorphous. 

2. During the final stages of milling the amorphized Y2O3 reacts with constituent matrix 

elements and nucleates nanoclusters M-Y-O, (M: Fe, Cr, W, and Ti). 

3. During consolidation, the growth of the nanoclusters takes place with re-arrangement of 

the constituent atoms and form a core-shell like structure. The core composed of Y-Ti-O 

complex oxide and was surrounded by the Cr/Ti rich oxide shell. 

Oka et al. [129], also reported about core-shell structure, with a core containing Y-Ti-O oxide 

and shell Ti enriched oxide covering. Figure 1.9 represents the schematic representation of 

the profile of an oxide particle in 9Cr ODS steel.  

 
Figure 1.9. Typical concentration profile of Ti/(Ti+Y) in 9Cr ODS  [129] 
 

L. Barnard et al. [34, 35] based on their semi-empirical model proposed, the size and 

stoichiometry of the Y-Ti-O complex oxide are not only depended upon the Y/Ti ratio but 

also on the excess O availability in the system. Figure 1.10 illustrates the thermo-kinetic 

model prediction of various equilibrium oxide phases formed in Fe – 14Cr ODS alloy as a 

function of oxygen partial pressure and the atom fraction of the Ti and Y content in the alloy. 

The nano cluster’s size, volume fraction and number density increase with increasing 
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consolidation temperature during HIP or HE. To understand the effect of Ti content on the 

size and structural evolution in the widely used ODS alloys and validate with the proposed 

model, experimental work on concentrated alloy is very much essential. 

 

 
Figure 1.10. Predicted equilibrium phases in Fe-14Cr ODS alloy system as a function of oxygen partial 
pressure PO2 and content of Ti and Y at 1273 K [34] 
 
 
1.12 The interface of oxide and ferrite matrix 

The precipitated oxide upon consolidation is rarely found to be equilibrium with the alloy 

matrix, hence the study of their interface is paramount importance, as par, the high-

temperature creep strength and irradiation resistance of the steel is concerned. The 

oxide-matrix interface can be either coherent or semi-coherent or incoherent and their nature 

will play a major role not only during the interaction of dislocations but also in the point 

defect annihilation characteristics [23, 130-133].The interface of nano-oxides with the matrix 

governs the nucleation and growth of the oxide during consolidation and further processing 

of the alloy. The nucleated oxide crystal structure is generally the same BCC, like the matrix 

which changes to the most stable structure (FCC) upon growth [134].  
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Alinger et al.[127]  reported Y-Ti-O coarse dispersoids of size in sub-micron level generally 

incoherent with matrix, whereas the refined ones (4-10 nm) are semi-coherent, nano-clusters 

in the size range of 2-3 nm are generally coherent with the ferrite matrix, which is also 

supported by Hirata et al.[120, 121]. The coherency strain field of the nano-clusters provides 

major strength to the ODS steel [23, 130], by Zener pinning the mobile dislocations [23, 24, 

130, 135-138]. The semi-coherent interface acts as a sink of point defects as a result, void 

swelling resistance of the ODS steel has been increased drastically. However, there is scarce 

information on the interface characteristics of the Fe-Y-O dispersoids, which invariably form 

during high-temperature treatment together with the more known Y-Ti-O complex oxides. In 

this thesis, a detailed interface characterization of various interfaces of evolved oxides with 

the ferrite matrix has been discussed in Fe-15Y2O3-xTi (x = 0,2, 5, 10 and 15) model alloy 

systems. 

 
1.13 Comparison of 9Cr F/M ODS steel and modified 9Cr-1Mo steel 

As discussed earlier in Reduced Activation Ferritic Martensitic (RAFM) [13, 18] steel having 

composition  9Cr-2W-0.2Ti-0.35Y2O3-0.1C is being considered as a fuel cladding material 

for the future fast breeder reactors to be driven by U, Pu mixed oxide (MOX) fuel, whereas 

modified 9Cr-1Mo steel having alloy composition 9Cr-1Mo-0.26V-0.18Nb-0.1C is being 

considered as a fuel cladding material for U-Pu-Zr metallic fuel-driven future fast breeder 

reactors [3, 4, 7, 18, 87, 105, 139, 140]. Both these steels are used in the normalized and 

tempered condition, which contain tempered martensite microstructure, without any 

preferential orientation of the ferrite grains. The prime strengthening agent in both the steels 

is fine martensite laths along with nearly uniform distribution of either oxide dispersoids 

(in case of ODS steel) or carbo-nitrides of V and Nb (in case of modified 9Cr-1Mo steel). 

Since the ODS steels fabricated by powder metallurgical process the ferrite grain size and the 

martensite lath width as smaller as compared to the modified 9Cr-1Mo steel (synthesized by 
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the conventional melting process) [76, 77, 141]. For future generation fast reactors driven by 

the oxide fuels of U and Pu, the core operating temperature is much higher than the metallic 

fuel (an alloy of U-Pu-Zr) driven fast reactors, hence ODS steel is being considered as 

cladding material for oxide fuel-driven reactor and the modified 9Cr-1Mo for the metallic 

fuel-driven reactors [3]. The wrapper material in both the type of fast reactors is considered 

modified 9Cr- Mo steel as a better candidate not only in terms of economy but it’s adequate 

mechanical property as the core structural material application [15].  This modified 

9Cr-1Mo steel is also being considered as the end cap material for the clad tubes in both 

ODS F/M steel as well as modified 9Cr-1Mo steel [7, 105]. Apart from alloy synthesis, for 

the fuel clad tube fabrication for fast reactors both the steels have undergone nearly similar 

pilgering steps and intermediate annealing treatments. A comparison of microstructure, 

micro- texture of these steels gives a great insight into the life assessment of the fuel 

subassembly in the fast reactors. 

1.14 The objective of the thesis 

Though there extensive computational and experimental work has been carried out on the 

structural evolution of various dispersoids in ODS steels containing the dilute amount of 

Y2O3 and Ti and very few on the concentrated model ODS alloys, the mechanism of 

amorphization of Y2O3 and precipitation of the Y-Ti-O complex oxide is not yet clearly 

understood. Role of Ti in the refinement of the dispersoid, though estimated recently by 

computational modeling, their experimental verification is not yet established. Hence the 

prime objective of this thesis work is to study the structural evolution of Y2O3 during high 

energy mechanical milling and subsequent annealing through the synthesis of concentrated 

Y2O3 and Ti dispersed in the elemental iron matrix and followed by detailed characterization 

using X- ray Diffraction (XRD) and electron microscopy techniques. Choosing concentrated 

oxide dispersed model alloy, helps in gaining a basic understanding of the mechanism of 
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amorphization during milling and precipitation during annealing and also to determine the 

structure and stoichiometry of the evolved oxide and how it is affected by the content of the 

Y2O3 and Ti. The outcome of the study on the model alloys will help in the synthesis of 

optimized content of the Y2O3 and Ti dispersed 9Cr F/M ODS steel for future fast reactor fuel 

cladding tube application. With these above goals in mind, Fe – 15wt. % Y2O3 – x wt. % Ti 

(x = 0, 2, 5, 10 and 15) model ODS alloy was synthesized by mechanical milling followed by 

annealing. In addition, the optimized content of Ti and Y2O3 required for the formation of 

finer more stable dispersoid in 9Cr variety of ODS steel has been estimated.  

Finally, a comparison of the 9Cr ODS F/M steel and modified 9Cr 1Mo (P91) steel was made 

in terms of the effect of heavy deformation and subsequent recrystallization. The details of 

alloy synthesis, optimization of milling parameters, structural evolution of oxides, and 

microstructure and microstructural evolution of steels during heavy deformation and 

recrystallization have been described in subsequent chapters in detail. 

1.15 Organization of the thesis 

This thesis entitled “Study of nano-dispersoid characteristics in oxide dispersoid strengthened 

alloys” has been organized into seven chapters as outlined below. 

Chapter 1 deals with the introduction to ODS steels as an application for nuclear reactor core 

component structural materials, the role of Ti in the refinement of the dispersoid and 

necessity for the development of model ODS alloys. 

Chapter 2 describes the experimental method adopted for the synthesis of model ODS alloys 

and the 9Cr ODS steel and fundamental principle of various techniques used in the study. 

Chapter 3 describes the optimization of milling duration for Fe – 15 wt. % Y2O3 – 5 wt. % Ti 

alloys and amorphization of Y2O3 upon mechanical milling were studied using x-ray 

diffraction and electron microscopy techniques. 
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Chapter 4 describes the evolution of various precipitations upon annealing of the 60 h milled 

powders of the above alloys and found that at Y2O3:Ti in the ratio of 1:1 resulted in the 

formation of only Y1.6Ti1.8Fe0.4O6.6 oxides with finer in size. This chapter also deals with the 

characterization of various interfaces of various oxides and the ferrite matrix in the annealed 

powders of the model ODS alloys. 

Chapter 5 deals with synthesis and characterization of 9Cr F/M ODS steel consolidated by 

means of SPS with 2 sets of optimized content of Y2O3 and Ti: (1) 0.2 wt.% Y2O3 and 

0.2  wt. % Ti and (2) 0.35 wt.% Y2O3 and 0.35 wt.% Ti. The microstructure, microtexture,  

and  microchemistry of these steels have been studied and also compared with the P91 steel. 

Chapter 6 deals with a comparison of microstructure and microtexture of P91 steel with the 

9Cr ODS F/M steel as an effect of heavy deformation and recrystallization.  

Chapter 7 summarizes the results and identifies avenues for further research. 
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2.1 Introduction 

This chapter deals with a brief description of the experimental techniques used for the 

synthesis of alloy and their subsequent characterization. This eventually was to evaluate the 

structure- property co-relation of the material in particular, understanding the dispersoid 

behavior in ODS steel. The synthesis is discussed in three parts (a) Y2O3 synthesis by 

solution combustion technique, (b) synthesis of concentrated Y2O3 and Ti dispersed Fe-based 

model ODS alloys (Fe - 15 wt. % Y2O3 – x wt. % Ti (x=0, 2, 5, 10 and 15)) and (c) synthesis 

of 9Cr ferritic/martensitic ODS steel dispersed with optimized content of Ti and Y2O3. 

This chapter also provides a brief description of the principle of mechanical milling and 

precautions involved during synthesis of the alloy. Selection of suitable characterisation 

technique to evaluate the structural evolution of the dispersoid upon mechanical milling and 

subsequent annealing plays a crucial role, not only in design of the alloy but also in 

estimation of mechanical and in-service strength of the fabricated alloy.  Generally, X-ray 

diffraction (XRD) is widely used for structural characterisation of various alloys, but the 

appropriate choice of X-ray source is equally important in determination minor phases 

present in the alloy with utmost confidence. “seeing-is-believing” and recent advances in the 

imaging tools such as scanning electron microscopy (SEM), electron back scatter diffraction 

(EBSD), transmission electron microscopy (TEM) along with determination of structure and 

micro-chemistry of the alloy makes life of alloy-designer easy. The combination of 

electron microscopy techniques and micro-analysis technique such as X-ray energy 

dispersive spectroscopy (EDS) together with XRD are found to be sufficient enough for study 

of nano- structured materials like ODS steel. The study of the mechanical property of the 

alloy powder is also equally important like its microstructure study.  
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The evolution of dispersoid size and stoichiometry is governed by the nucleation and growth 

kinetics of oxide upon mechanical milling and subsequent annealing. This chapter also 

discusses about the 

Differential Scanning Calorimetry (DSC) for assessment of transformation temperature of the 

evolved oxides. This chapter also deals with brief description of the estimation of the 

hardness of the alloy measured by micro-indentation technique. 

2.2 Materials 

2.2.1 Synthesis of the Y2O3 by solution combustion technique 

The synthesis of the Y2O3 by solution combustion method [142] is found to be most easiest 

and more economical as compared to the other techniques such as precipitation [143], 

hydrothermal [144], electro-spray pyrolysis [145] and sol-gel [146, 147] methods.  

In this present study the Y2O3 has been synthesized by solution combustion technique and the 

experimental steps involved for its synthesis has been shown in Figure 2.1.  

Generally synthesis of any ceramic oxides via solution combustion technique requires 

metal-nitrate as oxidizer and urea or citric acid or glycine as fuel [148]. In the present case 

the required quantity of yttrium nitrate was mixed with the citric acid fuel at molar ratio of 

1:1.67 with the desired quantity of the distilled water to form clear homogeneous solution. 

The solution was stirred for sufficient time to ensure proper mixing of the solutes.  

The thermal dehydration of the above solution was made with heating at ~ 353 K, resulted in 

removal of excess water and formed clear paste. Subsequently the temperature of the hot 

plate was increased as a result the viscous liquid swelled and form white foam like structure 

upon auto-ignition along with evolution of large volume of gases leaving behind foamy 

porous powder. Upon calcinations of this foamy powder at 1373 K resulted in synthesis of 

nano-crystalline Y2O3. 
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Figure 2.1. The flow sheet of the fabrication of nanocrystalline Y2O3 through solution combustion 
technique. 

 2.2.2 Synthesis of concentrated Y2O3 and Ti dispersed Fe based model ODS alloy 

Generally conventional ODS steels for fission and fusion reactor core structural application 

contain either 9Cr F/M matrix or 12 - 18 Cr ferritic steel pre-alloy matrix dispersed with 

~  0.2  -  0.5 wt. % Y2O3 and Ti [8, 12, 26, 66, 85, 105, 127, 149]. The structural 

characterisation of the dispersoid by conventional XRD and microscopy technique owing to 

be difficulty, hence the concentrated Y2O3 and Ti dispersed model ODS alloy has been 

synthesized [102, 107, 110, 150, 151]. The prime objective for synthesis of this model ODS 

alloys is only to gain basic understanding of the dispersoid characteristics upon milling and 

subsequent annealing. In view of this, following Fe based model ODS alloys has been 

prepared by powder metallurgical process. The Table 2.1 lists the various compositions of 

model ODS alloys used in this present study. 
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Table 2.1: List of concentrated Y2O3 and Ti dispersed Fe-based model ODS alloys 

Sl. No. Alloy nomenclature Alloy composition 

1 Fe-15Y2O3 Fe - 15 wt. % Y2O3 

2 Fe-15Y2O3-2Ti Fe - 15 wt. % Y2O3 - 2 wt. % Ti 

3 Fe-15Y2O3-5Ti Fe - 15 wt. % Y2O3 - 5 wt. % Ti 

4 Fe-15Y2O3-10Ti Fe - 15 wt. % Y2O3 - 10 wt. % Ti 

5 Fe-15Y2O3-15Ti Fe -15 wt. % Y2O3 - 15 wt. % Ti 

 

2.2.2.1 Synthesis of Fe based model ODS alloy through mechanical milling 

Commercially available Fe (99.5 % purity, size in the range of 50 - 150 µm) and Ti powders 

(99.95 % purity and size in the range of 20–50 µm) were obtained from HIMEDIATM 

and MERCKTM, respectively. As discussed earlier, Y2O3 was prepared by solution 

combustion technique. The required quantities of the Fe, Y2O3 and Ti were blended together 

and mechanically milled for various time durations for the synthesis of Fe – 15 wt. %Y2O3– 

x wt. %Ti alloy (x=0, 2, 5, 10 and 15). The blended elementary powders were mechanically 

milled using a high-energy planetary ball mill (Insmart SystemsTM) for various time durations 

in the range of 0 h (un-milled) - 60 h in argon (Ar) atmosphere at CSIR-Institute of Minerals 

and Materials Technology, Bhubaneswar, India. The balls and the jars were made with 

AISI 440C grade martensite stainless steel having hardness of ~ 832 HV.   

The physio-chemical principle of the mechanical milling has been discussed in chapter-1. To 

avoid any kind of contamination from the ball and jar material, the prior cleaned jars were 

filled (nearly 10 – 20 %) with grinding balls and the elemental base metal powder [50-52]. 

This was allowed for mechanical milling for duration of nearly one hour in Ar atmosphere 

with the desired speed (plate: 150 rpm and jar: 350 rpm) followed by thoroughly cleaning 

with acetone. This exercise generally adopted prior to milling of an alloy with desired 
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composition because it was well understood that during mechanical milling due to collision 

between balls or ball and wall of the jar, some of the ball and jar materials get dislodged and 

contaminate the powders [49, 50, 52, 55]. However, upon milling with the same base metal 

(desired alloy) before milling ensures formation of thin coating of the base metals on the 

surfaces of balls and the inner surface of the grinding jar. In this current study, the elemental 

Fe powders were mechanically milled for 1 h, prior to milling of the Fe – 15 wt.%Y2O3–

  x wt. % Ti alloys. All the powder handling including removal of elemental powders from 

the vacuum desiccators, loading into the jar and sealing of the jars were carried out inside the 

Glove box, filled with ultra-high-pure (UHP) Ar gas, so as to avoid any kind of 

contamination or impurity pick up. The Insmart planetary ball mill has special bowl (jar) set 

designed for both inert/ special atmosphere grinding and also suitable for charging and 

removal of alloy powder in a glove box. During the process of milling, a total of 125 balls 

were used and each ball was having weight 4g and diameter 10 mm. The ball to powder ratio 

of 50:1 was maintained for synthesis of all the varieties of concentrated Y2O3 and Ti 

dispersed model ODS alloys. Figure 2.2 represents the schematic operation of planetary ball 

mill. As indicated in this figure, the base plate and the powder containing jar move in 

opposite direction. In the present case the plate rotates at 150 rpm whereas the jar revolves at 

350 rpm. Since the vials (jars) and the supporting disk rotate in opposite directions, the 

centrifugal forces alternately act in like and opposite directions [50-52]. This causes the free 

movement of the balls in the inner chamber of the vial along with increase in frequency of 

collision with the wall of the container [100, 152-154]. The Fe-15Y2O3-5Ti alloy powder 

specimens were collected at milling intervals of 0, 10, 30, and 60 h in order to study 

structural evolution of constituent element/compound upon milling and also to optimize the 

milling duration. The other varieties of model ODS alloys having composition Fe – 15 wt. % 

Y2O3– x wt. % Ti (x = 0, 2, 10, and 15) had been milled for the optimized milling duration 
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of 60 h. The milling process was carried out in such a manner that 15 minute interval was 

given after every hour of milling, in order to avoid any possible dynamic recrystallisation 

during milling. To understand the evolution of dispersoid upon hot consolidation of the 

mechanically milled ODS steel powders, these above concentrated Y2O3 dispersed Fe-based 

model ODS alloys were also annealed at temperature regime of  (973  - 1273 K) for various 

time durations of 1 h in order to simulate the growth kinetics of  the evolved dispersoids. The 

details of the experimental procedure adopted for annealing of  the milled powder has been 

discussed in the following section. 

 
Figure 2.2. High energy planetary ball mill and schematic of motion of balls inside the grinding mill jar 

2.2.2.2 Annealing of mechanically milled alloy powders 

The annealing of the Fe–15 wt. % Y2O3– x wt. % Ti alloys milled for the optimized time 

durations (60 h) were carried out under vacuum (5 × 10-6 mbar) using TVH-

 LL 1600  high vacuum furnace with load lock facility (Indigenously made 

(M/s Fillunger, Pune, India)). This specially designed high vacuum furnace consists of two 

chambers (1) heater chamber and (2) specimen loading chamber. The heater chamber was 

evacuated by scroll pump and followed by turbo pump, as a result the heater chamber was 

maintained at 5 × 10-6 mbar of reduced pressure. The load lock chamber was pumped by the 

rotary pump and the maintain vacuum level of the 2 × 10-2 mbar. Both the chambers were 
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isolated by the mechanically movable gate valve. The annealing of the model ODS alloys 

were carried out in this specially designed vacuum furnace in order to avoid any kind of 

contamination and oxygen and carbon pick up during high temperature annealing, which is 

generally happen during conventional atmospheric high-temperature furnaces. It was also 

quite challenging for annealing of the milled powders, owing to their smaller particle size 

(few tens of nanometer). In this scenario, the milled powders were cold compacted by using 

powder pressing tool to make green pellets of desired dimension. In this present study the 

pellets having diameter of 10 mm and height of ~1 – 2 mm were prepared using locally made 

semi-automatic hydraulic pellet press. Further the cold compacted alloy in the form of thin 

discs were loaded in a thoroughly cleaned metallic boat made with tungsten material and 

transferred to the furnace for the heat treatment. The heat treatment conditions of various 

alloys have been listed in Table 2.2. 

Table 2.2: Heat treatment conditions of the milled model ODS alloy powders 

 Temperature/duration of annealing 

Alloy type 
    873K 

time 

    973K 

time 

     1073K 

time 

     1173K 

time 

    1273K 

time 

Fe-15Y2O3 1h 1h 1h 1h 1h 

Fe-15Y2O3-2Ti  1h 

Fe-15Y2O3-5Ti 1h 

Fe-15Y2O3-10Ti 1h 

Fe-15Y2O3-15Ti 1h 

 

2.2.3 Synthesis of 9Cr ODS steel dispersed with optimized content of Y2O3 and Ti 

As discussed in previous section, the necessity of concentrated dispersed Y2O3 in the 

9Cr F/M matrix was only to gain basic understanding about the dispersoid characteristics in 

ferrite matrix during mechanical milling and subsequent annealing. The Y2O3 to Ti weight 
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ratio governs the stoichiometry and size of the dispersoid, hence optimization of Y2O3 to Ti 

quantity in ODS steel is extremely important [8, 9, 11, 12, 26, 34, 35, 66, 67, 104, 105, 123, 

155]. The ODS steels for nuclear core structural application requires very limited quantity of 

the dispersoid (~ 0.5 – 1 volume %) [26, 27, 127]. With increase in dispersoid volume 

fractions, resulted in increase of porosity, which is undesirable as per application of the steel 

is concerned [49-51]. Hence the alloy should be designed in such a way that the total volume 

fraction of the dispersoid should be less than 1 % [11, 66]. In view of this, two varieties of 

9Cr ODS steel with Y2O3 and Ti content of each 0.35 wt. % and 0.2 wt. % alloy were 

synthesized by mechanical milling and consolidated by SPS technique. The details of which 

are described in following sections. 

2.2.3.1 Optimisation of mechanical milling duration for synthesis of 9Cr ODS steel 

To achieve very high throughput of powders in short interval of time, high energy industrial 

type ball mill was better choice than the laboratory type ball mill. The indigenously made 

dual- drive ball mill is one such type having high powder throughput per batch of milling 

(~ 1 kg) as compared to ~ 10 - 50 g in case of planetary ball mill. For synthesis of the ODS 

steel via any hot consolidation technique require relatively large quantities of milled powder 

(~ 500 g). The dual drive ball mill is working with similar principle of planetary ball mill 

[100, 142, 153, 156]. It was also necessary to optimize the milling duration for synthesis of 

the 9Cr ODS steel as well. To begin with, the Ar gas atomized pre-alloy powders having 

alloy composition Fe - 9 wt. % Cr - 2 wt. % W - 0.05 wt. % C, with particle size < 150 µm 

(sieve  size of 100 mesh) were blended with equal weight % of Y2O3 and Ti 

(each 0.35 wt. %).The AISI 440C grade martensite steel ball and jars were used for 

mechanical milling of the above alloy. The ball to powder weight ratio of 10:1 was 

considered. The milling was carried out in ultra-high-pure Ar atmosphere. The plate rotates 

with 150 rpm whereas the individual jar rotates at 350 rpm, but in opposite direction to that of 
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the plate movement, 15 minute interval was given after every hour of milling. To investigate 

structural evolution of constituent element/compound upon milling and also to optimize the 

milling duration, very small quantities (<10 g) of milled alloy powders were collected after 

milling intervals of 0, 2, 5, and 10 hours. 

Eurofer-RAFM varieties of 9Cr F/M ODS steel contain 0.2 wt. % Ti and 0.35 wt. % Y2O3 

[18, 105, 157-159]. To compare the effect of Y2O3 and Ti content in evolution of dispersoid 

characteristics and also on mechanical properties of the steel, one more variety of 9Cr steel 

dispersed with each 0.2 wt. % Ti and Y2O3 was also mechanically milled for the optimized 

time duration (i.e. 10 h). The two varieties of 9Cr ODS steels one containing each 

0.35wt. % of Y2O3 and Ti and another with each 0.2 wt. % were consolidated by the spark 

plasma sintering technique and the details of which is illustrated in the following section. 

2.2.3.2 Consolidation by 9Cr model ODS alloys through spark plasma sintering 

Sintering is a consolidation process of making an object from the powder, involving either 

high pressure or high temperature (below the melting temperature) or both. Simultaneous 

application of pressure and temperature resulted in better sintering density of the green pellet, 

this is because enhancement of diffusion of atoms through the surface of powder, which leads 

to faster bond formation among the powder particles. The SPS is an innovation sintering 

technique to compact powder in very small interval of time without compromising the 

density of the product. This is because SPS enable high heating rates (~573 K/min) by 

inducing internal heating of the individual powder particles as compared to heat applied by 

the external heating through conventional furnaces (heating rate ~280 - 290 K/min). Since 

sintering of the powder took place in extremely small interval of time, dynamic 

recrystallisation and grain growth were minimized [60, 160, 161]. In the present study 
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FCT System Gmbh, Germany SPS equipment was used for consolidation of the 9Cr ODS 

steel milled powder and following experimental procedures were followed. 

 

Figure 2.3. SPS technique (a) overview of SPS instrumentation and (b) mechanism of powder 
consolidation [160] 

First the milled powders were filled in a cylindrical graphite die having inner diameter 

20 mm along with graphite sheet as liner material for easy removal of product after sintering. 

A large pulsed DC current (1000-5000 A) along with uni-axial pressing of ~ 50 MPa, enables 

consolidation of the powder with appreciable density of ~ 97 % of the theoretical density of 

the steel (7.8 g/cc). As the applied DC current passes through the metallic milled powders, 
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the powders are internally heated as an effect of Joule’s heating, more atomic diffusion 

through surface of the powder is favored and metallic powders get welded with each other 

[59-62, 160, 162-166]. The entire sintering takes place within 10 minute of time interval. 

Figure 2.3 (a) represents the schematic of the SPS technique and Figure 2.3 (b) represents the 

schematic mechanism of basic sintering phenomena occurring during powder consolidation. 

2.2.3.3 Heat treatment of the SPS sintered 9Cr ODS rod 

As discussed in chapter-1, heat treatment of the steel is highly essential as per the application 

of the steel is concerned. These F/M varieties of steel were subjected to normalization and 

tempering treatment before any kind of application. The SPS consolidated 9Cr ODS steels 

having diameter 20 mm and height of 10 mm were processed further, like removal of few 

layers (thickness ~1 mm) along all sides from the SPS consolidated rod by mechanical 

grinding with emery papers to avoid any kind of carbon contamination during heat 

treatment[167]. The normalization treatment was carried out at 1323 K for 1 h duration 

followed by inert Ar cooling [76, 77, 87, 94, 141, 158]. This heat treatment resulted in 

formation of martensite structure, which is very hard and brittle [76, 77, 141, 168, 169]. In 

order to attain sufficient ductility and to mimic the N&T condition of F/M steels, the SPS 

consolidated steel was further heated at 1023 K for 1 h followed by inert Ar cooling 

[94, 141]. The entire heat treatment was carried out in vacuum furnace. 

2.2.4 Heat treatment of modified 9Cr-1mo ferritic/martensitic steel 

In order to compare the microstructure and micro-texture of the SPS consolidated 

9Cr ODS steel, the modified 9Cr-1Mo steel prepared by conventional melting route was 

considered. The modified 9Cr-1Mo (P91) steel was supplied by M/s Rourkela steel Plant, 

India in the form of plate having thickness of 12 mm. The plate was further sliced into thin 
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sections having dimension 10 cm × 10 cm × 1.2cm. The sliced steel was subjected to similar 

normalization and tempering treatment. 

2.2.5 Fe-9Cr-2W-0.2Ti-0.35Y2O3-0.1C ODS F/M steel 

The Fe-9Cr-2W-0.2Ti-0.35Y2O3-0.1C (in wt. %) ODS F/M steel synthesized by the 

hot extrusion method and followed by the final fuel cladding tube in normalized and 

tempered condition (fabricated by ARCI and NFC, Hyderabad, India) were used for 

comparison of microstructure and microtexture with that of P91 steel  as an effect of heavy 

deformation and recrystallisation. 

2.3 Methods 

2.3.1 Specimen preparation for structural and micro-chemical characterisation 

The structural characterisation of the alloys involves mainly three major techniques such as 

XRD, SEM and TEM. Since varieties of alloys involved in this work starting from the milled 

powder to the consolidated steel rod, the specimen preparation is quite different for both 

powders as well as steel rod. The following sections deals with specimen preparation for 

above characterisation techniques in brief. 

2.3.1.1 Specimen preparation for XRD 

For conventional XRD and synchrotron XRD study, a pinch of powder was sufficient for the 

structural characterisation. For SPS rods and modified 9Cr-1Mo steel plate were sliced 

10 mm × 10 mm × 2 mm followed by conventional grinding and polishing to attain mirror 

finish surface. The specimen holders were different for analysis of XRD of powders and bulk 

materials. The XRD analysis of the Fe – 15 wt. % Y2O3– 5 wt. % Ti alloy powders were 

carried out by Co Kα source XRD in reflection geometry, following Bragg-Brentano 

geometry. Synchrotron XRD were carried out in transmission geometry for all the 
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model ODS alloys in the form powders and reflection geometry for the consolidated 

9Cr ODS steel specimen. 

2.3.1.2 Specimen preparation for microstructure and micro-chemical studies 

using  SEM-EDS 

Specimen preparation for microstructure characterisation is extremely important, since it 

represents the bulk of the material not only structure wise but also its chemistry. 

For microscopy of powder specimen, it was essential to disperse the powder uniformly over 

the carbon tape, which was fixed on the aluminum stub (specially designed stub for 

SEM study). Precaution has to be taken care to ensure, there should not be any loose powders 

attached lying on the carbon tape. Further these powders were coated with thin layer of gold 

to achieve better electrical conductivity during microscopy. For bulk specimen such as the 

SPS consolidated rod and the modified 9Cr-1Mo plate thin section of the plate having 

dimension 10 mm × 10 mm × 2 mm were used. These specimens were mechanically 

grounded and polished to attain scratch free mirror finished specimen followed by chemical 

etching using Vilella’s reagent for microstructure and microchemistry study [94]. 

2.3.1.3 Specimen preparation for microtexture studies using SEM-EBSD 

For microtexture study using EBSD technique (an attachment in SEM), consolidated 

specimens having dimension10 mm × 10 mm × 2 mm were ground and polished up to 

colloidal silica followed by electrolytic polishing at 15 V at 243 K using 20 % perchloric acid 

and 80 % methanol as electrolyte. In addition for determination of the microtexture of the 

steel in three-dimensions (X = rolling direction (RD), Y = transverse direction (TD) and 

Z = normal direction (ND)), the two adjacent faces (RD-TD and RD-ND plane) of the 

rectangular specimen were grounded and polished upto colloidal silica and followed by 
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electro- polishing using the same electrolyte and the experimental condition 

as discussed above. 

2.3.1.4 Specimen preparation for nanostructure and micro-chemical analysis by TEM 

Depending upon the type of samples, the procedure for electron transparent specimen 

preparation for TEM studies were decided. Figure 2.4 (a) shows the flow chart of methods 

adopted for preparing TEM samples based on the size (powder or bulk) and nature 

(magnetic/ non-magnetic) of alloy [170]. The electron transparency is achieved by thinning a 

defined area of the specimen [170]. Figure 2.4 (b) represent the schematic of the procedure 

for non-magnetic nano-powders, dispersed on the carbon coated Cu grid. The Y2O3 being 

non- magnetic in nature and finer in size (~ 20- 40 nm) were dispersed in methanol and 

ultrasonicated for better suspension. A drop of it was suspended on 3 mm diameter carbon 

coated Cu grid and allowed for drying over a hot plate (temperature ~ 323 K (50˚C) to 

remove excess moisture and methanol. Some of the suspended nano-powder particles which 

stick to the carbon are assumed to be thin enough for TEM observation. The coarse powders 

such as milled powders were mixed with the epoxy resin and then filled in a Teflon ring of 

inner diameter 3mm and height of 2 mm. Whole assemblies was thermally cured at 

temperature 393 K for 1 h. After curing, the powder embedded epoxy becomes hard and 

ductile in nature. At this stage the mold was demounted from the Teflon ring and was 

subjected to mechanical grinding and polishing to bring down to a thickness of about 

100 µm. Further the TEM lamella was prepared from this epoxy mold containing alloy milled 

powders by using state-of-the art technique called focused ion beam milling (FIB).  

The FIB is an attachment to the advanced dual beam SEM, using Ga+ ions for milling the 

region of interest with extreme precisions and utmost accuracy [170]. In the current study FEI 

make dual beam FE-SEM Helios Nanolab 600i was used. The typical steps involved in 

preparation of TEM lamella through FIB technique has been illustrated in Figure 2.4(d). The 

preparation of TEM lamella using FIB starts with identification of region of interest (ROI), 
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it should the representative of the entire specimen. In order to protect the ROI from the 

Ga+ ion etching/milling the top surface of the ROI was deposited by Platinum through gas 

injection system (GIS), which was generally done by electron beam platinum deposition 

followed by ion beam Pt-deposition. The e-beam Pt- deposition was more adhesive to the 

ROI as compared to the I-beam Pt-deposition. In the present case Pt deposition on the ROI 

was made with dimension 18 µm × 2 µm × 1 µm. Further nearly 10 µm depth trenches were 

created adjacent to the ROI (Step # 2 as shown in Figure 2.4 (d)) using high energy Ga+ beam 

followed by low energy beam. The under cuts were followed to make the lamella free from 

the bulk of the specimen. The sliced lamella having thickness ~1 µm, were lifted by means of 

highly precision micro-manipulator tip made with tungsten material. In this present study 

Oxford Instruments make Omniprobe-200TM was used as micro manipulator for FIB lamella 

lift off. The lifted lamella was welded with the TEM grid using Pt and further thinned in steps 

with deceasing energy of Ga beam in each step to achieve desired thickness of ~25 nm. This 

FIB lamella was further milled using low energy Ar+ ion miller (Technoorg Linda make 

Gentle mill-2), to remove any trace of implanted Ga+ in the material and also to remove the 

material in a very controlled manner to achieve the final thickness of ~15-18 nm. 
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Figure 2.4. (a) Flow chart for TEM sample preparation, (b) dispersion on C-coated Cu-grid, (c) Ar-ion 
milling, (d) FIB milling and (e) Twin-Jet thinning technique 
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2.3.2 Experimental techniques and methods for analysis 

The evaluation of structural information of any kind of material is highly essential in order to 

co-relate its property, and in-service applications. Structural study deals with study of 

morphology, crystal structure and their orientation with respect to the neighboring 

crystals (grain). Determination of morphology is generally carried out by microscopes using 

various kinds of electro-magnetic radiations such as visible light, electron, ion, X-ray, γ-ray 

etc. For evaluation of crystallographic information of any kind of material, it is necessary to 

choose the appropriate source of radiation/ probe, whose wavelength is small or nearly 

comparable to the atomic spacing in different type of crystals. In this regard characteristic 

X-ray of various elements falls within the domain of lattice spacing. In this present study, 

SEM was used for microstructure determination and XRD and TEM were used for structure 

determination of the alloy at various length scale. EDS technique, an attachment both in SEM 

and TEM were utilized for micro-chemical analysis of all the alloys (model ODS alloys and 

modified 9Cr-1Mo (P91) steel) as discussed in previous sections. EBSD technique was used 

for determination of crystallographic orientation of various grains with respect to their 

neighboring and specimen co-ordinate system. The transformation temperature of Y-Ti(Fe)-O 

oxides upon annealing of mechanically milled model ODS alloy powders were determined by 

DSC technique. The mechanical properties of the alloys were determined by nano-

mechanical testing using nano-indentation technique. Following sections will provide brief 

descriptions of  the above techniques along with the methods adopted for characterisation. 

2.3.2.1 X-ray Diffraction technique using Co Kα and synchrotron source 

XRD is a versatile, non-destructive technique widely used by many researchers across the 

world as a principal structure determining tool to the crystal structure and phases in materials 

of interest.  The electron beam generated by the tungsten filament (in the process of 

thermionic emission) were accelerated towards an anode (called target) by a potential 
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difference of 30 – 40 kV, based on the target material and the type of X-ray intended to 

generate. With bombardment of accelerated electrons on target (mostly Cu or Co or Mo) a 

spectrum of X-ray is generated, consisting both characteristic X-ray as well as 

continuous  X-ray. For structure determination, characteristic X-rays are used, which is 

achieved by use of suitable filter (mainly Ni for Cu Kα). Details of the basic principle of XRD 

and experimental procedure are described in detail elsewhere [171, 172]. 

When x-ray beam is incident on a given polycrystalline specimen, all possible (hkl) planes 

diffract at different angles and the plane spacing dhkl can be determined by application of 

Bragg’s law. From this data, the unique lattice parameter of crystal structure of the material 

under study can be identified [171]. The geometry of the diffraction pattern will reveal about 

the size and shape of the unit cell, whereas the distribution of atoms within a crystal is 

revealed from the intensity of diffraction profile. The residual-strain/ micro-strain involved in 

the material can be estimated from the diffraction peak broadening [171]. 

In this study, for analysis of Fe – 15 wt. % Y2O3– 5 wt. % Ti model ODS alloy milled 

powder for optimization of milling duration, the Co Kα X-rays (λ = 1.78 Å) were preferred 

over commonly used Cu Kα X-rays (λ = 1.54 Å), since Cu Kαx-rays will fluorescence Fe and 

produces high signal to noise ratio. The powder XRD patterns were recorded at 

ambient temperature using PANalytical X’ Pert Pro (Panalytical Inc., Netherlands) 

XRD system at CSIR-Institute of Minerals and Materials Technology, Bhubaneswar, India. 

The Co X-ray tube was maintained at potential of 40 kV and current of 30 mA. The Ni filter 

was used for generation of Co Kα radiation. The XRD patterns were obtained for the 

2theta range of 30 -140°, with step size of 0.03°. At each 2θ position, the XRD patterns were 

acquired in a solid-state detector for 40s. The phases present in the alloy were identified 

by comparing the corresponding ICDD database. The instrumental broadening was estimated 

by analyzing the XRD pattern obtained from a silicon disc (standard sample). To determine 
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the crystallite size of the alloy powders with better accuracy, the Kα2 contribution of the 

XRD spectra is stripped by the Rachinger correction method. All the diffraction peak profiles 

are fitted with the Pseudo–Voigt profile fitting function using X’Pert High Score Plus 

software. Williamson Hall technique was adopted for estimation of crystallite size of the 

alloy milled powder and also for the evolved Y-Ti (Fe)-O oxide. 

In order to reveal the presence of any minor phases either in milled powder or in the annealed 

powder and also to estimate the extent of amorphisation of the yttria dispersoid upon milling 

of the model ODS alloys, the synchrotron source XRD technique was used. The milled 

powder as such and the well-grounded annealed powders of the mechanically milled powders 

of model ODS alloys were analyzed at ambient temperature and pressure by transmission 

geometry mode using the synchrotron facility at Extreme Conditions XRD (ECXRD) 

beam-line (BL - 11), Indus-2, RRCAT. In this present study, we have used the angle 

dispersive mode with a wavelength (λ) = 0.45 Å. A MAR345 imaging plate system has been 

used to collect two dimensional XRD patterns. The calibration of the x-ray photon energy 

and the distance between the sample and the image plate had been carried out by using 

standard LaB6 and CeO2 samples. The phases present in the alloy were identified by 

comparing with the ICDD PDF. The quantification of the phases was carried out using the 

Rietveld refinement using GSAS software package. 

2.3.2.2 Scanning Electron Microscopy (SEM) 

In any kind of electron microscope, electrons are accelerated through very high potential/ 

voltage (upto ~ 30 kV in SEM and up to ~ 300 kV in TEM). As a result, electron wavelength 

is several orders of magnitude lower than visible light. Typically electrons accelerated 

through 200 kV have a wavelength of 0.0025 nm whereas wavelength of visible light lies in 

the range of 400 - 600 nm [170]. The electron beam in interaction with the matter produces 
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various secondary events. Figure 2.5 represents the schematic of secondary events during 

electron interaction with matter [170]. 

According to Rayleigh’s criteria, resolution of microscope is given by 

  
     

     
………………………………… (2.1) 

Where, 
λ = wavelength of source,  

µ = refractive index of the medium  

α = semi-vertex angle 

Principle of SEM: Electron microscopes make use of many interactions happening during 

the electron-matter interactions for either imaging or diffraction related studies. In a scanning 

electron microscope, the electron beam is focused to a spot ≈ 10 nm in diameter and made to 

scan the surface of the region of interest in a raster manner. Electrons from the specimen are 

focused with an electrostatic electrode on to a biased scintillator. The photon generated is 

allowed to transmit through a photomultiplier and the signal generated is used to modulate 

the brightness of an oscilloscope spot, which traverses a raster in exact synchronism with 

electron beam at the sample surface. SEM uses either back scattered electrons (BSE) 

(with energy ~ 30 keV) or secondary electrons (SE) (with energy ~ 100 eV) for imaging 

purpose. Since SEs is of low energy they can be bent round corners and give rise to 

the topographic contrast. The intensity of BSEs is proportional to atomic number; hence the 

contrast shown in BSE image will illustrate about the compositional variation in specimen. 
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Figure 2.5. Schematic illustrations of secondary events during electron interaction with matter. 

In this present case, the alloy powder samples as well as the bulk steel specimens were 

studied by using Zeiss Sigma300 FE-SEM. The elemental analysis of the powders were 

performed by X-ray energy dispersive spectroscopy (EDS) attached to this FE-SEM. The 

electron accelerated voltage were varied in the range of 5-30 kV based on the requirement. In 

addition, FEI make Helios Nanolab 600i dual beam FESEM was used for microstructure and 

micro-chemical analysis and also for FIB lamella preparation. 

2.3.2.3 Electron Back Scatter Diffraction (EBSD) 

EBSD is an attachment to the SEM, which uses the back scattered electrons diffracted from 

the atomic planes of the crystalline specimen to reveal the crystal orientation(s) with respect 

to the neighboring crystals (grain) and the entire specimen co-ordinate axes (RD-TD-ND).  

Principle of EBSD: Figure 2.6 represents the experimental setup for the EBSD study. 

As shown in this figure the electron beam is allowed to scan on the pre-tilted (~70° with 

respect to the horizontal) surface of the specimen, as a result the back scattered electrons are 

generated upon electron-matter interaction. Some of these back scattered electrons get 

diffracted from the atomic planes of the crystalline material by satisfying the Braggs 
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diffraction condition. The intersection of the diffracting cones (Kossel cone) on the 

fluorescent screen will be seen as band, called Kikuchi band. The width of the Kikuchi band 

reveal the inter-planner spacing of the diffracting parallel planes and the intersection of the 

two or many bands represent the zone axis [170]. The Kikuchi band patterns were recorded in 

a high-speed charge couple device (CCD) camera. By knowing the crystal structure of the 

material, the accelerating voltage of electron, amount of beam current used, the working 

distance (the distance between the lower part of the objective pole piece and the region of 

electron beam interaction) and the specimen to the projecting screen (CCD camera), 

a simulated pattern can be generated, which is further matched with the acquired pattern to 

index different Kikuchi bands along with their zone axis. The region having different 

orientation but from the same type of crystalline material will generate different Kikuchi 

patterns. Hence scanning the entire region of the region of interest will reveal the 

crystallographic orientation of that region. 

 

Figure 2.6.: Schematic of EBSD experimental setup 

In the present study for three-dimensional (3D)-EBSD of the P91 steel, FEI make 

Helios nanolab 600i dual beam FE-SEM attached with EDAX-TSL camera was used and the 
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acquired EBSD patterns were analyzed by TSL-OIM 8.0 software. For conventional two 

dimensional (2D) EBSD Zeiss make Sigma 300 FE-SEM attached with Oxford Instruments 

make “C-Swift” complementary metal oxide semiconductor (CMOS) camera was used and 

the EBSD patterns were analysed by the Aztec4.0 software. In both the microscopes 20 kV 

accelerating voltage was used and working distance of 10 mm was maintained during EBSD 

study. The step size of as minimum as 10nm and as high as 200 nm were used based on the 

requirement of the current study. 

For 3D-EBSD, the electro-polished specimen was fixed onto a 36° (with respect to 

horizontal) pre-tilted Al-stub using silver paste. Figure 2.7 (a) represents the schematic 

representation of the specimen position  during milling and Figure 2.7 (b) during EBSD 

scanning/mapping. The sample geometry and the volume investigated for 3D EBSD is shown 

schematically in Figure 2.7 (c). The height of region of interest (ROI) of specimen was 

maintained at eucentric height (4.1 mm from electron beam pole piece), where, the ion beam 

and the electron beam cross each other. For ion milling the specimen was tilted by an angle of 

16° with respect to Z-direction as shown in Figure 2.7 (a), so that specimen surface to be ion 

milled will be parallel to the electron beam, since Ga+ FIB source (Figure 2.7 (a)), which is 

oriented at 52° with respect to the vertical electron beam. The ion beam carries out the slicing 

and polishing tasks by suitable choice of ion beam currents, viz., 9.3 nA for slicing and 

0.23 nA for polishing. Next the sample stage is lowered further such that working distance 

(WD) of ROI from pole piece is 6 mm and rotated by 180° towards the EBSD detector 

(Figure 2.7 (b)) for EBSD data collection. Since number of automated tilt and rotation 

operations are involved, precise control of the rotation and tilt of the stage and the sample 

alignment are highly essential which, was achieved with piezo- controlled stage. For retracing 

the actual ROI after each operation, a reference points or fiducials were required. In the 

present case the fiducial markers were ion-milled using 9.3 nA of milling current adjacent to 
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ROI. A Pt pad of thickness of ~ 200 nm is deposited in-situ prior to fiducial milling on the 

top surface of the specimen (Figure 2.7 (c)) for superior contrast during imaging and to 

protect the top surface from ion beam damage. The entire operation is first optimised for 

proper choice of milling and polishing ion currents and optimum volume of investigation and 

then fed into an automated serial sectioning software module; namely EBS3 G2, where 

automation procedure was scripted in the FEI run script language. 

Figure 2.7. Schematic representation of specimen orientation during 3D-EBSD (a) ion milling, (b) 
EBSD mapping and (c) sample geometry and region of interest 

The Kikuchi diffraction patterns from the sample surface were produced using an 

accelerating voltage of 20 kV at a current of 2.7 nA and detected by a EDAX-TSL camera 

and the texture component present in the material was analyzed by using the commercially 

available TSL- OIM software. Rough alignment of the slices for aligning during milling 

as well as EBSD scanning, was carried out through beam shift in the microscope using a 
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unique fiducial mark (a ‘X” pattern, shown in Figure 2.7 (c)). This alignment was carried out 

by means of pattern recognition within the software driving the automated process. The fine 

alignment of the slices was subsequently carried out in a batch process in the TSL OIM 7.0 

software. The batch process generates image quality maps corresponding to each slice and 

align slices of two consecutive dataset by calculating the cross-correlation function [173] of 

the image quality maps based on the fast fourier transformation (FFT), using which the offset 

required to align each data set with respect to its preceding one is determined. The FFTs are 

calculated on images generated from the specified orientation maps, where the correlation 

function is given by equation 2.2 

     ∑|(      )      (      )          |

  

    (   ) 

Where (      )      and (      )           are the Euler angles at position (x, y) and 

at (x+i, y+j) respectively. 

The batch process will first determine offsets necessary for alignment of each dataset with its 

predecessor in the list. The position at which the sum of all differences Cij at a minimum was 

considered as best fit for alignment. The batch processing involves rotation of data (if any), 

clean up and map construction and saving the data set into desired directory. This hardware 

and software-based alignment procedure had been checked and found to be fairly reliable for 

a variety of samples.  

For determination of orientation distribution function (ODF) of Euler angles for various slices 

the harmonic series expansion with series rank L = 16 at a Gaussian half width of 5° 

and orthotropic sample symmetry were considered. The ODFs were plotted using Bunge 

notation (φ1 Φ φ2) for φ2 = 45° section varying φ1 and Φ from 0 to 90°. The fiber texture 

components for few slices at equal intervals were identified and quantified by using 
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OIM software. The sample geometry: RD, TD and ND, were also defined. The texture 

components were represented with conventional colors and superimposed on their respective 

micrographs. 

2.3.2.4 Transmission Electron Microscopy (TEM): Analytical & Phase contrast: 

TEM is a versatile technique used for analysis of morphology, crystallographic structure and 

micro-chemistry of the specimen. TEM provides much higher spatial resolution as compared 

to SEM and facilitates analysis of features even at atomic scale using electron beam energies 

in the range of 60 - 300 keV. Figure 2.8 is a photograph of the FEI make CM200 analytical 

transmission electron microscope (ATEM) used mostly during the structural characterisation 

of the present thesis work. The lens arrangement and the ray optics for TEM are similar to 

conventional transmission visible light microscope. In TEM lenses are usually 

electro-magnetic in nature. These electromagnets contain current-carrying coils that are 

completely surrounded by a soft iron shroud except for a narrow gap in the bore. 

The electromagnets are energized by direct current. The focal length of the lens is controlled 

by regulating the current through the coils of the lens. The condenser lenses are concerned 

with collimating the electron beam and illuminating the specimen which is placed in the 

bore of the objective lens. The function of objective lens is to form the magnified image 

of object in the object plane of intermediate lens, or first projector lens, which gives second 

image again magnified in the object plane of second projector lens. The second projector lens 

is capable of enlarging the image further to form final magnified image on the fluorescent 

viewing screen [170]. 
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Figure 2.8. Photograph of FEI make CM200  analytical transmission electron microscope (ATEM) used 
in the present thesis indicating different components of the microscope 

Principle of TEM: A beam of electrons is allowed to transmit through an ultra-thin 

(thickness ~ 30 -50 nm) specimen and during electron–matter interaction (as discussed 

earlier) many secondary signal generated but being thinner along Z-direction, the interaction 

volume was smaller as compared to that of TEM. Electrons are emitted from a filament 

(generally tungsten (W) or lanthanum hexa-boride (LaB6)) having low work function either 

by means of thermionic emission or by field emission. The electron beam produced by the 

electron gun is allowed to pass through the condenser lenses, to make them parallel and then 

focus them on to the sample [170]. There are essentially three types of lenses used to form the 

final image in the TEM. These are the condenser, objective and projector lenses. The main 

function of the condenser lens is to focus the beam of electrons coming from the filament 

onto the sample to get a uniformly illumination. The objective lens and its associated 

pole pieces is the heart of the TEM and the most critical of all the lenses and it forms the 
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initial enlarged image of the illuminated portion of the specimen in a plane that is suitable for 

further enlargement by the intermediate and  projector lens [170]. 

As electrons pass close to heavy atoms, they are scattered by making small or large angular 

deviation with respect to incident beam direction. Some of these “scattered” electrons 

eventually make their way down the column and contribute to the image. In order to 

eliminate these scattered electrons from the image we can place an aperture in the objective 

lens, called objective aperture which will stop all those electrons that have deviated from the 

optical axis. The smaller the aperture we use the more of these scattered electrons we will 

stop and the greater will be our image contrast. This type of imaging mode is called bright 

field (BF) mode. The dark field (DF) image of the specimen can be obtained by inserting an 

aperture into the back focal plane of the objective lens, thereby blocking out most of the un-

scattered electrons except that which is visible through the aperture. The small regions of the 

specimen can be selected to the diffraction pattern for those regions alone. This is done with 

the help of selected area aperture present below the sample, the diffraction pattern formed on 

the back focal plane of the objective lens. Thus the image and the diffraction pattern obtained 

can be recorded on a photographic film or CCD camera [170]. The schematic of the ray 

diagram for selected area diffraction (SAD), BF and DF imaging modes and is shown 

in Figure 2.9. 

As shown in Figure 2.8, the TVIPS high resolution (2048 × 2048 pixels) CCD camera were 

used for imaging purpose. For BF and DF imaging the magnification calibration was carried 

out using a standard cross grating of 2160 lines/ mm with a separation of 469 nm between 

two lines. Whereas for diffraction pattern imaging camera length was calibrated with 

standard nanocrystalline oriented gold dispersed in a holey carbon film at different 

accelerating voltages. 
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Figure 2.9. Ray diagram of imaging modes in TEM (a) SAD and imaging mode, (b) BF-mode and (c) 
DF-mode 
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The SAD patterns were analyzed for identification various phases present in the alloy by 

comparing the d-spacing and angle between two planes of the existing ICDD PDF data base.  

The smallest SAD aperture of diameter 10 µm was used for obtaining the SAD pattern.  

The image rotation calibration was carried out by using standard MoO3 crystals.  

For DF imaging smallest 10 µm platinum aperture was used. For the crystallite size 

estimation from the DF images were determined by analyzing the image in Image J software, 

by color threshold method. In this method the bright contrast of the grey scale image was 

measured by choosing monochrome color and adjusted in such a way that it should cover the 

crystallite, whose size has to be measured. In the present case selection of the crystallite 

image is considered 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 and 

1.0 were selected to help exclude unwanted objects. The particle sizes were then obtained by 

choosing the minimum ferret diameter.  

In addition, FEI make Tecnai G2 F30 U-TWIN HRTEM operated at 300 kV with a 

point to point resolution of 0.17 nm was used for the phase contrast microscopy. The 

microscope consists 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 × 2k) of Gatan Inc make for image and spectrum 

acquisition and analysis. 

2.3.2.5 Orientation imaging microscopy using precession electron diffraction (PED) 

technique in TEM 

It is a relatively new TEM based technique for the determination of crystalline texture 

mapping it at high resolutions. In this technique, the e-beam was precessed under tilted 

condition (tilt ~ 0.2-1.0 mrad), similar to the locus of point on the outer surface of a top, and 
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scanned over the ROI of the specimen. Since it’s a TEM based technique, electron 

transparency was essential. After interaction with the sample, the diffracted beams were 

deflected back using a complementary deflection (de-scan) coil. Applying scan/ de-scan 

serially forms a hollow cone of illumination at the image plane and a forms diffraction 

pattern at the back focal plane. The diffraction process occurring in this case is considered 

as quasi-kinematical. The acquired diffraction patterns act as input for the crystal orientation 

algorithm to determine orientation of the grains at nano-metric level [170, 174, 175].  

For this work, NanomegasTM PED system attached to FEI make CM200 ATEM was used for 

analysis of the acquired data ASTAR software was used. The detailed operation principle of 

PED and the analysis algorithm were illustrated elsewhere [174-176]. 

2.3.2.6 Micro-chemical analysis by x-ray energy dispersive spectroscopy (EDS) 

The X-rays emitted from the specimen surface were detected with a solid state (Li-drifted Si) 

detector which produces voltage pulse proportional to the energy of the incident photons. 

This technique was called energy dispersion spectroscopy (EDS), which was attached to both 

SEM and TEM. This detector collects the X-ray which was generated during interaction of 

electron beam with the specimen. For a given specimen thickness, the X-ray peak intensities 

were different for different elements.  The peak intensity depends upon many factors such as 

electron accelerating voltage, atomic weights and other detector specific parameters [170]. 

The detailed principle behind the EDS acquisition and the analysis algorithm have been 

described elsewhere [170]. In this present case the study micro-chemical analysis was carried 

by using Oxford instruments make X-Max 80 energy dispersive spectrometer (EDS) attached 

to FEI-CM200 in ATEM and X-max EDS attached to Zeiss Sigma 300 FE-SEM.  

The elemental identification in the alloy powders were carried out with respect to 

Co standard. 
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2.3.2.7 Raman Spectroscopy 

Raman spectroscopy was a spectroscopic technique dealing with inelastically scattered light 

from the atomic vibrations in the molecule. Usually monochromatic light from a Laser 

source, having fixed wavelength in the range of ultraviolet-visible was allowed to incident on 

a molecule and the scattered light (photons) were collected by the detector and analyzed. 

Principle of Raman Spectroscopy: During the scattering process the incident photon may 

undergo either elastic scattering phenomena (called Rayleigh scattering) or inelastic 

scattering (called Raman scattering). During inelastic scattering the scattered photon (ν) may 

have either possess lower energy as compared to incident (ν0) by sharing some energy to the 

molecule or possesses higher energy by gaining the energy from the vibrating atoms of the 

molecule[177-180]. The former case where ν < ν0 and ν = ν0 - νp (νp is the characteristics 

vibration of molecule) is called stokes scattering and the latter case where ν > ν0 and 

ν = ν0 + νp is called anti-stokes scattering. Hence in Raman Spectroscopy the vibrational 

frequency of the molecule (νp) is measured as a shift of incident photon frequency (ν0).  

Figure 2.10 represent the schematic of the micro-Raman spectrometer set up. In the present 

case a micro-Raman spectrometer (Invia, Renishaw, UK) using 532 nm diode laser used as 

the excitation source. 
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Figure 2.10. Schematic of experimental set up for micro-Raman spectroscopy at Surface and 
Nanoscience Division, IGCAR, Kalpakkam 
 

The spectrometer consisted of a grating mono-chromator (2400grooves/mm) and a Peltier 

cooled CCD as detector, with resolution 0.5 cm−1. The Raman spectra were recorded in the 

range 100–2000 cm−1 in static mode. The acquired spectra were analyzed using 

WIRE 4.2 software. 

2.3.2.8 Differential Scanning Calorimetry (DSC) 

Differential scanning Calorimetry (DSC) is a thermo-analytical technique working based on 

measurement of the difference in heat flow between the sample and a reference material 

(in this case empty alumina crucible). 

Principle of DSC: The principle of DSC is to compare the heat input to the specimen and 

to an inert reference material during either heating or cooling at the same rate. The associated 

phase change takes place either by heat absorption or release of heat, which resulted change 

in the differential heat flow between sample and reference, which appear as uncompensated 

temperature differential ΔT [117, 181, 182]. Generally, two types of DSC systems are widely 

used such as power compensating type and heat flux type. In former case 
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(power compensated DSC), both sample and reference materials are allowed to heat by two 

separate identical furnaces at equal heating rate and any change in the sample or reference 

temperature is being compensated by means of an electric power from external source to 

maintain the temperature difference (ΔT) between the sample and reference material either 

zero or constant. The compensating heating power is linearly proportional to the temperature 

difference ΔT between sample and reference. Heat loss at high operating temperatures 

(above 700 ˚C (973 K)) due to radiation restricts usage of power compensated type DSC.  

In heat flux DSC, the specimen (S) (loaded in ceramic crucible) and reference (R) material 

(usually an empty similar ceramic crucible made with same type of material) are enclosed in 

the same furnace together with a metallic block of high thermal conductivity that ensures 

a good heat-flow path between S and R. Further, the enthalpy or heat capacity changes in the 

specimen S leads to a temperature difference (ΔT) between both S and R pans which results 

in a finite heat-flow between the sample and the reference. The ΔT between S and R 

is recorded and related with the enthalpy change (ΔH) in the specimen using calibration 

experiments. The heat-flux DSC system is called as modified differential thermal analysis 

(DTA) system with a good heat- flow path between the specimen and reference crucibles. 

In the present study, the thermal characterisation of the 60h milled powders of the Fe –

 15 wt. % Y2O3 -  x wt. % Ti (x= 0, 5 and 150 model ODS alloys were carried out by heat-

 flux type differential scanning calorimeter (Setaram®Setsys 1600). All the DSC experiments 

were performed by using 10 K/min heating rate up to 1473 K, held for 15 min and 

subsequently cooled at a rate of 10 K/min. The temperature calibration was carried out using 

the melting points of pure aluminum, zinc, tin, copper, silver, gold and iron standard 

specimen and heat flow was calibrated with the pure iron (Fe) based on its polymorphic 

phase transitions. 
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2.3.2.9 Micro-mechanical property evaluation using instrumented-hardness 

Hardness of any material is defined as its resistance to plastic deformation upon penetration 

of the indenter tip on the surface of the specimen [183, 184]. The nano-indentation is also 

called as instrumented hardness testing or depth sensing indentation, where applied load and 

the displacement of the indenter in the material is measured to estimate the nano-mechanical 

property of the body. 

Principle of instrumented-hardness: A predefined load is applied on an indenter in contact 

with the specimen surface and depth of penetration of the indenter is measured. The area of 

contact of the indenter with the specimen under maximum load is determined by depth of 

penetration and known vertex angle/radius of the indenter. The hardness of the specimen is 

measured by dividing applied load with the area of the contact [184]. 

In the present case the Zwick/Roell nano-indentation system equipped with a three-sided 

pyramidal diamond (Berkovich) tip with an end radius of ~ 30 nm was used for nano-

hardness measurement of the mechanically milled 9Cr ODS steel powders and also for the 

consolidated product. Loading and unloading rates of the indenter were maintained 

at 10 mN min-1 and indentation was carried out for a fixed depth of ~150 nm. The 

load-displacement plots were analyzed by Inspector X software. 

2.3.2.10 Creep rupture test 

The creep rupture test was carried out using constant load uniaxial creep tests at 973 K over a 

wide range of applied stresses (60 - 200 MPa) on the ODS steels having 0.2 and 0.35 Y2O3 

and Ti content, and P91steel. The single lever-arm type, creep machine in ambient 

environment was used as per ASTM E139 standard. The lever ratio of the loading arms were 

120 for the different machines employed in the study. The machine consists of three-zone 
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temperature controlled resistant type split furnace. Three K-type thermocouples were 

attached with the specimen, one each for each zone, to monitor and maintain the 

test temperature. The temperature of the specimen across the gauge length was maintained 

within ±2 K of the set temperature. 

2.4 Summary 

This chapter illustrates the synthesis of the alloys and subsequent characterisation techniques 

adopted for structural and micro-chemical analysis brief.  This chapter also illustrates about 

the basic principle of working of the various experimental techniques, methods of calibration 

and the precautions followed during the analysis long with the relevant references.  

Following Table 2.3 summarizes all synthesis and characterizations techniques used in this 

study brief. 

Table 2.3: Summary of all synthesis and characterizations techniques used in this study brief 

Technique Instrument Operating conditions Purpose 

Mechanical 

Milling  

Insmart Systems 

planetary ball- mill 

 Plate rpm-150 

 Bowl rpm-350 

 BPR = 50:1 

 Ar atmosphere 

 Milling duration:0-60 h 

Mechanical milling of Fe-15 

wt. % Y2O3– x wt. % Ti (x = 0, 

2, 5, 10 and 15) model ODS 

alloys 

Dual drive ball 

mill 

 Plate rpm-150 

 Bowl rpm-350 

 BPR = 10:1 

 Ar atmosphere 

 Milling duration:0-10h 

Mechanical milling of 9Cr F/M 

steel powder dispersed with 

each 0.35wt. % and 0.2 wt. % 

of Y2O3 and Ti 

Spark 

Plasma 

Sintering 

FCT System 

Gmbh 

 Temperature: 1273 K 

 Pressure 50 MPa 

 Hold time: 10 minutes 

 Heating rate: 373 K/min 

Consolidation of mechanically 

milled 9Cr ODS steel powder 
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X-ray 

diffraction 

PANalytical X’ 

Pert Pro 

 Co Kα radiation

 Ambient temp and 

pressure

Structural characterisation of 

dispersoids upon milling in 

Fe  - 15 wt. % Y2O3– 5 wt. % 

Ti model ODS alloys 

Synchrotron 

facility at RRCAT 

Indore, BL 11 

 2θ:5-35°

 λ = 0.45 Å

 Ambient temp and 

pressure

Identification of various phases 

and crystallite size 

determination of various oxides 

in analysis in Fe – 15 wt. % 

Y2O3– x wt. % Ti (x = 0, 2, 5, 

10 and 15) model ODS alloys 

upon mechanical milling and 

subsequent annealing 

Scanning 

Electron 

Microscopy 

Zeiss Sigma 300 

 Operated at 5-30 kV

 EDS

 EBSD

Microstructural and micro-

chemical analysis of milled and 

annealed alloy powders and 

micro-texture study of 

consolidated 9Cr ODS steels 

Helios Nanolab 

600i 

 Operated at 5-30 kV

 Dual beam

 EDS

 EBSD

Microstructural characterization 

of milled and annealed alloy 

powders, FIB lamella 

preparation and 3D EBSD of 

the consolidated ODS alloys 

and modified 9Cr-1Mo steel 

Transmission

Electron 
Microscopy 

Philips CM 200 

ATEM 

 Operated at 200 kV

 EDS

 PED

Structural and micro-chemical 

evolution of the dispersoid in 

model ODS alloys and 

microstructure study of the P91 

steel. PED system for nano-

 texture studies of the P91 steel. 

Tecnai F30 

 Operated at 300 kV

 Phase contrast

 EDS

Phase contrast study of the 

dispersoids upon milling and 

subsequent annealing and 

micro-chemistry of the 

dispersoid 
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Raman 

spectroscopy 
Invia, Renishaw  532 nm laser source 

Study structural integrity of the 

Y2O3 dispersoid upon milling of 

the model ODS alloys 

Differential 

Scanning 

Calorimetry 

Setaram® Setsys 

1600 heat flux 

DSC 

 Temp range: 0-1473 

K(10 K/min) 

 Heating & cooling 

Transformation 

temperature and 

enthalpy of formation of 

various evolved Y-Ti(Fe)-O 

oxides in model ODS alloys 

Hardness 

Instrumented-

hardness 

Zwick/Roell 

system 

 Force: 20 mN min-1 

 Depth: 200 nm 

Micro-mechanical property 

evaluation of the consolidated 

9Cr ODS steel and the P91 steel 

Creep 

rupture 

study 

Liverarm type 

uniaxial creep 

testing 

 Lever ratio of loading 

arm 1:20 

 Stress 60-200 Mpa 

 Temperature 973 K 

Creep rupture life of the SPS 

consolidated 9Cr F/M steel and 

P91 steel 
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3.1 Introduction 

The physical, mechanical property of the nano-structured ODS steels for FBR core structural 

material application highly depend upon the size distribution and stoichiometry of the oxides 

in the ferrite matrix [4, 7, 10, 11, 26, 82, 88, 105, 139]. The dispersoid size and stoichiometry 

is governed by alloy composition and the processing condition involved for its synthesis  

[8, 66, 101, 185]. As discussed in chapter-1, mechanical milling followed by consolidation 

process such as HIP or HE or SPS plays an important role in evolution of dispersoid [34, 63, 

103, 186]. Ball milling is a non-equilibrium process of alloy synthesis and is known to pump 

large amount of energy to alloy powder during milling (in the process of collision)[49, 51, 

55]. The severe plastic deformation during the milling process resulted not only to refine 

the ductile alloy matrix powder but also to induce structural degradation of hard brittle 

ceramic powders. For a given alloy composition, optimization of mechanical milling 

condition is highly essential, since the structural evolution of dispersoid along with the 

constituent elemental powders is highly dependent on the milling parameters such as BPR, 

milling medium, type of ball and the milling container material and also the duration of 

milling. Understanding the structural evolution of oxides during milling and role of alloying 

element of the matrix is extremely important as par strength and in-service application of 

ODS steel is concerned. 

From the milling condition optimisation point of view, most important parameters like BPR, 

medium of milling have already been optimised in similar systems. The current chapter deals 

with only optimisation of milling duration of Fe - 15 wt. % Y2O3 - 5 wt. % Ti model ODS 

alloy and the structural investigation of Y2O3as a function of milling duration and its 

evolution in the alloys containing varying Ti content. 
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3.2 Structural investigation of Y2O3 dispersoid during milling in Fe - 15 wt. % Y2O3– 

5 wt. % Ti model ODS alloy 

Fe – 15wt.% Y2O3– 5wt. % Ti model ODS alloy was synthesized by the mechanical milling 

using planetary ball mill system and the details of which have been described in Chapter-2. 

The morphological and structural evolution of this alloy upon milling is discussed in the 

following section. 

3.2.1 Morphological and micro-chemical investigation of alloy powders before and after 

mechanical milling using SEM-EDS 

Figure 3.1(a-d) represent the secondary electron (SE) micrographs of the Fe - 15 wt. % Y2O3 

- 5 wt. % Ti model ODS alloy powder both prior to mechanical milling and also at various 

intervals of mechanical milling such as 10h, 30h and 60h depicting the morphology of the 

alloy powders. The analysis of Figure 3.1(a) showed that the SE micrograph corresponding to 

starting Fe powders were nearly elliptical in shape and their size varied in the range of 

50 - 150 µm, however for Y2O3 powder the shape was nearly globular and their size varied in 

the range of 20 – 40 nm. Similarly the analysis of SE-micrograph for Ti powder reveal, the 

powders had irregular flaky type morphology and size varies in the range of 20 – 50 µm. The 

physical mixture of Fe, Y2O3 and Ti with desired weight ratio, as specified above was also 

shown in Figure 3.1 (a) and indicated as 0h.Figures 3.1(b), (c) and (d) show the morphology 

of milled powders at various time intervals of milling such as 10 h, 30 h and 60 h 

respectively. One of the tiny powders from the highest duration milling condition (60 h) has 

been shown in Figure 3.1 (d) at higher resolution. The morphology of individual powder is 

similar to  well- blend convoluted lamellar structure [49-51, 55], as reported by 

C. Suryanarayana et al. [49-51]. 
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Figure 3.1. Secondary electron micrograph of the Fe – 15 wt. % Y2O3– 5 wt .% Ti model ODS alloy 
powders at various durations of milling such as (a) 0 h, (b) 10 h, (c) 30 h and (d) 60 h showing the 
morphology of the powders 
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The alloy powders possessing “well-blend convoluted lamellar” morphology, and having 

aspect ratio of ~1, indicates uniform mixing of the constituent elements in the metallic matrix 

upon milling and steady state was achieved between repeated cold welding and 

fragmentation. The time duration to achieve this morphology was considered optimum, in 

this present case it was observed at 60 h of milling. Further progress of the milling duration is 

only likely to result in agglomeration of particles.  Figure 3.2 (a) represents the SE 

micrograph of the 60 h milled powder and Figure 3.2 (b-e) represent characteristic X-ray 

EDS maps using Fe-Kα, Y-Lα, Ti- Kα and O-Kα energies obtained from the entire region 

shown in Figure 3.2(a). Figure 3.2(f) represents the EDS spectrum obtained from the 

individual powder particle of the 60 h milled powder. The analysis of these X-ray maps 

together with the SE micrograph and the EDS spectrum from the individual powders reveal 

that 60h of mechanical milling resulted in uniform distribution of the constituent elements i.e. 

Fe, Y, Ti and O. This above study has not revealed about the structural evolution of the yttria 

dispersoid during milling. Hence X- ray diffraction technique is adopted and following 

section discusses about the results of XRD obtained from the milled powder both prior to 

milling and also after milling. 
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Figure 3.2. SE micrograph of the Fe – 15 wt. % Y2O3– 5 wt. % Ti model ODS alloy powder after 60 h 
of mechanical milling, (b-e) Characteristic x-ray energy elemental map from the entire region  using 
Fe Kα, Y Lα, Ti Kα and O Kα respectively and (f) EDS spectra from the one of the 60 h milled powder 
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3.2.2 Structural investigation using XRD 

Figure 3.3 illustrates the XRD profiles obtained from the Fe – 15 wt. % Y2O3-5wt. % Ti 

model ODS alloy both prior to milling and after milling. The analysis of Figure 3.3 (a), 

the XRD profile for the physical mixture (0 h) of the elemental powders before milling 

revealed existence of BCC-Fe (ICDD PDF # 00-006-0696) diffraction peaks at 2positions 

52.38°, 77.18°, 99.75° and 124.10° corresponding to the crystallographic planes (110), (200) 

(211) and (220) respectively; BCC -Y2O3 (ICDD PDF # 00-041-1105) diffraction peak at 

2 positions 34.0°, 39.49°, 57.0° and 67.98° corresponding to crystallographic planes (222), 

(400), (440) and (622) respectively and HCP –Ti (ICDD PDF # 00-089-2762)diffraction peak 

only at 2position 46.73° was observed and it corresponds to (101), the other peaks were not 

observed. This may be due to very low volume fraction and beyond the detection limit of the 

laboratory x-ray source diffraction technique. Figure 3.3(b) represent the XRD profile at 

various milling durations such as 10, 30 and 60h and were indicated by black, red and blue 

colour. It was interesting to note that with increase in milling duration from 10 h up to 60 h, 

gradual broadening of BCC -Fe diffraction peak was observed. This may be either due to 

continuous accumulation of strain introduced during the milling or refinement of the ferrite 

grains as an effect of severe plastic deformation or both.  The diffraction peak corresponding 

to Y2O3 was found to be broad for all durations of milling. The broad diffraction peak at 2θ 

value ~36° corresponds to BCC -Y2O3, indicating gradual loss of crystallinity upon milling. 

The diffraction peak corresponding to Ti could not be observed for different duration 

of milling, signifying that either crystalline domain size of Ti has been refined to a very fine 

size, which may be beyond the detection limit of conventional XRD or it has possibly 

dissolved in Fe matrix and form a solid solution. However, no blue shift in the diffraction 

peaks of Fe is observed with addition of Ti, which should have resulted in lattice expansion, 

if it was in the solid solution. In addition, it was reported that the solubility of Ti in α-Fe 
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is extremely small (at 673 K solubility of Ti in α-Fe is  0.15 at. %) [47].  

But Li et al.[161] have reported that Ti atoms can be dissolved into Y2O3 matrix under ball 

milling to form fragmented Y2O3. The structural characterisation of these alloys using 

transmission electron microscopy will enlighten deeper investigation about structural 

evolution of Ti and Y2O3, which is discussed in subsequent sections. 

 
 
Figure 3.3. XRD profile of the Fe - 15 wt. % Y2O3 - 5 wt. % Ti  model ODS alloys (a) before milling and 
(b) after various duration of mechanical milling 

 

3.2.3 Microstructure characterisation and micro-chemistry study using TEM-EDS 

3.2.3.1 Analysis of 10h milled powder 

Figure 3.4(a) represents a typical Bright Field (BF) TEM micrograph for 10 h milled powder. 

The analysis of this BF-TEM micrograph shows that the matrix particle consists of several 

tiny nano-crystallites (dark speckles) whose size varies from 5 to 30 nm. Figure 3.4(b) shows 

the Selected Area Diffraction Pattern (SADP) from the encircled region of Figure 3.4(a) 

using an aperture size of 10µm. The SADP shows several rings pattern indicating 

polycrystalline nature of the material. The rings are assigned with various (hkl) planes 

of BCC-Fe and BCC-Y2O3 and marked as a, b, c, d and e corresponding to (110), (200), 

(211), (220), and (310) planes respectively, matching with α-Fe (ICDD PDF # 00-006-0696). 
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The numbers indicated in the same SADP as 1, 2, 3, 4 and 5corresponding to (411), (521), (651), 

(653) and (932) planes, respectively, matches with BCC - Y2O3 (ICDD PDF # 00-041-1105). 

Figure 3.4(c) represents a Dark Field (DF) TEM micrograph using a part of the Y2O3 (411) 

diffraction ring. This shows that most of the dispersoids are globular in shape and size varies 

in the range of 2 - 25 nm. Similarly, Figure 3.4(d) represents the DF-TEM micrograph using 

section of diffraction ring corresponding to Fe (110) and the analysis of this micrograph 

reveals the Fe crystallites are globular in shape and their size varies in 2 - 25 nm. The size 

distribution histogram for both Fe and Y2O3 after 10 h of MA is shown in Figure 3.4 (e). The 

result indicates majority of the Y2O3 size varies in the range of 2 - 12 nm and very little in 

coarser size (> 15nm). The refinement of the Y2O3 dispersoids after 10 h of milling may be 

due to repeated fragmentation during milling process. 

Figure 3.4. (a) BF-TEM micrograph of Fe – 15 wt. % Y2O3 – 5 wt. % Ti from 10h mechanically milled 
powder, (b) SAD pattern from the entire region of fig (a), (c) the DF-TEM micrograph using part of 
Y2O3 (411) diffraction ring, (d) the DF-TEM micrograph using part of Fe (110) diffraction ring and (e) 
the crystallite size distribution of both Fe and Y2O3 nano-crystallites. 
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3.2.3.2 Analysis of 30 h milled powder 

Figure 3.5(a) represents the typical BF-TEM micrograph of 30 h milled powder. It was 

observed that the shape of the single powder particle is nearly elliptical in nature and its 

length was of the order of ~1.5 µm and width ~ 400 nm consisting of many tiny nano-

crystallites having size 5-10 nm. 

 

Figure 3.5. (a) BF-TEM micrograph of Fe – 15 wt. % Y2O3 – 5 wt. % Ti  30 h mechanically milled 
powder, (b) SAD pattern from the entire region of fig (a), (c) the DF-TEM micrograph using part of Fe 
(110) diffraction ring and (d) the DF-TEM micrograph using part of  Y2O3 (411) diffraction ring 
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3.2.3.3 Analysis of 60 h milled powder 

 Figure 3.6(a) indicated the BF-TEM micrograph of 60 h milled powder. Figure 3.6(b) 

represents the SADP from the entire region shown in Figure 3.6(a), the diffraction pattern 

is also found to be ring pattern, but the diffraction ring corresponding to Y2O3 (411) ring 

is found to be very weak in contrast and broader as compared to that of 30 h and 10 h, 

indicating more loss of crystallinity upon mechanical milling. Figure 3.6(c) represents the 

DF-TEM micrograph using the section of the ring corresponding to Fe (110) diffraction 

ring. The analysis of the DF-TEM micrograph reveals that the Fe crystallites are nearly 

globular in morphology and the size of the dispersoid varies in the range of 2 – 25 nm. 

The Figure 3.6(d) represents the size distribution histogram of the Fe crystallites, the 

analysis of this histogram showed peak at 3 nm. 
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3.2.4 Optimisation of mechanical milling duration 

Generally optimisation of milling duration is estimated based on extent of refinement of the 

powder particles, homogenization of elemental composition and achievement of equilibrium 

between cold welding and fragmentation[50-52]. Careful observation and comparing the SE-

 micrographs in Figure 3.1 (a-d), showing the morphologies of Fe – 15 wt. % Y2O3 – 

5 wt. % Ti model ODS alloy at various intervals of milling starting from 0h (un-milled) up to 

60h. Figure 3.7 represents the average size and aspect ratio of the above alloy as a function 

of milling durations. The analysis of this graph reveals that the powder particles were refined 

with progress of milling and are more refined at 60h milling. The aspect ratio of the starting 

powder varies from 2.5 to nearly 1 in case of 60h milled powder.  In addition the individual 

powder morphology (shown in Figure 3.1(d)) were found to be well blend convoluted 

lamellar structure and homogeneous distribution of constituent elements (shown in 

Figure 3.2) suggest 60 h milling duration is the optimum. 

Figure 3.7. The average particle size and aspect ratio of the Fe – 15 wt. % Y2O3 – 5 wt. % Ti milled 
powders as a function of milling duration 
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In order to understand about the optimum milling duration with in-depth understanding the 

comparison of XRD profiles and SADPs obtained from various milling duration milled 

powders seem to be helpful. Again careful observation of the Figure 3.3(b), the XRD profiles 

of 10, 30 and 60 h, it was observed that with increase in milling duration the Fe diffraction 

peak width increases and intensity decreases, signifying refinement of matrix powder with 

increase in milling. The diffraction peak at 2θ ~ 36°, corresponding to BCC-Y2O3 is 

found to be broader and broadness of the peak increases with increase in milling. This 

observation reveal that with increase in milling, the Y2O3losing its crystallinity and tending 

towards amorphous domains. Figure 3.8 (a-c) represent the SADPs from the 10, 30 and 60h 

milled powder and the diffraction ring pointed with red arrow corresponds to BCC-Y2O3 

(411). Comparing this diffraction ring in figures (a-c), it can be inferred that the width of the 

diffraction ring is increasing. For 10h milled powder the BCC-Y2O3 (411) ring contains some 

diffraction spots which gradually diminishes and completely disappear at 60 h of milling, 

suggesting well crystalline Y2O3 gradually loses its crystallinity and at 60 h of milling 

becomes nearly amorphous. Based on the morphological, micro-chemical and diffraction 

studies it can be concluded that the 60 h of mechanical milling is the optimum duration of 

mechanical milling for synthesis of Fe–15 wt. % Y2O3–5 wt. % Ti model ODS alloy. 

 

Figure 3.8. Comparison of SADP of Fe – 15 wt. % Y2O3– 5 wt. % Ti model ODS alloys (a) 10 h, (b) 30 h 
and (c) 60 h. 
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3.3 Effect of Ti addition on structural evolution of Y2O3 upon milling in Fe – 15 wt. % 

Y2O3 – x wt. % Ti (x = 0, 2, 5, 10 and 15) model ODS alloys 

In order to understand the role of Ti in refinement of the dispersoid especially during 

mechanical milling, the Ti content in the Fe–15 wt. % Y2O3–x wt. % Ti(x= 0, 2, 10 and 

15)model ODS alloy was varied from 0 (no Ti) up to maximum of 15wt. % and 

mechanically milled for the optimised milling duration of 60h. In order to study the structural 

evolution of constituent powders, x-ray diffraction analysis was carried out using synchrotron 

source, which will be discussed in the following section. 

3.3.1 Structural investigation of Y2O3 during mechanical milling 

Figure 3.9 shows the synchrotron XRD patterns of the Fe - 15 wt. % Y2O3 –x wt. % Ti (x = 0, 

2, 5, 10 and 15) model ODS alloys milled for 60 h using a monochromatic radiation 

of wavelength of 0.45 Å. 

 

Figure 3.9. XRD patterns of the Fe – 15 wt. %Y2O3 - x wt. % Ti (x = 0, 2, 5, 10 and 15) model ODS alloys 
mechanically milled for duration of 60 h in Ar atmosphere using synchrotron X-ray source with 
monochromatic wavelength of 0.45Å. The analysis of the pattern shows broadened peak at the 2 range 
8-10°, signifying loss of crystallinity of the yttria as a result of severe plastic deformation introduced 
during the process of mechanical milling. 
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The peaks at 2positions12.70°, 18.06°, 22.15°, 25.65°, 28.74°, 31.52° and 

34.10°corresponds to BCC-Fe matrix (ICDD # 00-006-0696) for Fe – 15 wt. % Y2O3 alloy 

and are found to be same for all alloy compositions studied. The analysis of average 

crystallite sizes of Fe using Debye-Scherer equation is found to be 4.9 nm. The crystallite 

size found to be similar even with addition of Ti. Diffraction peaks corresponding to 

pure Ti were not observed like it happened in 5Ti alloy. Further analysis of the diffraction 

patterns reveals a broadened peak in the 2θ range 8-10°. This range corresponds to the 

diffraction peak positions for BCC-Y2O3 (ICDD # 00-041-1105) and broadening obviously 

signifies the loss of crystallinity. This may be attributed to an accumulation of strain owing to 

severe plastic deformation introduced during the process of mechanical milling.  

A similar observation has also been reported by other groups [161]. 

3.3.2 Microstructure and micro-chemical characterisation of milled powder 

3.3.2.1 SEM-EDS studies 

Figure 3.10(a-e), show the SE micrographs of powders of Fe-15wt. % Y2O3– x wt. % Ti 

(x =0, 2, 5,10 and 15) model ODS alloys mechanically milled for 60 h. Figure 3.10(a) 

corresponding to Fe-15Y2O3 alloy without Ti reveals that the powder particles were nearly 

globular in shape, as expected to be under optimum milling conditions. The morphology 

of the powder after a milling duration of 60 h was found to be similar to the well-blend 

convoluted lamellar morphology with aspect ratio of ~ 1. In addition, the powder size is 

found to be nearly uniform with an average particle size of ~1.3 µm. Figures 3.10 (b), (c), (d) 

and (e) show the SE micrographs of 60 h milled powders of Fe – 15 wt. % Y2O3 alloy with 

varying Ti content, viz. 2, 5 10 and 15 (wt. %) respectively. Comparing these four 

micrographs, it was observed that the powder particles possess a convoluted lamellar 

structure and no appreciable change is observed with increase in Ti content.  
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The average powder particle size is 0.95 µm, which remain unaltered with variation of the 

Ti content in the alloy. Figure 3.10(f) shows the elemental map of the highest Ti variant 

model ODS alloy, analysis of these maps reveal a homogeneous distribution of the 

constituent elements, Fe, Y, Ti and O. 

 
Figure 3.10. SE micrographs of 60 h mechanically milled powders of Fe – 15 wt. %Y2O3 – x wt. % Ti 
(x = 0, 2, 5, 10 and 15) model ODS alloys(a) 0Ti, (b) 2Ti, (c) 5Ti, (d) 10Ti, (e) 15Tiand (f) EDS map from 
the 15 Ti using Fe Kα, Y Lα, Ti Kα and O KαX-ray energies. 

The above morphological and micro-chemical investigations as well as XRD analysis do not 

clearly bring out the structural/molecular integrity of Y2O3upon milling. It may be become 

amorphous [11, 26, 27] or might have been partially dissolved in the Fe matrix  

[116, 127, 187]. The subsequent sections dealing with TEM observations are expected to 

shed light on the matter. 
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3.3.2.2 TEM studies 

Figure 3.11 (a - c) show the BF-TEM micrographs of 60 h milled model ODS powders with 

varying Ti contents of 0, 5 and 15 wt. %, respectively. It is seen that tiny crystallites 

(dark  speckles) measuring in the range 5 - 20 nm are uniformly distributed in all three alloys. 

The corresponding SADPs are shown in the insets. SADP analysis reveals that the tiny 

crystallites were of  BCC-Fe. 

 
Figure 3.11. BF-TEM micrographs of 60 h milled Fe – 15 wt. % Y2O3 - x wt. % Ti (x = 0, 5 and 15) 
model ODS alloys and the corresponding SAD pattern obtained from the regions are shown as the inset 
of the individual BF-micrographs of (a) 0Ti alloy (b) 5Ti alloy (c) 15Ti alloy and (d) the normalized 
integrated intensity of the radial profile of the SAD patterns  in (a-c), showing peaks of nano-
crystalline Fe and a broadening around  at ~2.8Å corresponding to Y2O3 (321) plane. 

Y2O3was difficult to indicate in the SAD patterns. In order to facilitate a better representation, 

Figure 3.11(d) shows the normalized integrated intensity of the radial profile 

of corresponding SADPs. The analysis of these radial profiles shows a broad peak, at around 

d=2.8 Å which corresponds to the (321) plane of BCC-Y2O3(ICDD # 00-041-1105) in all the 

alloys (after milling), though other peaks corresponding to Y2O3 could not be observed.  
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The broad peak of low intensity was in agreement with the XRD patterns shown in Figure3.9 

and is attributed to a loss of crystallinity of Y2O3. Hence XRD results suggest little or no 

effect of Ti on the loss of crystallinity of Y2O3 due to high energy milling for 60 h.  The other 

peaks in the radial profiles at d = 2.01, 1.4, 1.15 and 1.0 and 0.88 Å, correspond to (110), 

(200), (211), (220) and (310) planes of BCC-Fe matrix, respectively. 

Since, Ti does not influence the amorphisation of Y2O3, high-resolution transmission electron 

microscopy (HRTEM) analysis of Fe – 15 wt. % Y2O3 sample was carried out. 

Figure 3.12 (a) shows the representative phase contrast micrograph from a well thinned 

region of the sample. The image looks somewhat clumsy owing mainly to the presence of 

Moiré fringes, which result from electron wave interference between overlapping thin 

crystals and requires Bragg filtering to remove the unwanted frequencies. For this purpose, 

Figure  3.12 (b) shows the FFT (Fast Fourier Transform) of the image shown in 

Figure 3.12 (a). FFT is a powerful tool in HRTEM studies which mathematically converts the 

lattice planes in direct space to Fourier transferred spots in reciprocal space. The generated 

reflections resulting from the FFT were marked according to phases. All of the spots that can 

be assigned to BCC- Fe are marked with blue dashed circles in Figure 3.12 (b).  

Similar to XRD and SAD radial profile shown in Figures 3.9 and 3.11(d) respectively, a halo 

around the inverse distance for (321) plane of  BCC-Y2O3 was observed which was marked 

using a wide green ring marked by dashed circles in Figure 3.12(b). These masks were used 

to digitally filter (Brag filter) the image using Inverse Fast Fourier Transform (IFFT) of the 

masked area of each individual entities. Accordingly, Figures 3.12(c), 3.12(d) showed the 

Bragg filtered images corresponding to Fe (Blue masks in FFT), and Y2O3 (Green mask in 

FFT). Figure 3.12(c) shows the nano-crystals of Fe, while Figure 3.12(d) showed filaments 

for Y2O3. The ferret diameter of the Fe crystallites varies in the range of 3-10 nm which is in 

line with the observations from XRD (Figure 3.9) and BF-TEM (Figure 3.11(c)) studies. 
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However, Figure 3.12(d) shows the  filamentous wavy beaded morphology, which is 

characteristic of amorphous material [188]. 

Figure 3.12. (a) Phase contrast micrograph of Fe – 15 wt. % Y2O3 model ODS alloy milled for 60 h, (b) 
FFT from the entire region shown in the (a), (c) IFFTcoresponding to Fe and (d) IFFT corresponding 
to Y2O3. 

These results further strengthen the argument that Y2O3 has not really disintegrated and 

dissolved in the matrix, rather remains as amorphous filaments around nano-crystalline Fe. 

In order to get some further insight, Raman Spectroscopy was also carried out to probe 

whether any of the vibrational modes characteristic of crystalline Y2O3was retained after 60 h 

of milled sample and whether the presence of Ti has any significant effect. 
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3.3.3 Structural investigation of Y2O3 upon milling using Raman spectroscopy 

Raman spectroscopy has been utilized to reveal the intrinsic structural information of Y2O3 

in the mechanically milled powders. Figure 3.13(a) represent the typical Raman spectrum 

from the Y2O3 nano-oxides and analysis of this spectrum reveal phonon vibrational mode for 

Y2O3 was mostly active at position 377 cm-1, this observation is also in line with the recent 

literature report [180]. Figure 3.13(b) represent the Raman shift of the Fe – 15Y2O3 

model ODS alloy  at various stages of milling durations starting from 10 to 60 h and also 

it was compared with the highest milling duration  of 15 wt. % Ti added ODS alloy.  

The peak observed in the range of 330 – 445 cm-1 is considered to be the region of interest 

(ROI) and this is highlighted by a dotted rectangle in Figure 3.13(b). This ROI is processed 

separately and the result is shown in Figure 3.13(c). The peak profile has been de-convoluted 

with respect to Y2O3 (blue) and FeO (green). The FeO peak is centered around 400 cm-1 [177] 

and this is attributed to the oxidation of nanocrystalline Fe present in the powder. The Y2O3 

peak around 377cm-1 is observed to be relatively sharper for lower durations of milling (viz., 

10 h) and is observed to be broad after 60 h of milling. The trend is similar with 15 wt. % 

of Ti alloy as well. The results are in agreement with earlier conjecture that Y2O3 become 

amorphous after 60 h of milling and that Ti has no apparent effect in this process. Raman 

spectrum generally shows a broad peak for amorphous phases [179, 189]. This result signifies 

that the Y-O bonds remain intact during 60 h of milling and that only crystallinity of Y2O3 

is lost due to severe plastic deformation during milling. Further it was also observed that 

addition of Ti has no appreciable effect in ease of amorphisation or retention of major 

vibrational modes in Y2O3 upon milling. Though the presence of FeO is unintentional, 

it is not surprising as this may be due to availability of excess oxygen (the oxygen content 

other than that fromY2O3) present in the alloy or during process of milling or formation of 

FeO during storage. It is however not a detrimental phase since it also provides mechanical 
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strength to the alloy by blocking mobile dislocation during high temperature deformations 

[156, 183, 190]. 

3.4 Understanding mechanism of amorphisation of Y2O3 during milling in Fe – 15 wt. % 

Y2O3– x wt. % Ti model ODS alloys 

As an effect of mechanical milling severe plastic deformation takes place and large amount of 

all varieties of defects such as point defects (vacancies and interstitials), line defect 

(dislocations) and surface defects (grain boundaries and interfaces) are being pumped to the 

elemental powders [49, 50, 55]. The matrix Fe and Ti powders being ductile in nature are 

repeatedly elongated, fragmented, cold welded and folded into finer size [49]. The ceramic 

oxides being hard were attached on the surface of the metal powders and also trapped within 

 
Figure 3.13. Raman spectra of (a) Y2O3 nano-oxide, (b) Fe – 15wt. % Y2O3 alloy as an effect of 
mechanical milling compared with 15wt. % Ti added Fe – 15wt. % Y2O3milled for 60h and (c) 
enlarged and processed peak in the range of 330– 445cm-1. 
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the folding of the ductile metal powders. Since the microcrystalline metal matrix powders 

were also fragmented to nano-crystallites during milling, large amount of new surfaces and 

interfaces have been created [50]. The Y2O3 being harder than the Fe matrix also get refined 

to finer scale and with progress of milling it loses crystallinity and also long range 

periodicity, becomes not only x-ray amorphous but also electron amorphous. Some recent 

literatures have reported that the Y2O3 will decompose into Y and O [9, 11, 66, 101] with 

prolong duration of milling. In this scenario the decomposed atoms of Y2O3, either form solid 

/extended solid solution with Fe matrix or else can accommodate along the interface of the 

nano-crystalline ferrite grains. The former can be ruled out since there was no signature of 

shift of XRD BCC- Fe peak as an effect of Y substitution solid solution in the Fe matrix. 

Either elemental Y or the distorted/decomposed Y2O3 crystal may be accommodated along 

the interface of the Fe nano-crystallites in 0Ti alloys. Decomposition of Y2O3 into Y and O 

is rarely to happen since presence of Y2O3 peak in Raman spectroscopic study of milled 

powders indicates retention certain vibrational modes indicating existence of Y-O bond 

in Y2O3. Hence it can be inferred that the Y2O3 whose structure get distorted and size had 

drastically reduced, which have been accommodated along the interfaces of the 

Fe nano-crystallites during mechanical milling of Fe based model ODS alloys. Ti has no 

influence on the amorphisation of the Y2O3 during mechanical milling. The reason is 

attributed to the fact that Ti needs to diffuse and react with Y2O3 for refinement. 

Temperatures around 1273K is required for the purpose, which is absent during the milling 

process. Hence Ti influence is seen only during annealing and not during milling  

[10-12, 37-44]. Figure 3.14 illustrates the schematics of the microstructure depicting the 

decoration of amorphous Y2O3and  nano-crystalline/ amorphous Ti along the interfaces of the 

fragmented Fe nano-crystallites. 
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Figure 3.14: The schematic of microstructure of the milled powder depicting decoration of amorphous 
Y2O3 along the interfaces of the fragmented nanocrystalline Fe 
 

3.5 Conclusions 

The structural changes of Y2O3 in Fe – 15wt. % Y2O3– x wt. % Ti (x = 0, 2, 5, 10 and 15) 

model ODS alloys during mechanical milling has been illustrated and the salient findings are 

listed as follows 

 The mechanical milling for a duration of 60 h resulted in convoluted lamellar 

microstructure, signifying attainment of equilibrium between cold welding and 

fragmentation, which happened due to severe plastic deformation along with repeated 

momentum transfer during ball-powder-ball or ball-powder-wall collision. 

 The nanocrystalline Y2O3 becomes amorphous, without decomposition of its 

molecular nature during the process of milling. 

 The elemental Ti is assumed to be accommodated in the amorphous region of 

nanocrystalline Fe matrix or penetrated in the distorted Y2O3 crystal without 

penetrating into the Fe lattice as substitutional solute during the process of milling, 

this can be proved experimentally by advanced characterisation techniques such as 

3D atom probe, TEM tomography  or by EELS technique, which will be the future 

scope of research. 
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4.1 Introduction 

The structural evolution of nanocrystalline Y2O3 upon milling of Fe – 15 wt. % Y2O 3 – 

x wt. % Ti alloys has been discussed in the previous chapter. Amorphisation of dispersoid 

during milling have been discussed in Chapter-3. For the structural application of this alloy, 

powder consolidation followed by component fabrication is necessary. The consolidation 

process involves high temperature and high pressure which play a crucial role in 

recrystallization/precipitation of the dispersoid [91, 191]. Thus the stoichiometry of the 

precipitated dispersoid can be highly dependent not only upon the alloy content but also on 

consolidation conditions, such as, temperature, pressure and surrounding environment 

[104, 190]. Dai et al. [108] have reported precipitation of Y2O3during annealing of milled 

powders of Fe – 9wt. % Cr – 15 wt. % Y2O3 alloy beyond 890K for 100 h. 

Whereas, Y. Kimura et al. [109] have reported YCrO3 formation along with Y2O3 upon 

annealing of the mechanically milled alloy of Fe – 24 wt. % Cr - 15 wt. % Y2O3 at 

temperatures above 1200 K. Tong Liu et al. [113] have reported the formation of FeYO3 

upon annealing of milled powders of Fe - 25 wt. % Y2O3 model ODS alloy at 1073 K. 

Therefore, it would be intriguing to study all the oxide phases that emerge during annealing 

of mechanically milled powders of ODS steel and the effect of Ti towards size refinement of 

the evolved dispersoid phase. G. R. Odette and his co-workers [34, 123, 125, 155] have 

reported Y diffusion through dislocation (pipe diffusion process) leading to coarsening of the 

Y2O3 in the absence of Ti, but a small addition of Ti in the alloy increases the opportunity for 

the formation of Y-Ti oxides over Y2O3. They also reported that Ti containing oxide phases 

have  ~ 0.6 J/m2 interfacial energy as compared to that of Y2O3 (~ 1.8 J/m2) [34].

The lower interfacial energy of Ti oxide than Y oxide, resulted in higher nucleation rate and 

are more stable at finer sizes during annealing / consolidation process. Y- Ti-O nano-clusters 
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appear to range from coherent solute enriched Guinier Preston (GP) type zones to near 

stoichiometric complex oxides, such as Y2TiO5 and Y2Ti2O7[10, 27, 59, 127]. 

L. Barnard et al.[34, 35] based on their semi-empirical model. L. Barnard et al. [34, 35] also 

proposed that the size and stoichiometry of the Y-Ti-O complex oxide was not only depended 

upon the Y/Ti ratio but also on the excess O availability in the system. In this chapter we 

have attempted to experimentally establish the effect of Ti content (alternately, Y/Ti ratio) 

on the size and structural evolution of dispersoids in the ODS alloys and thus validate 

Barnard’s model mentioned above. This chapter (section 4.2 and 4.3) deals with systematic 

studies about the evolution of oxides upon annealing of mechanically milled powders of Fe – 

15 wt. % Y2O3– x wt. % Ti (x = 0, 2, 5, 10 and 15) model ODS alloys. Generally, the evolved 

oxide dispersoids phases do not follow thermodynamic equilibrium with the matrix; hence 

the study of their interface structure is very important. These interfaces may be coherent or 

semi-coherent or incoherent with the metal matrix and their nature will play a major role not 

only during the interaction of dislocations but also in the point defect annihilation 

characteristics [23, 130-132]. Alinger et al.[127] reported Y-Ti-O coarse dispersoids of size 

in sub-micron level generally incoherent with matrix, whereas the refined ones 

(size: 4 - 10 nm) are semi-coherent and nano-clusters (size: 2 - 3 nm) are generally coherent 

with the ferrite matrix, which was also supported by Hirata et al. [120, 121]. The coherency 

strain field of the nano-clusters helps in blocking the mobile dislocations in the process called 

‘Zener pinning’ [23, 24, 135, 137, 138, 192]. The semi-coherent interface acts as a sink to 

point defects as a result, void swelling resistance of the ODS steel has been increased 

drastically. However, there is scarce information on the interface characteristics of the 

Fe-Y-O dispersoids, which invariably form during high-temperature treatment together with 

the more known Y-Ti-O complex oxides. 
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According to Hsiung et al. [128], the formation mechanism of nano-cluster/ nano-oxide 

involves fragmentation of starting Y2O3 powder particles to form finely dispersed nano-scale 

fragments during early stages of ball milling followed by amorphous agglomerates and 

clusters (MYO), M: Fe, Cr, W, and Ti during the later stage of milling. The re-crystallization 

of agglomerates larger than a critical size (~ 2 nm) to form an oxide nano-particle with 

a complex oxide core and solute-enriched shell during the consolidation process was also 

reported [106, 117, 193-195]. The contents of complex oxide core and solute-enriched shell 

depend upon the chemical composition of the ODS steel. The shell thickness depends upon 

the size of the nano-particle since the larger the particle, the more matrix material can be 

solution mixed during the agglomeration and amorphisation stage and thus more solutes will 

be depleted from the oxide core during the crystallization stage [33, 101, 128, 196-198]. 

Tong Liu et al. [113]have reported about the formation of FeYO3 upon annealing of 48 h 

milled Fe - 25 wt. % Y2O3 model ODS alloy, whereas  Schneibel et al. [199] observed FeYO3 

formation upon internal oxidation of Fe-Ti-Y inter-metallic in Fe based ODS alloys. 

The section 4.4 in this chapter deals with interface characterization of Fe-Y-O and Y-Ti-O 

oxides with the ferrite matrix. 

4.2 Structural evolution of Fe-Y-O dispersoid oxide(s) upon annealing of 60 h 
mechanically milled Fe – 15 wt. % Y2O3 model ODS alloy 

Based on earlier discussions, it would be interesting to study the stoichiometry and structural 

evolution of oxides upon annealing of mechanically milled powder of Fe-Y2O3 based alloy 

without any Ti or refining agent such as Hf, Zr, etc. As a result, the experimental findings on 

these model systems provide a clear understanding about the precipitation mechanism and 

also the role of early transition elements such as Ti, Zr and Hf in dispersoid refinement in 

Y2O3 dispersed ODS steels. Following section describes about the evolution of Fe-Y-O oxide 

upon annealing of 60 h milled powder of Fe – 15 wt. % Y2O3 alloy.
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4.2.1 DSC thermogram analysis 

In order to understand the evolution of oxide dispersoid upon annealing of the mechanically 

milled powder, DSC study was carried out on the 60h milled powder of Fe – 15 wt. % Y2O3 

model ODS alloy. Figure 4.1 represents the typical DSC thermogram of 60 h mechanically 

milled Fe – 15 wt. % Y2O3 alloy. The endothermic and exothermic peaks that could be 

identified are tabulated in Table 4.1. 

Figure 4.1.  DSC thermogram of 60 h milled Fe – 15 wt. % Y2O3 model ODS alloy powder 

The exothermic peak at 875K (denoted as ‘a’ in the thermogram), is attributed to 

recrystallisation of the severely plastic deformed (due to milling) ferrite grains. 

A sharp endothermic peak at 898 K (denoted as ‘b’) is attributed to the evolution of 

FeYO3[113, 199]. The endothermic peak at 1037 K (denoted as ‘c’) represents the Curie 

transformation temperature while and the peak at 1190 K (denoted as ‘d’) represents BCC-

 ferrite to FCC-austenite (α to γ) transformation. Upon cooling, a sharp peak of 1285 K 

(denoted as ‘e’) was not clearly understood. However, it may be conjectured as a phase that 
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grows in the  phase of Fe. It is possible that additional nucleation and growth of FeYO3 is 

favored in the -Fe. This maybe looked into through structural analysis of the powder 

annealing at around this temperature. The peaks at 1180 K and 1037 K (denoted as ‘f’ and 

‘g’) correspond to the α and Curie transformation, respectively. 

Table 4.1. Transformation temperatures measured by DSC upon heating the 60 h milled powder of Fe-
15wt. % Y2O3 at a heating rate of 10K/min 

Peak 
nomenclature 

Peak 
position 
(in K) 

Identified phase formation/ transformation Ref. 

During 
heating 

a 875 Recrystallization of deformed Fe 
b 898 Formation of FeYO3in ferrite phase field [113] 
c 1037 Curie transformation [18] 
d 1190 Ferrite (α) to austenite (γ) transformation [18] 

During 
cooling 

e 1285 Growth of formed FeYO3 in austenite phase 
field 

[113, 
199, 
200] 

f 1180 Austenite (γ) to ferrite (α) transformation [18] 
g 1037 Curie transformation [18] 

The identification of peaks and their correlation to the evolution of a new phase or 

transformation temperature is purely qualitative in nature and based on existing literature 

reports, which can be confirmed with further studies based on various diffraction techniques 

such as XRD or SAD in TEM. The following section illustrates the structural characterization 

of evolved phases upon annealing of 60h milled powder of Fe – 15wt. % Y2O3 

model ODS alloys. 

4.2.2 XRD analysis 

In order to understand the structural evolution of the oxide dispersoids upon annealing of the 

mechanically milled powder, the above-milled alloy was vacuum annealed at a temperature 

range of 873 – 1273 K for the duration of 1 h. These annealed powders were characterized by 

a synchrotron sourced X-ray diffraction technique using a monochromatic wavelength of 

0.45 Å. Figure 4.2 represents the XRD profile of 60 h milled powders of Fe – 15Y2O3 model 
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ODS alloy annealed at a temperature in the rage of 873 – 1273K for the duration of 1 h. 

The analysis reveals the appearance of a crystalline peak at 2θ positions 7.5°, 9.5°, 

11.3°,12.7°, 13.4°, 13.8°, 14.9°, 16.2°, 16.4°, 18.0°, 19.2°, 22.17°, 25.6°, 28.7°, and 32.5°. 

All the crystalline peaks observed in this XRD profile at various 2 positions and the 

corresponding matching diffracting phases are listed in Table 4.2. 

 

Figure 4.2. XRD profile of 60 h milled powders of Fe-15Y2O3 model ODS alloy annealed at a  temperature 
in the rage of 873–1273K for a duration of 1 h. 

The peak positions at 12.74º, 18.06°, 22.16º, 25.65º, 28.74º, 31.55º corresponds to diffraction 

from (110), (200), (211), (220), (310) and (222) planes of BCC-Fe ,respectively and the peak 

positions at 7.54°, 9.22°, 9.54°, 9.77°, 11.32°, 13.44°, 13.87°, 15.08°, 16.2°, 16.45°, 19.18° 

correspond to diffraction from (111), (200), (121), (002), (112), (202), (212), (311), (240) and 

(242)  planes of orthorhombic - FeYO3. In addition, the peaks at positions at 10.36°, 11.99°, 

16.98°, 19.94°, 20.83°, 24.08°, and 26.99° correspond to diffraction from (111), (200), (220), 

(311), (222), (400), (331) of FCC-FeO. This FeO phase was observed upon annealing at 973 K, 

1173 K and 1273 K. The formation of the FeO phase mainly attributed due to surface oxidation 

of metal matrix either during storage or during cooling after exposure to high temperature. 
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As depicted in the DSC thermogram (Figure 4.1), till the material attain 875K, there was 

neither a phase formation nor transformation, which can also be observed. However, at 875K, 

presence of FeYO3, which was also supported by XRD pattern obtained at 873K. 

Interestingly, when the powder was annealed at 1273 K (temperature close to the ‘e’ in 

Figure 4.1) shows a sudden increase in intensity of the FeYO3 peak. This possibly 

corroborates our conjecture that there was further nucleation and growth of the FeYO3 phase. 

In order to study the morphological evolution of the oxide dispersoid upon annealing of the 

60 h milled powder and their chemistry, SEM-EDS analysis was carried out.  

The following section illustrates the results obtained from the above study. 

Table 4.2: XRD peak position and corresponding phases of the 60h milled powders of Fe – 15 wt. % Y2O3 
model ODS alloy annealed at a temperature in the rage of 873 – 1273 K for the duration of 1 h 
 

60 h 873 K 973 K 1073 K 1173 K 1273 K Phase (hkl) 
   7.56 7.54 7.518 FeYO3 (111) 
 9.2    9.22 FeYO3 (200) 

9.59  9.52 9.5 9.55 9.54 FeYO3 (121) 
     9.773 FeYO3 (002) 
  10.37 10.367 10.367 10.4 FeO (111) 
  11.53 11.54 11.34 11.32 FeYO3 (112) 
  11.99 11.99 11.984 12.01 FeO (200) 
  12.25 12.248 12.248  FeYO3 (221) 

12.72 12.73 12.74 12.732 12.743 12.743 Fe (110) 
  13.49 13.5 13.48 13.44 FeYO3 (202) 
    13.92 13.87 FeYO3 (212) 
 14.99  14.98 14.96 15.08 FeYO3 (311) 
    16.252 16.2 FeYO3 (321) 
    16.48 16.45 FeYO3 (240) 
 16.96 17 16.98 16.97 16.83 FeO (220) 

18.03 18.05 18.06 18.06 18.056 18.056 Fe (200) 
    19.211 19.178 FeYO3 (242) 
  19.94 19.94 19.94  FeO (311) 
    20.83  FeO (222) 

22.14 22.15 22.17 22.159 22.159 22.17 Fe (211) 
    24.08  FeO (400) 

25.61 25.64 25.65 25.646 25.646 25.65 Fe (220) 
    26.99  FeO (420) 

28.7 28.73 28.74 28.726 28.73 28.74 Fe (310) 
31.52 31.54 31.55  31.542 31.542 Fe (222) 
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4.2.3 Microstructural and micro-chemical analysis by electron microscopes 

4.2.3.1 SEM-EDS analysis 

Figure 4.3 represent the SE micrographs of 60 h milled powder of Fe – 15 wt. % Y2O3 upon 

annealing at temperatures (a) 873 K, (b) 973 K, (c) 1073 K, (d) 1173 K and (e) 1273 K under 

vacuum level of 10-5 mbar for a duration of 1 h followed by air cooling at 10-2mbar. 

Figure 4.3 (f) represents the X-ray EDS map from the entire region shown in (e) using Fe-Kα, 

Y-Lα, O-Kα X-rays. Analysis of Figure 4.3 (a) reveals the 60 h milled powder upon annealing 

at 873 K  attains globular morphology and no appreciable change in morphology was 

observed as compared to 60h milled powder. The analysis of Figure 4.3(b) reveals the 

evolution of small globular features having a size in the range of 60 - 100 nm (indicated by 

red arrows) embedded in the recrystallized matrix powder. With an increase in annealing 

temperature the size of these globular oxides increases, which can be observed in 

Figures 4.3 (c), (d) and (e). The variation of the size of these evolved oxides with respect to 

temperature has been listed in Table 4.3. It can be inferred that the oxides might have 

nucleated at temperature 873 – 973 K, which gradually grows with the increase in annealing 

temperature and at 1273 K they attain size as maximum as 1.5 µm, whose size remain 

unaffected with increase in annealing time duration, hence it is believed to be 1273 K is the 

optimum annealing temperature. 

Table 4.3: Size of the evolved oxide as a function of annealing temperature 

Annealing temperature 

873 K 973 K 1073 K 1173 K 1273 K 

Size of the evolved 
oxide (in nm) 

- 60 - 100 200 - 300 250 - 600 600 - 1500 
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Figure 4.3. SE micrographs of the annealed Fe – 15Y2O3 60 h milled powder at (a) 873 K, (b) 973 K, 
(c) 1073 K, (d) 1173 K, (e) 1273 K and (f) X-ray EDS map from the entire region shown in (e) using 
Fe Kα, Y Lα, O Kα X-rays. 
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4.2.3.2 TEM analysis 

In the previous section, it was discussed about the formation of FeYO3 upon annealing of 

60 h milled powder of Fe – 15wt. % Y2O3 model ODS alloy and the shape of the evolved 

precipitate were nearly globular type, whose size varies in the range of 500 - 1500 nm. 

Figure 4.4 (a) represents the BF-TEM micrograph of FIB lamella of the above alloy powder. 

It was observed that this micrograph contains some globular dark contrast diffracting crystals 

embedded in the matrix. Some of these embedded features were indicated by the red square 

box in Figure 4.4 (a). This region was considered for phase contrast microscopy study. 

Figure 4.4 (b) represents the phase-contrast micrograph in the above region. The analysis 

of this micrograph reveals the formation of the incoherent type of interface between the 

ferrite matrix and the FeYO3 precipitate. These coarse precipitates with in-coherent interfaces 

are not useful in turn of the strength of the ODS steel is concerned, since the larger 

the dispersoid leads to reduce the number density as a result unable to pin the mobile 

dislocations under applied stress. 

Figure 4.4. (a) BF-TEM micrograph FIB lamella of 60 h milled and annealed powder of Fe – 15 wt. % 
Y2O3 alloy and the red square region indicated in this micrograph was considered for the phase-contrast 
study and (b) phase-contrast micrograph of the ferrite matrix and FeYO3dispersoid 
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4.3 Role of Ti in the refinement of evolved Y-Ti-O dispersoid upon annealing of Fe–

15 wt. % Y2O3– x wt.% Ti (x = 2-15) alloy 

It has been discussed in the previous section that the FeYO3 dispersoids coarsen to 

micron sized crystallites in a Fe – 15 wt.% Y2O3 system, when annealed at optimum 

temperature of 1273 K, a temperature that is conventionally used for consolidation by HIP or 

extrusion and also for normalization treatments [11, 18, 26, 27]. The refinement of the 

evolved dispersoid is a must in order to attain the physical and mechanical properties of the 

steel. The refinement of the oxides takes place with the addition of a suitable quantity of Ti or 

Hf or Zr in the metal matrix. We have discussed in the previous chapter that these externally 

added dispersoid refining agents such as Ti has no role during milling, but it was reported 

upon consolidation of the milled powders involving high temperature resulted in the 

formation of various Y-Ti-O complex oxides. The size and stoichiometry of the Y-Ti-O 

complex oxides depend upon Ti to Y content in the alloy and the consolidation condition 

such as temperature, pressure, and environment [10, 28, 35, 90, 103, 117, 127, 201]. In order 

to understand how Ti helps in limiting the coarsening of Y2O3 based dispersoids through the 

formation of Yp-Tiq-Or (p, q,  and r depend on the type of oxide formed) complex oxides. 

The powders milled for 60 h with different Ti content, have been annealed at 1273 K for the 

duration of 1h. The following section discusses the morphological and structural evolution of 

various oxides as a function of  Ti content in the alloy. 

4.3.1 DSC thermogram analysis 

Figure 4.5 shows the DSC thermogram of 60 h mechanically milled 5 Ti (Red) and 

15 Ti (Blue) added Fe – 15wt. % Y2O3 model ODS alloys. The peaks that could be identified 

are listed in Table  4.4. 
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Figure 4.5. DSC thermogram of 60 h milled (a) Fe – 15 wt. % Y2O3 – 5 Ti and (b) Fe – 15 wt. % Y2O3– 
15 wt. % Ti model ODS alloy powders 

The analysis of the above thermo-gram reveals that appearance of a broad endothermic peak 

at 896 K (denoted as ‘a’), only for 5Ti alloy was attributed to the evolution of FeYO3 oxide, 

similar to the observation of Fe-15Y2O3 (Ti = 0); although the peak was much sharper in 

later. This indicates that the formation of FeYO3 phase has weakened upon addition of Ti. 

The result also indicates that the FeYO3phase is unlikely to be present in the Fe – 15Y2O3– 

15Ti powder sample. Both the results are considered important from the point of view of 

dispersoid evolution and need to be verified through detailed structural analysis. The broad 

and weak peak at around 989 K(denoted as ‘b’) and are observed for both 5Ti and 15Ti alloys 

are unknown. But based on structural investigations, discussed in the subsequent section, it 

may be assigned to formation of Y-Ti-O complex oxide. Interestingly, the exothermic peak 

at 1043 K (denoted  as ‘c’) is sharper for the 5Ti alloy as compared to 15Ti alloy. 

The peak may be assigned to recrystallization of the milled Fe, which was observed at a 

lower value of 875 K when Ti was not added to Fe (Figure 4.1). The peak at 1078 K (denoted 
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as ‘d’) for the 5 Ti and 15 Ti alloys is attributed to Curie transformation. The endothermic 

peak at 1238K (denoted as ‘e’) is assigned to α transformation. The peak was weaker as 

compared to the alloy without Ti (Figure 4.1), but stronger as compared to the 15 Ti alloy. 

Thus, the effect maybe definitely attributed to Ti addition. With addition of Ti, formation of 

fine Y-Ti-O complex may restrict the growth of Fe grains, which need to be verified through 

structural analysis. Fine ferrite grains result in a broad and weak α transformation peak, as 

have been reported elsewhere[190]. Besides, Ti being a strong ferrite stabilizer, may go into 

solid solution in ferrite lattice, suppressing the α transformation. The peaks at 1174 K 

(denoted as ‘f) and 1050 K (denoted as ‘g’) during cooling, are attributed to α and Currie 

transformation, respectively. The peaks are weaker and broader for 15Ti owing to finer 

Fe grains, as discussed earlier. 

Table 4.4. Transformation temperatures measured by DSC upon heating the 60h milled powder of Fe – 15 
Y2O3 –  5 Ti and Fe – 15 Y2O3– 15 Ti at a heating rate of 10 K/min 
 

Peak 
nomenclature 

Peak 
position 
(in K) 

Identified phase 
formation/ 

transformation 

Presence or absence of peak 

Fe-15Y2O3-5Ti Fe-15Y2O3-15Ti 

During 
heating 

a 896 Formation of 
FeYO3 

√ 

b 989 Formation of Y-
Ti-O complex 
oxide 

√ √ 

c 1043 Recrystallization 
of deformed bcc-

Fe 

√ √ 

d 1078 Curie 
transformation 

√ √ 

e 1238 Formation of  Y-
Ti-O complex 

oxide 

√ 

During 
cooling 

f 1174 Austenite (γ) to 
ferrite (α) 

transformation 

√ √ 

g 1050 Curie 
transformation 

√ √
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4.3.2 XRD analysis 

To understand the structural evolution of the oxide dispersoids upon annealing of Ti 

containing mechanically milled ODS powder, 60 h milled powder of Fe – 15wt. % Y2O3– 

5wt. % Ti model ODS alloy was vacuum annealed at a temperature range of 973 and 1273 K 

for the duration of 1 h. These annealed powders were also characterized by a synchrotron 

sourced XRD using a monochromatic wavelength of 0.45 Å. Figure 4.6 represents the XRD 

profile of 60 h milled powders of Fe – 15Y2O3– 5Ti model ODS alloy before and after 

annealing. The analysis reveals the appearance of a crystalline peak at 2θ positions 8.85°, 

10.22°, 12.74, 14.48°, 16.82°, 18.06°, 22.17°, 25.66°, 28.74°, and 31.55°. 

All the crystalline peaks observed in this XRD profile at various 2 positions and the 

corresponding matching diffracting phases are listed in Table 4.5. 

Figure 4.6 illustrates the synchrotron XRD patterns of 60 h mechanically milled and 

1273 K/ 1 h annealed Fe – 15 wt. % Y2O3– x wt. % Ti (x = 0, 2, 5, 10 and 15) 

model ODS alloys. Monochromatic X-ray source having a wavelength of 0.45 Å was used. 

The XRD patterns were fitted using Rietveld refinement. The indexing of diffraction peaks 

was done as per the colour legend of various phases shown in the Figure 4.6. The various 

diffraction peaks observed in the Figure for the five different samples were listed in Table 

4.5. These phases were identified as orthorhombic-FeYO3 (A) (ICDD # 00-039-1489), 

FCC-Y1.6Ti1.8Fe0.4O6.6 (B) (ICDD # 04-013-0002), FCC-FeO (C) (ICDD # 00-006-0615) and 

BCC-Fe (D) (ICDD # 00-006-0696). Fractions of these phases in various Ti containing 

samples were also tabulated. Amongst these phases, the Y1.6Ti1.8Fe0.4O6.6 oxide closely 

resembles the pyrochlore structure of Y2Ti2O7 (Space group: Fd-3m (227)). Only a careful 

analysis of the corresponding peak positions reveals that Fe was accommodated in the 
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Y2Ti2O7 lattice resulting in minor shifts of the Y2Ti2O7 peak positions. In other words, this 

was basically the Y2Ti2O7 phase with small amounts of Fe in its lattice. 

 
 
 
 
 
 
 

Figure 4.6.  XRD patterns of mechanically milled and annealed Fe – 15 wt. % Y2O3 – x wt. % Ti (x =  0,  
2, 5, 10 and 15) model ODS alloys using synchrotron X-ray source with monochromatic wavelength of 
0.45 Å. The indexing each diffraction peaks were done as per the color legends detail analysis of 
individual peaks with phase identification are listed in Table 4.5 
 

Table 4.5 reveals that when Ti content ≤ 2 wt. %, FeYO3, and FeO oxides phases were 

present in the Fe matrix. Of these, the FeYO3 was the new reaction product of annealing 

treatment and FeO, which was also detected in the milled powders and attributed to oxygen 

pickup during storage or from excess oxygen already present in the powders, increases to 

about 10%. The precipitation of this phase is unlikely to influence the nucleation of any other 

phases in the alloy upon annealing. The phases evolved is depends upon the amount of Ti and 

Y2O3 present in the alloy. However, as the Ti content was increased further, FeYO3 was 

replaced by Y1.6Ti1.8Fe0.4O6.6, whose fraction increases from 22.3 % for the Ti content of 5 

wt. % to as much as 33.3 % for Ti content of 15 wt.%.This result is in line with our 

conjecture from the analysis of the DSC thermograms shown in Figures. 4.1 and 4.5. 



Chapter – 4  Effect of annealing 

110 

Table 4.5: List of various diffraction peaks shown in Figure 4.6 along with the corresponding phase 
identification in Fe –15 wt. % Y2O3 - x wt. % Ti (x = 0, 2, 5, 10 and 15) model ODS alloys 

Samples (Fe – 15 wt. % Y2O3–x wt.% Ti) 
2  

Positions (o) x = 0 x = 2 x = 5 x = 10 x = 15 Phase (hkl) 

7.52   A (111) 
8.85    B(222) 
9.22   A (200) 
9.54    A (121) 
9.78   A (002) 

10.22    B (400) 
10.41    C (111) 
11.14   B(331) 
12.02    C (200) 
12.20  A (131) 
12.74      D (110) 
13.45   A (202) 
13.59   A (040) 
13.75   A (230) 
13.87  A (212) 
14.48    B(440) 
15.09   A (311) 
16.20  A (321) 
16.45   A (240) 
16.82   A(123) 
17.00    B(622) 
17.04   C (220) 
18.06      D(200) 
19.17   A(242) 
21.55   A (161) 
22.17      D(211) 
22.39   B (662) 
23.00   B(840) 
25.22   B (844) 
25.66      D(220) 
26.78   B(10 22) 
28.74      D(310) 
31.55      D(222) 
34.15      D(321) 
A(%) 22.5 22 Nil Nil Nil 
B (%) Nil Nil 22.3 29.7 33.3 
C(%) 9.5 14 7.4 Nil Nil 
D (%) 68 64 65 70.3 66.7 

Phase nomenclature: A: FeYO3;  B: Y1.6Ti1.8Fe0.4O6.6;   C: FeO;  D: Fe 
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Table 4.6 tabulates the size of evolved dispersoid crystallites as a function of Ti content upon 

annealing of 60 h milled powder of Fe – 15 wt. % Y2O3– x wt. % Ti model ODS alloy at 

1273 K for the duration of 1 h.  It was observed that as Ti content was increased 

from 5 to 10  to 15 wt. %, this dispersoid’s size drops from 27 to 23 to 18 nm. 

Table 4.6. Size of evolved dispersoid crystallites as a function of Ti content upon annealing of Fe – 
15Y2O3-x Ti model ODS alloy 60h milled powder  

Dispersoid crystallite size (nm) 

1273K/1h FeYO3 Y1.6Ti1.8Fe0.4O6.6 

0Ti 43 Nil 

2Ti 34 Nil 

5Ti Nil 27 

10Ti Nil 23 

15Ti Nil 18 

4.3.3 Microstructural and micro-chemical analysis using electron microscopy 

4.3.3.1 Electron microscopy analysis of milled and annealed Fe – 15 wt. % Y2O3 – 

2 wt.%  Ti alloy 

4.3.3.1.1 SEM-EDS analysis 

Figure 4.7(a) illustrates microstructure upon vacuum annealing at 1273K of60h milled Fe  –

 15 wt. % Y2O3 – 2 wt.% Ti model ODS alloy for a duration of 1 h. The analysis of this 

SE-micrograph reveals the formation of globular phases (indicated by red arrows) evolving 

out of the matrix and their size varies in the range of 500 – 1000 nm. A similar structure was 

also observed in a similar condition of annealing in 60 h milled powder of 

Fe – 15 wt. % Y2O3 model ODS alloy, which was also discussed in the previous 

section4.2.3.1. Figure 4.7 (b-e) represent the EDS maps obtained from the entire region 

shown in figure (a) using Fe-Kα, Y-Lα, Ti-Kα and O-Kα X-rays respectively. 
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The analysis of these EDS maps reveals that the globular phases as indicated in Figure 4.7 (a) 

are chemically enriched with Fe, Y and O. The detailed structural information of these 

globular phases has been studied using XRD and found to be FeYO3.

4.3.3.1.2 TEM analysis 

Figure 4.8 (a) represents the BF-TEM micrograph of the FIB lamella prepared from the 

annealed powder of the 2 wt.% Ti alloy. Figure 4.8 (b) represents the BF-micrograph from 

a relatively thin region of the lamella, the analysis of this micrograph reveals the formation of 

nearly globular phases (indicated by red arrows), whose size varies in the range of 

200 – 700 nm. The SAD pattern (SADP)from the entire region shown in Figure 4.8 (b) using 

the smallest SAD aperture of diameter 10 µm is shown in Figure 4.8 (c). This SADP consists 

of many diffraction spots together with the ring pattern, the radial profile of the SADP 

is shown in Figure 4.8 (d). The indexing of the peaks in the radial profile is also marked, it 

is observed that the diffracting object contains both BCC-Fe and the orthorhombic-FeYO3. 
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This observation is also in-line with the XRD result. It is interesting to note that even with the 

addition of 2 wt. % Ti has not resulted in the formation of any Y-Ti-O complex oxide. 

Figure 4.8. (a-b) BF-TEM micrographs of the annealed powder Fe - 15 wt. % Y2O3 – 2 wt. % Ti alloy at 
various magnifications (a) entire FIB lamella and (b) from a relatively thin region, (c) SADP from the 
entire region shown in figure (b) using 10 µm SAD aperture and (d) the radial integrated intensity profile 
of the SADP. 

It is indeed worthy to study the effect of annealing in the other higher Ti content alloys. The 

following section discusses the morphology of the evolved oxides upon annealing of the 60 h 

milled powder of Fe – 15 wt. % Y2O3 – 5 wt. % Ti model ODS alloy. 
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4.3.3.2 Electron microscopy analysis of milled and annealed Fe – 15 wt. % Y2O3– 

5 wt. % Ti alloy 

4.3.3.2.1 SEM-EDS analysis 

Figure 4.9(a) describes the microstructure of 60 h milled and annealed powder of Fe – 

15 wt.% Y2O3 – 5 wt. % Ti model ODS alloy annealed at 1273 K for 1h. Figure 4.9 (b-e) 

represent the EDS elemental map for the above powder using Fe Kα, Y-Lα, Ti-Kα, and O-Kα

X- rays respectively. 

The analysis of the SE-micrograph (shown in figure 4.9(a)) reveals the formation of globular 

particles whose size varies in the range of 0.2 – 3 µm. This may be due to re-crystallization 

of the Fe-matrix. The precipitation or recrystallization of the oxide was not observed. 

The micro-chemical analysis through the EDS map reveals the nearly uniform distribution of 

elements such as Y, Ti, and O, which is a clear indication of the formation of Y-Ti-O 

complex oxide. The size of the evolved dispersoid could not be resolved using SEM analysis, 
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hence TEM technique was adopted. The following section discusses the TEM result 

of the above alloy. 

4.3.3.2.2 TEM analysis 

Figure 4.10 (a-b) represent typical BF-TEM micrographs of the above-annealed powder at 

various magnifications. The analysis of this micrograph at relatively higher magnification 

(Figure 4.10 (b) showed that the matrix consists of several nearly cuboidal/elliptical nano-

 crystallites indicated by red arrows whose size varies from 50 to 150 nm. 

Figure 4.10  (c) shows the SADP from the entire region shown in Figure 4.10(a) using an 

aperture size of 10 µm. The SADP shows a spot pattern decorated in a radial fashion 

indicating the polycrystalline nature of the material. The radial intensity distribution of this 

SADP is shown in Figure 4.10 (d). The analysis of the peaks identified in the radial profile is 

also indicated. According to the analysis of the SADP, the evolved precipitate upon annealing 

of this 5Ti alloy is found to be FeYO3 and Y2TiO5. The EDS analysis from the central region 

of Figure 4.10 (b) is shown in Figure 4.10 (e) and analysis confirms the presence 

of Y-Ti-O complex oxide. 

High-resolution transmission electron microscopy (HR-TEM) and Fast Fourier transform 

(FFT) methods were adopted to identify the type of evolved dispersoid and their interfaces 

with the ferrite matrix. Figure 4.11 represents the HR-TEM micrograph and corresponding 

FFT from the region bounded by the square box marked A and B. This HRTEM image shows 

the spherical and elliptical crystallites with varies in the range of 5 – 30 nm. 
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The analysis of FFT generated from the region marked A in the HRTEM image is shown 

adjacent to it. In this image the spots marked as 1 and 2 are indexed as (201) and (202) plane 

of YTiO3 and its size varies from 10 – 15nm. Similarly, the analysis of FFT from region 

marked B shows presence of Y2Ti2O7, but its size is<10nm and are comparatively smaller 

than YTiO3.

Figure 4.11. High-resolution TEM micrograph of 60 h milled and annealed powder of Fe – 15 wt. % 
Y2O3– 5 wt. % Ti alloy and (A) and (B) represent the corresponding FFT from regions marked A and B 
respectively in the HRTEM image. 
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4.3.3.3 Electron microscopy analysis of milled and annealed Fe - 15 wt. % Y2O3 – 

10 wt. % Ti alloy 

4.3.3.3.1 SEM-EDS analysis 

Figure 4.12(a) represents the SE micrograph of 60 h milled Fe – 15 wt. % Y2O3 – 10 wt. % Ti 

model ODS alloy annealed at temperature 1273 K for 1h duration. Figure 4.12 (b-e) represent 

the EDS elemental map for the above powder using Fe-Kα, Y-Lα, Ti-Kα and O-Kα X-rays 

respectively. The analysis of the SE-micrograph reveals retention of the globular morphology 

of the milled powder, but morphological evidence about the formation of coarse oxide is not 

observed as it happened in the case of 0 wt. % Ti and 2 wt. % Ti model ODS alloys. The 

micro-chemical analysis (in the EDS maps) reveals nearly uniform distribution of the 

constituent elements in the alloy such as Fe, Y, Ti and O. As per the recent literatures the 

type of alloys is prone to form Y-Ti-O complex oxides upon annealing, which can be 

confirmed with TEM studies, which has been discussed in the following section. 
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4.3.3.3.2 TEM analysis 

Figure 4.13(a) represents a typical BF-TEM micrograph of the above 10 wt. % Ti alloy. The 

analysis of this micrograph reveals the formation of some dark contrast cubical/elliptical 

precipitate (shown by red arrows) embedded in the matrix. 

The size of these precipitates varies in the range of 10 – 40 nm. In addition, the dislocation 

forest (indicated by yellow dashed region) is also observed, this might have introduced during 

mechanical milling and has not completely annihilated upon post-annealing treatment. 

Figure 4.13 (b) represents the SADP from the entire region shown in Figure 4.13 (a). 
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The analysis of this SADP reveals the formation of Debye ring at g = 3.5 nm-1 (pointed by 

the yellow arrow) and consisting of several diffraction spots. The d spacing of these 

diffraction spots matches with FCC-Y1.6Ti1.8Fe0.4O6.6 (222), in addition, other higher-order 

diffraction spots also match with the above oxide. The Debye ring at g= 5.0 nm-1   matched 

with the BCC- Fe d-spacing. Figure 4.13 (c) represent the DF-TEM micrograph using one of 

the diffracting spots (indicated by a yellow circle) on the Debye ring having g= 3.5 nm-1. 

The analysis of this DF reveals the diffraction contrast of some of the FCC-Y1.6Ti1.8Fe0.4O6.6

precipitates, the size of this dispersoid varies in the range of 10 – 40 nm. 

4.3.3.4 Electron microscopy analysis of milled and annealed Fe – 15 wt.% Y2O3– 

15 wt.% Ti alloy 

4.3.3.4.1 SEM-EDS analysis 

Figure 4.14(a) represents the SE-micrograph of 60 h milled Fe – 15 wt. % Y2O3 – 15 wt. % Ti 

model ODS alloy annealed at temperature 1273 K for 1h duration. Figure 4.14 (b-e) represent 

the EDS elemental map for the above powder using Fe-Kα, Y-Lα, Ti-Kα and O-Kα X-rays 

respectively. 

The analysis of the SE-micrograph reveals retention of the globular morphology of the 

powder like it happened in 10Ti annealed powder. The size of the globular powders particles 

varies in the range of 0.5 – 2 µm. The micro-chemical analysis of the EDS maps in figure 

4.14 (b-e) reveals the nearly uniform distribution of Fe, Y, Ti, and O, indicating this 

composition alloy upon mechanical milling followed by annealing has no tendency of 

formation of coarse  Y- Ti- O complex oxide. 
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4.3.3.4.2 TEM analysis 

Figure 4.15 (a) represents the BF-TEM micrograph for the above 15Ti annealed powder. 

.This micrograph contains some globular/cuboidal dark contrast features nearly uniformly 

distributed in the ferrite matrix. Figure 4.15 (b) shows the radial distribution of normalized 

integrated intensity of SADP using 10 μm SAD aperture, the SADP is also shown in the inset 

of this figure. This SADP consists of independent spots and some spotty ring patterns, 

indicating the formation of nano or microcrystalline phases. The analysis of peaks of the 

radial distribution of integrated intensity of rings in the SADP at g=3.5067nm-1, 4.1373 nm-1, 

5.8373 nm-1, 7.9349 nm-1 and 8.26 nm-1 could be indexed as (222), (331), (440), (800) 

and  (733) planes respectively corresponding to FCC-Y2Ti2O7 whereas at g = 4.6955 nm-1,

6.9556  nm-1, 8.7966 nm-1, and 9.7974 nm-1  could be indexed as (110), (200), (210) and 

(220) planes respectively corresponding to BCC-Fe. Figure 4.15 (c) represents the SADP 

showing two regions encircled as A and B represents the diffraction beam corresponding to 
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Y2Ti2O7 (222) and Fe (110) respectively, which were considered for the generation of dark-

field imaging. Figure 4.15 (d) represents the DF-TEM micrograph using Fe (110) reflection 

and the inset shows the histogram of the size distribution of Fe crystallites. Analysis of this 

histogram shows that Fe nano-crystallites whose size varies in the range of 2 - 50 nm and the 

crystallite size peaks at 5 nm, this suggests the Fe matrix has not completely recrystallized 

after the annealing treatment, as had been conjectured from the analysis of the DSC 

thermogram shown in Figure 4.5. This confirms that addition of Ti refines the ferrite 

crystallites. This is attributed to a fine and dispersion of Y2Ti2O7 type complex oxide which 

restricts the growth of ferrite grains. This is an added advantage of adding optimum amounts 

of Ti to Y2O3 in the Fe matrix. Figure  4.15 (e) represents the DF-TEM micrograph using 

(222) reflection of Y2Ti2O7 showing the formation of nano-crystallites of Y2Ti2O7, whose size 

varies in the range of 2 – 50nm. From the size distribution shown in the inset of 

Figure 4.15 (e), it is observed that the distribution peaks at 5 nm. It is interesting to note that 

these recrystallized precipitates are not uniformly distributed within the Fe/ metal matrix. 
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Figure 4.15 (a) BF-TEM micrograph of  60 h milled and annealed powder of Fe – 15 wt. % Y2O3 – 
15  wt.  %  Ti alloy (b) radial normalized integrated intensity of the SADP from the entire region of 
BF, (c) the SADP  showing two region encircled as A and B represents the diffraction beam 
corresponding to Y2Ti2O7 (222) and Fe (110) respectively, which was considered for generation of dark-
field imaging (d) DF- TEM micrograph using Fe (110) reflection and the inset shows the histogram of 
size distribution of Fe crystallites and (e) DF- TEM micrograph using Y2Ti2O7 (222) reflection and the 
inset shows the histogram of size distribution of Y2Ti2O7 crystallites 
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HR-TEM technique was also used to characterize the Y1.6Ti1.8Fe0.4O6.6 oxide dispersoid and 

its interface with the Fe matrix in the annealed powder of 15Ti alloy. Figure 4.16 (a) shows 

the SEM image of a FIB milled lamella picked up from the above alloy, which according to 

XRD studies possesses the finest dispersoids. This figure shows several Fe grains measuring 

between 1 – 3 µm. The comparison of the microstructure observation with the XRD and 

TEM measurements of Fe crystallite size (≤ 20 nm) after milling, there is significant 

coarsening by two orders of magnitude due to annealing. The result is certainly not 

detrimental to the mechanical properties of the material as coarsening can avoid excessive 

hardening resulting from smaller grains. Figure 4.16 (b) shows the BF-TEM image from a 

thin region on the FIB lamella. The dark areas in the image represent the dispersoids 

measuring between 2 - 25 nm within a Fe grain. Figure 4.16 (c) shows the EDS analysis from 

the encircled area in Figure 4.16 (b) confirms the presence of Y, Ti, Fe and O with the 

composition that is consistent with the composition of the material. Figure 4.16(d) shows the 

high-resolution phase-contrast image from the region bounded by the square in 

Figure 4.16(b). The Fe (110) lattice planes with an inter-planar distance of measuring 

0.21 nm and the Y1.6Ti1.8Fe0.4O6.6 (111) lattice planes with an inter-planar distance of 

measuring 0.58 nm are identified and marked in the Figure 4.16 (d). 
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Figure 4.16 (a) SE micrograph of TEM lamella 60 h milled and annealed powder of Fe - 15 wt. % Y2O3 
- 15 wt. % Ti alloy prepared by FIB, showing tiny Fe grains (size 1.4 µm) with nearly uniformly 
distributed dispersoid, (b) the BF-Tem micrograph of the section of one powder (c) The EDS spectrum 
obtained from the relatively thicker particle encircled figure (a), and (c) high resolution TEM 
micrograph from the region bounded by square in figure (a) confirming presence of Y1.6Ti1.8Fe0.4O6.6 
oxide with d spacing of 0.58 nm. 
 

The interface of these fine oxides and the ferrite matrix is found to be coherent in nature. The 

microstructures indicate an intricate distribution of fine dispersoids in micron-sized Fe grains, 

a morphology that is considered highly suited for the ODS alloys for which this model alloy 

system is designed. 
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4.4 Discussion on the effect of Ti in the refining the dispersoid size 

Sakasegawa et al. [202] had reported that the Y2O3 to Ti content in steel matrix will decide 

the type of oxide formed in ODS steel and the Y2Ti2O7 oxides were finer and stable oxide 

whose size varies in the range of 15-35 nm, whereas Barnard et al. [35] have proved by 

computational methods that Y2Ti2O7 was the most stable oxide among all combinations of Y-

 Ti-O complex oxides in ODS steel. E. A. Marquis have reported [196] that the nano-oxide 

dispersoid in ODS steel was mainly core shell-like structure, i.e. Y-rich core which was 

surrounded by the solute such as Cr, Ti. Since Ti is a strong oxygen getter, it will form Y-Ti-

 O complex oxides, which vary from coherent solute enriched GP-type zones to near 

stoichiometric complex oxides, such as YTiO3, Y2TiO5, and Y2Ti2O7. Y-Ti-O nano-clusters 

appear to the range. However, Hirata et. al. [120, 203] have reported that the coarsening of 

dispersoid is mainly due to chemical fluctuations in the alloy powder, mainly with Ti, O 

enriched environment supports the growth of nanocluster to a size ~10 – 30 nm and these 

dispersoids are coherent with the matrix. In our earlier study, it was reported about the 

dissolution and re-precipitation of dispersoid in a binary Fe–15 wt. % Y2O3 alloy 

system [107]. In that, we have reported the yttria diffraction peaks to disappear at 30 and 60 h 

of milling time, while the strongest Fe (110) peak gradually weakens and broadens with the 

increase in milling time. These observations indicate that yttria loses its crystallinity at 30h of 

milling. With subsequent annealing of the 60h milled powder at 1273K for 1h, 

recrystallization of Y2O3 to a size of 0.5-1.5μm and they are nearly globular in shape 

embedded in Fe matrix were observed. Apart from that presence of oxygen outside of Y2O3 

crystallites was also observed. This result has implications for ODS steel fabrication, where 

the formation of coarse dispersoids during high-temperature treatment such as hipping or hot 

extrusion, can seriously hamper their mechanical properties. This also provides a rationale for 

the addition of oxygen gettering agent, viz, Ti, Hf or Zr to prevent out-diffusion of oxygen to 
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keep the dispersoid size small. The addition of a small quantity of Ti in ODS alloy 

dramatically reduces the size of oxide dispersoids. 

As this dispersoid size was critical in governing the mechanical properties of the alloy [204], 

this had been measured for Y1.6Ti1.8Fe0.4O6.6 phase using the Williamson-Hall 

method [153]. Thus 15 wt. % of Ti was most suitable for dispersoid refinement. Even the 

FeO phase was not observed as Ti content increases to 10 wt. % and above. These results 

suggest that at-least 10 wt. % of Ti is required and 15 wt. % is required for refinement of the 

Y-Ti-O complex oxide dispersed in the Fe matrix. Refinement of the dispersoid is necessary 

to ensure increased particle density and hence superior mechanical properties. Such 

refinement under the influence of Ti has been well reported in the literature [61, 185, 205-

207] though the actual mechanism of refinement is yet to be clearly understood. In the 

absence of Ti, the primary mode of diffusion of Y is through dislocations and oxide growth 

by the method of Oswald ripening [208]. L. Barnard et al.[34] reported that the Ti presence is 

very much essential in the alloy to facilitate the nucleation rate for the Y-Ti-O nano-clusters 

thereby restricting growth. As the formation of the Y1.6Ti1.8Fe0.4O6.6 dispersoid is also related 

to the Ti and Y2O3 content, Y2O3:Ti  = 1: 1 is considered optimum for obtaining finer size 

dispersoid during annealing of the milled alloy powder. 

4.5 Conclusion 

The annealing of the milled powders containing various quantities of Ti at 1273 K for 1 h 

yielded in the evolution of oxides which strongly depended on the Ti content. Synchrotron 

XRD results showed that when the Ti content was 0 or 2 wt. %, FeYO3 was the only oxide 

phase to form while increasing Ti content to 5 wt. % or more, FeYO3 was replaced by 

Y1.6Ti1.8Fe0.4O6.6, whose phase fraction increased with an increase in Ti content. It was found 

that the Y1.6Ti1.8Fe0.4O6.6 is structurally similar to Y2Ti2O7, except that Fe was a substitution 

element in its lattice. It was also observed that the size of this oxide dispersoid decreased with 
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an increase in Ti content whose mechanism is yet to be established. SEM study showed that 

the Fe grains have slightly coarsened to ~1 – 3 µm from about 20 nm in the milled powder. 

HRTEM studies confirmed the presence of the nano-crystalline Y1.6Ti1.8Fe0.4O6.6 dispersoids. 

A fine distribution of dispersoids in a relatively coarse matrix grain is an ideal situation from 

a mechanical property point of view. Thus Y2O3:Ti ratio of 1:1 is considered very much 

favorable to obtain a fine dispersoid distribution. Addition of optimum amount of Ti to Y2O3 

not only results in a fine dispersion of Y2Ti2O7 type complex oxide, but also refines the 

ferrite grains, which gives additional strength to the material. 
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5.1. Introduction 

In the previous chapters, 3 and 4, extensive experimental studies and discussions were made 

about the amorphisation of Y2O3 dispersoid upon milling and re-precipitation of Y-Ti-(Fe)-O 

complex oxide upon annealing. The stoichiometry and size of the dispersoid is sensitive to 

Y2O3: Ti content in the alloy and also the annealing environments (air/ vacuum) and 

temperature [34, 35, 202, 204]. It has also been concluded in Chapter 4, that the 

Y2O3 : Ti = 1 : 1 resulted in formation of the Y1.6Ti1.8Fe0.4O6.6 phase and whose size varied in 

the range of 5 - 10  nm. This phase emerged after annealing at 1273 K for 1 h in vacuum 

(5 × 10 -5 mbar). These studies were a result of detailed studies on model Fe – 15 wt. % 

Y2O3 – x wt. % Ti( x =  0 – 15) ODS alloy powders. It is now necessary to employ these 

findings to fabricate a ODS steel compact of suitable composition. 

Worldwide, RAFM 9Cr-2W-xTi-yY2O3 (both x and y varies in the rage of 0.2 - 0.5 in wt. %) 

variety of ODS steel is being considered as fuel cladding material for future fast breeder 

reactors to be driven by mixed oxide (MOX) fuel [1, 15, 16, 18, 209]. According to standard 

practices of the P91 (modified 9Cr-1Mo) steel, the fabricated 9Cr ODS steel clad tube must 

also undergo normalization and tempering heat treatments [12, 67, 80, 187], in order to obtain 

a ferritic – martensitic structure. 

In this chapter synthesis and characterization of two varieties of 9Cr ODS F/M steels were 

discussed, one with dispersed with 0.35 wt. % Ti and 0.35 wt. % Y2O3 (hereafter considered 

as ODSS-A) and another dispersed with 0.2 wt. % Ti and 0.2 wt. % Y2O3 (hereafter 

considered as ODSS-B). The detailed chemical composition of these above two 9Cr ODS 

steels were listed in Table 5.1. 
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Table 5.1: 9Cr ODS steel compositions (in weight %) 

Compositions (in weight %) Nomenclature 

1 Fe - 9 Cr – 2 W – 0.35 Ti – 0.35 Y2O3 – 0.1C  ODSS-A 

2 Fe - 9 Cr – 2 W – 0.2 Ti – 0.2 Y2O3– 0.1C ODSS-B 

The above composition was chosen within the accepted range of 0.2 – 0.5 wt. %, for each of 

the dispersoid component. The two compositions will also help in ascertaining the effect of 

overall dispersoid content on properties in the ODS F/M steel. The steel powders were milled 

using a high-energy dual-drive ball mill in Ar atmosphere (detailed experimental technique 

adopted were described in Chapter-2). The milling duration was optimized for ODSS-A 

and the same was used for ODSS-B as well. The milled powders were consolidated by SPS 

(detailed experimental and mechanism of SPS consolidation were described in 

Chapter-2).The consolidated products were characterized in detail for their microstructure, 

microtexture and mechanical properties. Since this steel was synthesized by powder 

metallurgical route, its properties were compared with conventional melt route normalized 

and tempered (N&T)modified 9Cr-1Mo (P91) steel (detailed chemical composition given 

in Table 5.2). 

Table 5.2: Chemical composition of the modified 9Cr-1Mo (P91) steel  

Element Cr Mo Ni C Mn Si S P V Nb N Fe 

Wt. % 9.29 0.92 0.38 0.097 0.37 0.31 0.0047 0.018 0.26 0.08 0.057 bal 
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5.2 Structural characterization of 9Cr ODS F/M steel with optimized Y
2
O

3
and Ti 

content 

Development of any kind of ODS steel require the optimization of alloy composition and the 

synthesis/fabrication process. The base composition of pre-alloy 9Cr F/M steel matrix 

composition has been optimized by many researchers across the world. The Y2O3 to Ti 

content in the alloy to achieve finer stable dispersoid has been optimized and discussed in 

Chapter - 4. In this section the optimization of mechanical milling duration for synthesis of 

two varieties of 9Cr F/M ODS steel dispersed with equal wt. % of Y2O3 and Ti were 

estimated. The  microstructure and micro-chemistry study of the starting pre-alloy powder 

and various durations mechanically milled powder helps in estimation of optimum milling 

duration. Following section deals with morphological, micro-chemical analysis of the 

pre-alloy powder, milled powder followed by characterization of the SPS compacted product. 

Mechanical  property of the consolidated steel was compared with those of 

conventional P91 steel. 

5.2.1 Analysis of 9Cr ODS steel powder 

This section deals with the SEM and XRD analysis of the ODSS-A and ODSS-B powders 

before and after milling. Optimization of milling duration was carried out on ODSS-A. 

5.2.1.1 Characterisation of pre-alloyed powder: 

Figure 5.1 (a) represents the typical SE-micrograph of the gas atomized pre-alloy powder, 

having chemical composition Fe - 9 wt. % Cr - 2 wt. % W - 0.1 wt. % C. The overall 

morphology of the pre-alloy powder is found to be spherical in shape and size varies in the 

range of 50-170 µm. One of such powder particles at higher magnification is shown in 

Figure 5.1 (b) along with the X-ray EDS maps from this powder particle using Fe Kα, Cr Kα, 

W Lα, YLα, and OKα X-rays. The analysis of these X-ray maps indicates that the powder 
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particle consists of uniform homogeneous composition with the desired weight ratios.  

The gas-atomized alloy powder generally attains spherical shape due to surface 

energy  minimization. 

These pre-alloy powders were blended with equal wt. % of both Y2O3 and Ti and further 

mechanically milled for synthesis of two varieties of ODS steels having compositions listed 

in Table 5.1. 

Following section deals with the microstructural studies of the mechanically milled powders 

for optimization of mechanical milling duration. 

 
Figure 5.1. (a) SE micrograph and (b) EDS maps of Fe - 9Cr - 2W-0.1C pre-alloy powder using Fe Kα, 
Cr Kα, W Lα, Y Lα, and O Kα X-rays 
 

5.2.1.2 Optimisation of mechanical milling duration (morphological and micro-chemical 
analysis) on ODSS-A 

Optimization of milling condition is equally important for the synthesis of ODS steel. 

As discussed in Chapter-3, the optimization of milling duration is estimated based on extent 

of refinement of the powder particles and chemical homogenization of elemental composition 

and achievement of equilibrium between cold welding and fragmentation.  

As discussed in Chapter- 2, these alloys were mechanically milled for duration of 2-10 h in 
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Ar atmosphere using dual-drive high energy ball mill. Following section deals with 

micro-structural and micro-chemical analysis of various duration milled alloy powder. 

5.2.1.2.1 Alloy powder milled for 2 h 

Figure 5.2 (a-b) represent the SE micrograph of the 2 h milled powder of ODSS-A alloy.  

The analysis of Figure 5.2 (a) reveals the powders lost their spherical shape at the onset of 

mechanical milling and get flattened and also cold-welded with other powder particles.  

The size of these powders varies in the range of 50-250 µm. The average particle size was 

found to be 170 µm, which was calculated by analyzing nearly 50 SE micrographs covering 

nearly more than thousand number of powder particles. Figure 5.2 (b) represents the 

SE micrograph of the section of surface of an individual powder particle at higher resolution. 

The analysis of this micrograph reveals that the surface of the powder consists of many tiny 

spherical nano-particles whose size varies in the range of 10-20 nm and were found to be 

in the agglomerated form. Many channels having width ~ 5 nm were also observed 

in-between the nano-particle agglomerates. These channels were believed to be formed 

during the process of mechanical milling and aided faster elemental transportation (diffusion) 

during annealing. Figure 5.2 (c) represent the X-ray EDS maps of an individual powder 

particle using Fe Kα, Cr Kα, W Lα, Ti Kα, Y Lα, and O Kα X-rays. The careful analysis 

of these EDS maps reveals that the powder after 2 h of mechanical milling had attained 

chemical homogeneity. 
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Figure 5.2. (a-b) SE micrographs at low and high magnification and (c) EDS maps of 2 h milled ODSS-
 A alloy using Fe Kα, Cr Kα, W Lα, Ti Kα, Y Lα, and O KαX-rays 
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5.2.1.2.2 Alloy powder milled for 5 h 

Figure 5.3 (a-b) represent the SE micrograph of the 5 h milled powder of ODSS-A alloy. 

Analyses of these micrographs reveal the powders were refined further and tending towards 

attainment of spherical shape. The variation in the size of the powder particles has also 

narrowed down with increase in milling. After 5 h of mechanical milling, the powder size 

varies in the range of 50-150 µm. In addition, the powders attain convoluted lamellar 

structure. The average powder particle size was found to be 100 µm. Figure 5.3 (c) represent 

X-ray EDS maps of an individual powder particle using Fe Kα, Cr Kα, W Lα, Ti Kα, Y Lα, and 

O Kα X-rays. The analysis of these EDS maps reveals that the powder after 5 h of mechanical 

milling had attained chemical homogeneity and no signature of formation of any kind of 

Ti/ Y enriched oxide/ Cr enriched carbide were observed. 
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Figure 5.3. (a-b) SE micrographs at low and high magnification and (c) EDS maps of 5 h milled 
ODSS-A alloy using Fe Kα, Cr Kα, W Lα, Ti Kα, Y Lα, and O Kα X-rays 
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5.2.1.2.3 Alloy powder milled for 10 h 

(i) SEM-EDS analysis 

Figure 5.4 (a) represent the SE micrograph of the 10 h milled powder of ODSS-A alloy. 

Analysis of this micrograph reveals the matrix powders with starting size of ~ 150 µm has 

been refined to nearly few microns (1-10 µm). The average size of the powder particle after 

10 h of milling was found to be 3 µm. As discussed earlier in Chapter-3, the refinements of 

the powders were due to repeated fracture, cold welding, and re-fracture during milling 

process. Figure 5.4 (b) represent the SE micrograph of the section of a powder particle.  

The surface consists of many nano-clusters and these clusters are separated by few  

(~5-10 nm) nanometer in width.  Figure 5.3 (c) represent X-ray EDS maps of an individual 

powder particle using Fe Kα, Cr Kα, W Lα, Ti Kα, Y Lα, and O Kα X-rays. The analysis of 

these EDS maps reveals that the powder after 10 h of mechanical milling has attained not 

only homogeneity in chemical composition but also in size and shape. 
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Figure 5.4. (a-b) SE micrographs at low and high magnification and (c) EDS maps of 10 h milled 
ODSS- A alloy using Fe Kα, Cr Kα, W Lα, Ti Kα, Y Lα, and O Kα X-rays 
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(ii) XRD analysis 

Figure 5.5 represents the XRD profile of the highest duration (10 h) mechanically milled 

ODSS-A alloy. The analysis of this XRD patterns reveals presence of crystalline peaks at 

2θ positions 17.12°, 24.31°, 29.88°, and 34.63° corresponding to (110), (200), (211) and 

(220) planes of BCC-Fe (ICDD # # 00-006-0696). The diffraction peak for Y2O3 and Ti was 

not detected in spite of using synchrotron source X-ray. This is because the Y2O3 & Ti are 

like to have amorphised during milling as has been discussed in Chapter-3. 

 

Figure 5.5. XRD pattern of the 10 h mechanically milled powder of ODSS-A alloy 

Figure 5.6 represents the average size and aspect ratio of the ODSS-A alloy powders before 

and after mechanical milling. The analysis of this graph reveals that the powder particles 

were refined with progress of milling and were more refined at 10 h milling. The starting 

powder with average size of 120 µm changes to 170 µm after 2 h and 100 µm after 5 h 

of milling and with further milling up to 10 h resulted in refinement to average size of 3 µm. 
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However, the aspect ratio of the starting powder with value 1 (nearly spherical shape) 

changes to 1.4 and 1.5 after milling durations of 2 and 5 h and with further milling up to 10 h 

resulted in aspect ratio of 1.15. This was expected, as discussed in Chapter-1; at the 

preliminary stages of milling, the powder particles of ductile metals flatten, followed by cold 

welding (mechanism discussed in Chapter-1) and with further milling 

fragmentation/refinement takes place until steady state is achieved between fragmentation 

and cold welding [49-51, 55]. The time duration required for milling to attain the steady state 

is considered to be optimum [49, 50, 55]. In this case, a milling duration of 10 h is considered 

to be optimum. 

 
Figure 5.6. The average particle size and aspect ratio of the ODSS-A alloy powder before (0 h) and 
after mechanical milling (for 2 h, 5 h and 10 h durations) 

In addition to above, considering the individual powder morphologies of the ODSS-A alloy 

before and after various duration of milling (comparing SE micrographs of Figures 5.1 – 5.4), 

it is inferred that the 10 h milled powder was well blend convoluted lamellar structure. 

Besides, EDS analysis also revealed homogeneous distribution of constituent elements 
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(Figure 5.4). Based on these considerations, it may be concluded that 10 h milling duration 

was the optimum duration of milling for synthesis of 9Cr ODS steel using 

dual-drive ball mill. 

Following section describes the microstructure and micro-chemical analysis of ODSS-B 

milled for optimum duration (10 h). 

5.2.1.3 Structural characterization of ODSS-B 10 h milled powder 

5.2.1.3.1 SEM-EDS analysis 

Figure 5.7 (a-b) represents the SE-micrographs of the milled powder at low and high 

resolutions. The analysis of these SE micrographs reveal similar morphology as observed in 

case of ODSS-A alloy milled for 10 h. Figure 5.7 (c) represent the  X-ray EDS maps of an 

individual powder particle using Fe Kα, Cr Kα, W Lα,  Ti Kα,  Y Lα, and O Kα X-rays. 

The analysis of these EDS maps reveals nearly homogeneous elemental distribution in the 

individual powder and no signature of enrichment or depletion of the oxide former such as 

Ti and Y or carbide former such as Cr. The morphology of the individual powder was found 

to be well-blend convoluted lamellar structure. The average size and aspect ratio of ODSS-B 

alloy before and after has been listed in Table 5.3. 

Table 5.3. Average particle size as a function of milling duration for ODSS-B alloy 

Milling duration Average powder particle size Aspect ratio of powder 

0 h 120 µm 1.0 

10 h 5 µm 1.15 
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Figure 5.7. SE micrographs and EDS maps of 10 h milled ODSS-B alloy using Fe Kα, Cr Kα, W Lα, 
Ti Kα, Y Lα, and O Kα X-rays 
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5.2.1.3.2 XRD analysis 

Figure 5.8 represents the XRD pattern of the ODSS-B alloy mechanically milled for 10 h. 

The analysis of this XRD pattern reveals similarity between that of ODSS-A alloy. In this 

case also the diffraction peaks corresponding to Y2O3 and Ti were not detected in spite of 

using synchrotron X-ray. 

Figure 5.8. XRD pattern of the 10h mechanically milled powder of ODSS-B alloy 

5.2.2 SPS consolidation of the ODSS-A and ODSS-B powders 

Consolidation of the mechanically milled powder is an important step during synthesis of 

alloy by powder metallurgical route.  As discussed in Chapter-2, the consolidations of these 

above alloys were carried out by the SPS technique. The SPS processing parameters has been 

discussed in Chapter-2 (section 2.3.2.2 and 2.3.2.3). Following section illustrates the 

microstructural and micro-chemical analysis of both the varieties of SPS consolidated ODSS-

A and ODSS-B alloys milled for the optimum duration of 10 h. 
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5.2.2.1 Microstructural analysis 

5.2.2.1.1 SEM analysis: 

Figure 5.9 (a) and (b) represent the SE micrographs of the as SPS consolidated ODSS-A and 

ODSS-B steels respectively. The analysis of Figure 5.9 (a) reveal thatthe individual powder 

particles varies in shape from elliptical to spherical and these are interconnected leaving 

behind some pores along the interfaces. The powder particle size varies in the range of 

2-25 μm, while the pore size varies in the range of 1 – 5 μm. Whereas analysis of 

Figure 5.9 (b) reveals similar powder morphology as observed in Figure 5.8 (a), only 

difference observed was in term of pore density. The pore density in ODSS-A alloy was 

found to be 9.77 %, where as in that of ODSS-B alloy it was 8 %. The more amount of the 

dispersoid content in the ODSS-A alloy leads to more porosity in the material. However, 

further optimization of the consolidation can overcome this which is scope of future work. 

Figure 5.9. SE micrograph of SPS consolidated (a) ODSS-A and (b) ODSS-B steels 
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5.2.2.1.2 TEM analysis 

In order to determine the size distribution of the dispersoids in ferrite matrix TEM analysis 

was carried out. Figure 5.10 (a and b) represent the dark field micrographs using (400) 

reflection of Y2Ti2O7 in the above two varieties SPS consolidated 9Cr ODS steels. 

The corresponding SAD pattern is also shown as inset to the DF-TEM micrograph. 

The diffraction spot indicated by red circle has g= 3.44 nm-1 and matches with d-spacing of 

Y2Ti2O7 (400). The size distribution of the dispersoids in the ferrite matrix is represented in 

Figure 5.10 (c). 

Figure 5.10. DF-TEM micrograph using (400) reflection of Y2Ti2O7 in SPS consolidated (a) ODSS-A 
steel (b) ODSS-B steel and (c) normalized cumulative frequency of size distribution of dispersoid in the 
ferrite matrix 
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Analysis of the size distribution graph reveals nearly 95 % of the dispersoid falls within 

15 nm, few coarse dispersoid having size in the range of 20-30 nm were also observed in both 

the steels. These above observations suggest that the size of Y2Ti2O7 dispersoids were 

unaffected by concentration of Ti or Y2O3, provided their ratio was 1:1, though it was 

expected to have a higher amount of Y2Ti2O7 in 0.35 wt. % Ti and Y2O3 dispersed ODS steel. 

5.2.2.2 Comparison of consolidated ODSS-A and ODSS-B steels 

Comparing the microstructure of both the SPS consolidated steels (ODSS-A and ODSS-B) in 

N&T condition, it was observed that the grain morphology of both the steels were found to be 

similar in terms of size and aspect ratio. The dispersoid size and their distribution in the 

ferrite matrix was also found to be similar. Although the pore density was high in ODSS-A 

as compared to ODSS-B, the former was found to be superior in terms of mechanical 

properties listed in Table 5.4. Higher hardness and elastic modulus of the ODSS-A may be 

attributed due to the higher volume fraction of the dispersoids in ODSS-A as compared to 

ODSS-B in the ferrite matrix. The prime strengthening mechanism in ODS steel was mainly 

provided by the dispersoids [11, 12, 60, 164, 210]. However, their size and inter-dispersoid 

spacing were deciding strength of the steel [60]. The yield strength of the steel was mainly 

provided by dispersoids and is expressed as given in following equation 5.1 [60]. 

(  )   -----------------------(5.1)

Where M: Yield strength 

G: Shear modulus 

b: Burger vector 

Diameter of the dispersoid 

f: Volume fraction of dispersoid 
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Though the dispersoid size in both the steel is nearly similar, but the ODSS-A possessing 

higher volume fraction leads to smaller inter-dispersoid spacing, hence possess higher 

hardness and elastic modulus. 

Table 5.4. Comparison of the micro-mechanical properties of the SPS consolidated ODSS-A and 
ODSS-B steels in N&T condition 

Mechanical property ODSS-A ODSS-B 

Hardness 510 ± 40 HV 420 ± 20 HV 

Elastic Modulus 6.8 ± 0.4 GPa 4.7 ± 0.3 GPa 

5.2.3 Comparison of 9Cr ODS steel (ODSS-A) with P91 steel in N&T condition 

 The ODSS-A was found to be superior in terms of micro-mechanical properties as compared 

to ODSS-B, hence former variety of the steel in the normalized and tempered condition was 

considered for comparison for microstructure and microtexture with that of 

modified 9Cr-1Mo steel. Following sections 5.2.3.1 and 5.2.3.2 deal with comparison of 

microstructure followed by microtexture of these steels respectively. The section 5.2.3.3 

deals with comparison of creep rupture properties of these above steels. 

5.2.3.1 Microstructural analysis 

Figure 5.11 represent typical visible light micrographs of (a) SPS consolidated ODSS-A and 

(b) P91 steels in normalized and tempered condition. The analysis of Figure 5.11 (a) reveals 

that the powder upon SPS consolidation has shown some grain growth mechanism and were 

interconnected leaving behind some pores in-between (at the interface). The powder particle 

size varies in the range of 2 - 25 µm, whereas pore size varies in the range of 1 - 5 µm. 

Similarly, analysis of Figure 5.10 (b) reveals the grain morphology of P91 steel was typical to 

that of tempered martensite structure and the prior-austenite grains are nearly polygonal in 

shape and the grain size varies in the range of 15 - 30 µm. The prior austenite was decorated 
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with dark contrast speckles and it was believed to be the M23C6 (M: Fe, Cr, Mo) carbides. 

The exact composition and shape of the carbides can be verified with TEM-based 

EDS analysis. 

 
Figure 5.11. Visible light micrograph depicting the grain morphology of (a) SPS consolidated ODSS-A 
steel and (b) P91 steel in normalized and tempered condition 

Figure 5.12 (a) represents the BF-TEM micrograph of SPS consolidated 0.35 wt. % Ti and 

Y2O3 dispersed ODS steel in N&T condition. The analysis of this micrograph reveals that, the 

tempered martensite ferrite grains were nearly equiaxed and their size varies in the range of 

400 - 1000 nm. In addition, regions with high dislocation density were observed, this might 

have inherited from mechanical milling process and the subsequently the normalization and 

tempering treatment has not altered this. The SAD from the entire region shown in the 

BF-TEM micrograph using 10µm SAD aperture was illustrated as inset to this BF-TEM 

micrograph. Figure 5.12 (b) represents the typical tempered martensite microstructure of 

P91 steel. Analysis of this micrograph revel the martensite laths within a packet and the 

martensite lath width varies in the range of 200-300 nm. The SAD pattern obtained from the 

entire region using 10 µm SAD aperture was also shown as inset. Analysis of the SAD 

pattern reveals presence of both M23C6 and MX carbides in the ferrite matrix. From the BF-
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TEM micrograph also it was clearly visible that these carbides were decorated along the 

boundaries of martensite lath and the packet boundaries. These coarse carbides were 

M23C6 type (confirmed by SAD and EDS analysis) whose size varies in the range of 

100 - 150 nm. In addition, many tiny carbides of size varying in the range of 20 – 40 nm were 

uniformly distributed in the ferrite matrix. These carbides were MX type and rich in Nb, and 

were confirmed by the EDS analysis. 

Figure 5.12. Bright field microstructure of (a) SPS consolidated ODSS-A and modified 9Cr – 1Mo steel 
in normalized and tempered condition 

5.2.3.2 Micro-textural analysis 

Figure 5.13 (a-d) represent the crystal orientation maps (generally called as inverse pole 

figure (IPF) map) of the SPS consolidated ODSS-A steel (a and c) and for P91 steel in N&T 

condition in (b and d) in low and high resolutions. As discussed in Chapter-2, different colors 

in these maps depict different orientation of the grains with respect to the specimen geometry. 

In this present case, the crystal orientations were determined with respect to the specimen 

normal denoted as ‘ND’. Figure 5.13 (a and c), the IPF map of the ODS steel revealing the 

grain orientation in low and high resolution respectively, the analysis of these maps reveal 

that the ferrite grains were nearly polygonal in shape whose size varies in the range of 

300 - 1000 nm. The region along the grain interfaces were not indexed because of low signal 



Chapter–5                                                        Consolidation of 9Cr ODS steel milled powder                                                                    
   

149 

to noise ratio, hence these data points were not considered for analysis and were represented 

by the dark contrast in the IPF map, these region were believed to be the pores. Careful 

observation of distribution of various colors in Figure 5.13 (a and c) reveal that the grains 

have very negligible prefer orientation and possesses random texture. Similarly, 

Figure 5.13 (b and d) represent the IPF map of the normalized and tempered P91 steel 

revealing the grain orientations in low and high resolution respectively. The analysis reveals 

the steel possesses typical tempered martensite grain structure. The prior austenite grain 

consists of many packets and within each packet martensite laths were decorated; the lath 

orientation was varying from packet to packet. The prior austenite grain size varies in the 

range of 20-40 µm, whereas each prior austenite grain contains nearly 3 to 5 packets, whose 

size varies in the range of 5-10 µm, the martensite lath width varies in the range of 

200 - 500 nm. Analysis of the orientation colour distribution in this steel depicts 

polycrystalline nature without any preferred orientation. The random texture in both 

ODS steel and P91 steel in normalized tempered condition is obvious since they have not 

undergone any kind of thermo-mechanical treatments, which generally happen during 

component fabrication such as tube/ plate etc. 
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Figure 5.13. (a-d) crystal orientation maps and (e-f) Kikuchi band contrast map of SPS consolidated 
Fe – 9 C – 2 W - 0.35 Y2O3 - 0.35 Ti - 0.1 C ODS steel in normalized and tempered condition (a, c and e) 
and modified 9Cr-1Mo steel in normalized and tempered condition (b, d, and f) 
 

  



Chapter–5  Consolidation of 9Cr ODS steel milled powder 

151 

5.2.3.3 Mechanical property 

5.2.3.3.1 Micro-mechanical studies 

Table 5.5 illustrates the comparison of the micro-mechanical properties of the SPS 

consolidated 9Cr ODS steel (ODSS-A) and P91 steel in N&T condition. The 0.35 wt. % Ti & 

Y2O3 dispersed steel possesses higher hardness and elastic modulus as compared to P91 steel. 

The superior mechanical property of the ODSS-A steel is due to the uniform distribution of 

the thermally stable hard ceramic (Y-Ti-O) oxides  dispersoid in the steel matrix as well as 

the presence of finer pores in the material. The pore density in the ODSS-A steel is found to 

be 9.7 % in contrast to that of pore and precipitates density of 1.1 % in case of P91 steel. 

Table 5.5: Comparison of the micro-mechanical properties of the SPS consolidated ODSS-A steel and 
P91 steel in N&T condition 

Mechanical property ODSS-A P91 steel 

Hardness 510 ± 40 HV 260 ± 20 HV 

Elastic Modulus 6.8 ± 0.4 GPa 2.5 ± 0.3 GPa 

5.2.3.3.2 Creep-rupture studies 

Figure 5.14 represent the graph depicting the variation of creep rupture life with applied 

stress at 973 K for SPS consolidated 9Cr ODS steels and P91 steel. The analysis reveals the 

ODS steel possesses significantly higher creep-rupture strength as compared to the P91 steel. 

This may be due to uniform distribution of Y-Ti-O dispersoids, which delays the recovery of 

dislocation structure by impeding their movement. Though both ODS and P91 steel after 

similar normalisation and tempering heat treatment possess ferritic martensitic 

microstructure, but they differ in mechanical properties. This is obvious because from 

fabrication point of view, the ODS steel fabricated by powder metallurgical route where as 

P91 steel synthesized by convention melt route. The higher strength of the former variety of 
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steel is mainly not only due to tempered martensite microstructure but also nearly uniform 

distribution of the fine dispersoids. The dispersoids in the ODS steel are finer as compared 

to the carbides in the P91 steel. 

Figure 5.14. Creep-rupture life of SPS consolidated ODS steels (ODSS-A and ODSS-B) and P91 steel in 
normalized and tempered condition. 

The yield strength of the dispersion/precipitation strengthened alloy at room temperature is 

governed by following equation 5.1 [210]. The matrix being the tempered martensitic in 

nature provides additional strength to the material by blocking the dislocations along the 

martensite lath boundaries and packet boundaries [93]. In addition the stress field around the 

martensitic lath region also contribute to the total yield strength of the material. Similarly the 

dispersoids like ceramic oxides being harder as compared to the matrix and having better 

thermal stability provides the strength to the material by the process of Zener pinning [93]. 

The dispersoids being finer in size and having uniform distribution in the matrix, also 

restricts the grain boundary movement during thermo mechanical process, restrict the grain 

growth and results in the formation of nanocrystalline grains [10-12, 93]. As per the Hall-

Petch effect the finer grain material provides better yield strength  as compared to coarser 

grain. Hence the ODS steels, fabricated by powder metallurgical process possess better yield 

strength as compared to that of  P91 steel fabricated by conventional melt route [4-12]. 
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-----------------------(5.2) 

Where : Yield strength 

: Strengthening due to matrix  

: Strengthening due to dispersoids 

: Strengthening due to Hall-Petch effect 

As per Hall-Petch relation 

----------------------(5.3), Where, d is the average grain diameter.

In ODS steel the combination martensitic matrix, finer dispersoids, smaller separation 

between dispersoids and their uniform distribution in ferrite matrix are the main cause behind 

the blocking mobile dislocations more efficiently as compared to the P91 steel, when 

subjected to equal load (stress). In addition, the smaller ferrite grains in ODS steel as 

compared to P91 steel also contribute towards yield strength (as per Hall-Petch relation 

given in equation 5.3) of the material. Comparison of the microstructure, microtexture and 

mechanical properties of both steels has been tabulated in Table 5.6. 

Table 5.6: Comparison of the microstructure and microtexture of 9Cr ODS and P91 steels 

9Cr ODS steel P91 steel in N&T condition 

Microstructure  Polygonal equiaxed grain
 Grain size: 300-1000nm
 Martensite lath size: 50-

 100nm 
 Uniform distribution of

Y2Ti2O7 dispersoid

 Polygonal equiaxed grain
 Prior austenite grain size:20 –

 40µm 
 Martensite lath size: 100 -

 300nm 
 M23C6 decorating the prior

austenite grain, packet, and
martensite lath boundaries

Microtexture Random texture Random texture 

Mechanical 
property 

 High hardness and elastic
modulus

 High creep rupture life

 Low hardness and elastic
modulus

 Low creep rupture life
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5.3 Summary 

This chapter, which begins with synthesis of 9Cr ODS steel with optimized Ti and Y2O3 

content and optimized the milling duration. Subsequently, the 9Cr ODS steel was 

consolidated by SPS technique. One of the varieties of 9Cr ODS steel (ODSS-A) was 

compared with the P91 steel and the summary of results are listed below. 

 10 h milling duration using dual drive ball mill is found to be the optimum for

synthesis of 9Cr ODS steel. 

 The size distribution of dispersoid in both 0.35 wt. % and 0.2 wt. % varieties of

9Cr ODS steel is found to be similar. 

 0.35 wt. % Ti and 0.35 wt. % Y2O3 dispersed ODS steel is found to be superior in

mechanical property. 

 P91 steel possesses larger ferrite grain and lath size as compared to 9Cr ODS steel.

 ODS steels have better creep-rupture life as compared to P91 steel.
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6.1 Introduction 

The main application of the ODS steel is in fabrication of thin walled (~ 450 µm) fuel clad 

tubes [11, 12, 26]. The fabrication process involves a number of deformation and annealing 

steps involving multiple stage pilgering, intermediate annealing and a final normalisation and 

tempering treatment to obtain a ferritic martensitic structure [66, 80]. Deformation as well as 

annealing at recrystallization at transformation temperatures results in development of 

deformation and recrystallization or transformation textures [97]. High degree of texture in 

the tube will result in anisotropic strength, which is detrimental to its application in highly 

demanding environment as in a reactor core [75, 211, 212]. Hence, detailed characterisation 

of microstructure and microtexture of the steels is of paramount importance the intended 

application. As the ODS steel clad tube is one of its kind, it is necessary to first study the 

effects of heavy deformation and annealing in a similar steel processed through conventional 

melt route. Therefore, this chapter first discusses the effects of heavy rolling deformation and 

annealing in conventional P91 F/M steel. Based on the knowledge gained, the microstructure 

and microtexture of the 9Cr ODS steel in the form of extruded rod and thin walled tubes 

made by pilgering are also discussed in this chapter. 

Advanced characterization techniques are important to in-depth study material properties. 

Recently 3D-EBSD is gaining importance among researchers to study the microtexture and 

microstructure of material in 3D [214-216], as it is very useful to study the three-dimensional 

structural features from a volume of interest in the meso and micro (50 nm to 50 μm) scales. 

The conventional 2D-EBSD reveals the surface feature on the plane of polish [96]. However, 

the information provided is limited, particularly, the curved grain boundaries and spatial 

distribution of the interfaces. A 3D-EBSD overcome these limitations and could be 

considered as an extremely important technique [214, 216, 217]. 
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In BCC crystal systems, as in ferritic steels, slip occurs along <111>, but slip planes can be 

{110},{112} and {123} depending upon nature of metal and extent of  deformation rate [97]. 

During cold rolling , the crystal lattice rotates in order to align the active slip direction or the 

slip plane normal along the applied stress direction. As a result the new crystal orientations 

develop due to deformation, and the resultant texture is known as deformation texture [94, 

96, 97]. In BCC metals generally four different type of major fiber textures are observed such 

as α, , η and ζ. Upon heavy deformation the metal, tend to form α-fiber texture 

predominantly as compared to other components [97, 99]. Upon annealing the deformation 

texture as well as the microstructure of the material is modified by means of recovery, 

recrystallization and grain growth [97]. Recovery process is associated with rearrangement 

and annihilation of dislocations. This leads to creation of new cells and polygonised sub-

grains [97, 99]. During this process however, the modification of deformation texture is 

considered to be minimum. But, as the annealing temperature is increased, recrystallization 

occurs by nucleation of new grains along the boundaries of deformed grains or partially 

recovered grains. These nucleated grains then grow at the expense of matrix by immigration 

of high angle boundaries. Thus, recrystallization is usually accompanied by alteration in 

orientation. <111> is the most closed packed direction in BCC metals. Hence, the 

recrystallized grains orient in such a way that (111) plane is parallel to the rolling plane that 

is <111>||ND, which is called the γ- fiber texture[94, 96, 99]. If the deformed material 

already exhibits γ-fiber texture, then it is much easier to develop this texture during 

recrystallization. However, if the α-fiber texture is predominant during deformation, then the 

grains need to rotate to the most preferred direction in order to form the <111>||ND type of 

texture, which depends on the extent of the prior plastic deformation. Following section 

describes more detail about the microstructure and microtexture of the P91 steel followed by 

the ODS steel and finally their comparison. 
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6.2 Modified 9Cr-1Mo steel 

The modified 9Cr-1Mo steel (P91) is widely used as steam generator structural material in 

advanced power plants (both nuclear and thermal power plants) [76, 77, 141, 218-220]. 

However, this P91steel is also being considered as most preferred candidate wrapper material 

for MOX fuel driven FBRs in which 9Cr ODS steel act as fuel cladding tubes because these 

steels are economically cheaper and possesses adequate mechanical properties for wrapper 

application [16].For future generation fast reactors driven by the oxide fuels of U and Pu, the 

core operating temperature is much higher than the metallic fuel (an alloy of U-Pu-Zr) driven 

fast reactors, hence this P91 steel is almost importantly and in the context of this thesis, the 

P91 steel mimics the 9Cr ODS steel in studying the effects of heavy deformation 

and annealing. 

6.2.1 Effect of deformation 

6.2.1.1 Two-dimensional microstructure and microtexture analysis 

6.2.1.1.1 Microstructure analysis 

Figure 6.1 (a) represents the bright field TEM microstructure of the P91 steel when subjected 

to heavy unidirectional cold rolling of 88 % (thickness reduction). The inset shown in the 

BF micrograph is the SAD pattern obtained from the entire region using the 20 µm 

SAD aperture. The analysis of this BF micrograph reveals formation of cellular structure and 

dislocation forest, which is expected upon severe plastic deformation. In addition, shearing of 

coarse Cr23C6 type carbide (confirmed by analysis of SAD pattern and EDS spectrum). 

High dislocation activity during heavy deformation resulting in the formation of dislocation 

forests formation. During deformation, dislocations may line up forming dislocation 

networked structure at medium strains which at higher strains will reorganize into a typical 

cell block structure [97]. The coarser carbide precipitates are indicated by white arrow, while 
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the finer carbide precipitates are indicated by black arrow. Zenner pinning [23, 24, 192] of 

dislocations by the finer carbides was also observed in the above BF micrograph.  The size of 

the coarse carbide precipitates varies in the range of 100 – 200 nm, whereas the size of the 

finer MX type precipitates varies in the range of 20 – 40nm. Figure 6.1 (b) represents the 

typical EDS spectrum from a coarse carbide precipitate. The coarse carbides were of M23C6 

type and were enriched in Cr. Figure 6.1 (c) represents the EDS spectrum from the finer 

carbide (indicated by black arrow), the analysis reveal the carbide were enriched with Nb. 

 

Figure 6.1. (a) BF-TEM micrograph of heavily deformed P91 steel showing shearing of coarse Cr23C6 
carbide and dislocation forest and cell structures (b) EDS analysis from a coarse carbide indicated by 
white arrow in BF micrograph and (c) EDS analysis from a finer Nb rich MX carbide (indicated by 
black arrow) 
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6.2.1.1.2 Microtexture analysis 

Figure 6.2(a1) represents the crystal orientation map along RD-TD direction for heavily 

deformed P91 steel. Different colors in this figure represent different crystallographic 

orientations as per the color legend shown in the inset. This figure shows that upon heavy 

deformation up to 88% cold rolling the grains were elongated and some of them fragmented 

to submicron size because of severe plastic deformation due to multi-pass unidirectional 

room temperature rolling. Figure 6.2(a2) represents the IPF with respect to RD, TD and ND 

of the specimen. From this figure it was observed that the contour intensity level is maximum 

at <101> with respect to RD, signifying development of <110> || RD type of texture. 

Figure 6.2. 2D-crystal orientation map and IPF map for heavily deformed P91steel (a1) IPF map along 
RD - TD plane (a2) IPF with respect to RD, TD and ND planes obtained from RD-TD plane EBSD scan 
(b1) IPF map along RD-ND plane and (b2) IPF with respect to RD, ND and TD planes obtained from 
RD - ND plane EBSD scan. 

Similarly Figure 6.2 (b1) represents the IPF map obtained from the same specimen, after 

performing EBSD scan along RD-ND plane. It was observed that fine elongated grains 

having length nearly ~ 40μm and width <1μm oriented parallel to RD, in addition to this fine 
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(submicron in size) fragmented grains were observed. The corresponding IPF with respect to 

RD, TD and ND were shown in Figure 6.2(b2), which shows similar behavior as that of 

Figure 6.2(a2). 

6.2.1.1.3 Nano-texture analysis 

As discussed in Chapter-2, PED is a TEM based technique for crystalline texture mapping at 

high resolutions. Figure 6.3 (a) represents the virtual bright field micrograph generated after 

post processing the several diffraction patterns obtained during rastering of the precessed 

electron beam along the specimen normal during PED analysis. The analysis of this virtual 

BF revealed elongated ferrite grains along the rolling direction and the dark contrast regions 

were believed to be the carbides decorating the boundaries of ferrite grains as well as within 

the grains. Figure 6.3 (b) represents the high resolution crystal orientation map of the heavily 

deformed steel. The colors in this micrograph indicated orientation of various grains with 

respect to the rolling direction. 

 

Figure 6.3. (a) virtual bright-field TEM micrograph and (b) high resolution crystal orientation map of 
heavily deformed P91 steel using PED technique 

The analysis of this micrograph reveals the ferrite grains were oriented <112> || RD, which 

also comes under family of α-fiber texture. It is interesting to note that the mostly all coarse 

carbides indicated by white arrow possesses similar orientation, i. e. <110> || RD. In addition 
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to this, it was observed that the inter-granular carbides orientation differs from intra-granular 

orientation. The orientation intra granular carbides was found to be <110>||RD, whereas for 

inter-granular carbides it was <112>||RD. 

6.2.1.2 Three-dimensional microstructure and microtexture analysis 

In order to study deformed grain in three dimensions, slice and view methodology was 

adopted [217, 221]. Figure 6.4 represents 3D reconstructed serial sections of crystal 

orientation map for heavily deformed P91 steel. For constructing this 3D structure 41 

two dimensional crystal orientation maps each having size 4 µm × 4 µm were used.  

This figure shows that some of the grains were flattened like a sheet of thickness ~ 200 nm 

and were elongated along the rolling direction, whereas others were fragmented to a 

submicron size as a consequence of severe plastic deformation due to multi-pass 

unidirectional room temperature rolling.  

Figure 6.5 represents orientation distribution function (ODF) using Bunge notation (φ1 Φ φ2) 

for  φ2 = 45° section and both φ1 and Φ varying from 0 to 90°with intensity of different 

texture components given by the contour plot.Figure 6.5(a) represents the ODF map for 1st 

slice, which shows the most intense line at  φ1 = 13° Φ = 39° φ2 = 45°  and correspond to 

 

Figure 6.4. 3D-EBSD map for heavily deformed (CR 88 %) P91 steel reconstructed from 41  serial sections of 
crystal orientaion maps 
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(112)[14   ̅̅̅̅  4] type of orientation.Similar ODF sections are also observed from 15th and 30th

slice, which were shown in Figure6.3(b) and Figure6.3(c) respectively. 

Figure 6.5. ODF maps for φ2=45° in CR 88 % specimen for (a)1st slice (b) 15th slice and (c) 30th slice 

6.2.2 Effect of recrystallization 

6.2.2.1 Two-dimensional microstructure and microtexture analysis 

6.2.2.1.1 Microstructure analysis 

Figure 6.6 (a) represents the bright field TEM microstructure of the recrystallized P91 steel. 

The analysis of this BF micrograph reveals recrystallization of ferrite grains and precipitation 

of coarse M23C6 type carbides (indicated by white arrow), Zener pinning of dislocations by 

finer carbides (indicated by black arrow) and formation of cellular structure. The coarse 

carbides are decorated along the recrystallized ferrite grain boundaries, whereas the finer 

carbides were distributed nearly uniformly within the ferrite matrix. The recrystallized ferrite 

grains are nearly equiaxed in shape and their size varies in the range of 0.5 – 2 µm. 

The size of the coarse carbide precipitates varies in the range of 100 – 200 nm, whereas the 

size finer MX type precipitates varies in the range of 20 – 40nm, which was similar to that of 

the heavily deformed steel. Figure 6.6 (b) represents the typical EDS spectrum from a coarse 

carbide precipitate. The coarse carbides were of M23C6 type and were enriched in Cr. 

Figure 6.6 (c) represents the EDS spectrum from the finer carbide (indicated by black arrow), 

the analysis reveal the carbide were enriched with V. 
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Figure 6.6. (a) BF-TEM micrograph of recrystallized deformed P91 steel showing recrystallization of 
ferrite grains and precipitation of coarse M23C6 type carbides (indicated by white arrow) and Zener 
pinning of dislocations by finer carbides (indicated by black arrow) (b) EDS analysis from a coarse 
carbide (indicated by white arrow in BF micrograph) and (c) EDS analysis from a finer V rich MX 
carbide (indicated by black arrow) 
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6.2.2.1.2 Microstructure analysis 

Figure 6.7 (a1) represents the crystal orientation map for recrystallized P91 steel along 

RD - TD direction. The formation of coarse grains with length and width varying in the range 

of 40  - 100 µm and 5 - 40 µm respectively was observed upon recrystallization of heavily 

deformed steel. In addition, fine grains of size ≤ 1 µm were observed to nucleate along 

the boundaries of the coarse elongated grains. The absence of equiaxed grains and elongation 

along RD suggest incomplete recrystallisation. 

Figure 6.7. Crystal orientation map and IPF of recrystallized P91 steel (a1) IPF map along RD - TD 
plane (a2) IPF with respect to RD, TD and ND obtained from RD-TD plane EBSD scan (b1) IPF map 
along RD - ND plane and (b2) IPF with respect to RD, ND and TD obtained from RD - ND plane EBSD 
scan 
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Figure 6.7 (a2) represents the IPFs of recrystallized steel along RD, TD and ND for EBSD 

scan along RD - TD plane. From these IPF maps it was observed that the maximum intensity 

of contour lies along <101> || RD, signifying retention of strong deformation α-fiber texture 

component even after recrystallisation at 1023K for 1 h.  In addition, development 

of <111> || TD and <101> || ND texture component takes place. Figure 6.7 (b1) represents the 

IPF map obtained in the same condition after EBSD scan along RD-ND plane, which shows 

fine grains elongated along RD and grains get compressed along ND. The IPFs with respect 

to RD, TD and ND are shown in Figure 6.7 (b2), which shows similar trend as observed 

in Figure 6.7 (a2). 

6.2.2.1.3 Nano-texture analysis 

Figure 6.8 (a) represents the virtual BF micrograph generated after post processing the 

several diffraction patterns obtained from recrystallized P91 steel during rastering of the 

precessed electron beam along the specimen normal during PED analysis. The analysis of this 

virtual BF revealed nearly strain free nearly equiaxed recrystallized ferrite grains, with minor 

along the rolling direction and dark contrast regions, indicating the ferrite grain boundaries 

and some of the carbides. The recrystallized ferrite grain size varies in the range of 2 – 5 µm. 

Figure 6.8 (b) represents the high resolution crystal orientation map of the recrystallized steel. 

Figure 6.8. (a) virtual bright-field TEM micrograph and (b) high resolution crystal orientation map of 
recrystallized  P91 steel using PED technique 
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The analysis revealed that the orientation of these recrystallized grains were found to be 

<001> || RD. In addition to this, it was observed that the inter-granular carbides (indicated by 

black arrow) orientation differs from intra-granular orientation. The orientation of all the 

coarse carbides (indicated by white arrow) were found to be <110> || RD. 

6.2.2.2 Three dimensional microstructure and microtexture analysis 

Figure 6.9 represents 3D reconstructed serial sections of crystal orientation map for 

recrystallized P91 steel with 32 two dimensional crystal orientation maps. This figure shows 

predominantly coarse elongated grains along RD with a width of ~ 5 µm and length of 

~ 40 µm. The presence of with fine grains (≤ 1 µm) along their boundaries suggests that the 

boundaries of heavily deformed grains act as sites for the nucleation of fine grains during the 

recrystallization process. 

Figure 6.9.  3D-EBSD map for recrystallised  P91 steel reconstructed from 32  serial sections of crystal 
orientaion maps 

The 3D IPF map clearly shows that some of these nucleated grains grow into really large 

plates, while others are left as relatively smaller grains in between the larger grains. 

This could be an indirect effect of possible heterogeneities during deformation [97], which in 

turn governs preferred growth. The driving force for this effect was migration of high angle 

grain boundaries for the relatively larger grains, whereas in case of smaller grains, their 

growth is hindered. The hindrance to growth of the smaller grains could be due to several 
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reasons, such as, (a) presence of fine precipitates along the boundaries or (b) these grains 

have less stored energy for growth owing to their orientation [97, 99]. The role of the former 

may be ignored in the present case, as grain boundary carbides [76, 77, 141, 218-220, 222] 

are uniformly distributed, while the orientation effect may have a significant influence on the 

development of the recrystallization [76, 77, 141, 218, 220, 222]. 

Figure 6.10 (a) represents ODF map of φ2 = 45° section and  φ1 and Φ varying from 0 to 90° 

for 1st  slice. The strongest intensity of texture contours present at φ1 = 40°, Φ = 55° 

represents (111)[1 ̅2] type of texture, which is one of the texture component of γ fiber. The 

maximum intensity value at that point is 75.41. ODF maps for 15th and 30th slice given in 

Figure 6.10 (b, c) show no appreciable change in ODF, but the maximum intensity of the 

contour line were 65.25 and 39.30. This signifies that the γ fiber component of texture 

dominates over α fiber upon recrystallization of the deformed material. 

 
Figure 6.10. ODF maps for φ2 = 45° in recrystallized specimen for (a) 1st slice (b) 15th slice and (c) 30th 
slice 

6.2.2.3 Through-thickness microstructure and microtexture analysis of various slices 

The extent of recrystallisation in the specimen can be determined by the analyzing the grain 

orientation spread (GOS) graphs of the EBSD data [214, 223-225]. The GOS is generally 

calculated by determining the average deviation in orientation between each point within the 

grain and the average orientation for the grain [225]. Figure 6.11 represents the IPF maps and 

the corresponding GOS graph for 1st, 15th and 30th slice of the recrystallized steel. 
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Figure 6.11.  IPF maps of recrystallized steel for (a)1st slice (b)15th slice and (c) 30th slice and their 
corresponding GOS graphs for (d) 1st slice (e)15th slice and (f) 30th slice respectively. 

 It was interesting to note that in the 1st slice very few recrystallized grains are observed 

along the boundaries of the coarse elongated grain, the recrystallized grain number density 

increases along the depth, which is also observed in IPF map of 15th and 30th slice. In addition 

to this, the GOS graphs show that as the recrystallization area fraction increases the grain 

orientation spread decreases below 2° [97, 225]. This signifies that the extent of 

recrystallization is inhomogeneous in nature and requires higher temperature or time duration 

for complete recrystallization.  
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6.2.3 Comparison of various fiber texture components as a function of deformation and 

recrystallisation of P91 steel 

Figure 6.12 represents the histogram of different texture components such as α, , η and ζ 

texture observed in CR 88 % (denoted as R88) as well as recrystallized (denoted as Rex) 

P91 steel. It was observed that upon heavy deformation the steel contains α, , η and ζ 

texture components with nearly equal area fraction. Although marked enhancement of α-

 fiber texture component was reported in literature [78, 97, 226-229], only minor 

enhancement of α-fiber texture observed in the CR 88 % steel. Upon recrystallization this 

material shows predominant development of γ-fiber texture component over other texture 

components such as α, η and ζ. This was also well supported by literature [11], wherein 

BCC metals are prone to develop strong γ-fiber texture upon recrystallization. 

 

Figure 6.12. Comparison of major texture components in CR 88 % and recrystallized steels 
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6.3 9Cr ODS F/M steel 

As discussed in chapter 1 generally the 9Cr ODS F/M steel milled powder were consolidated 

by hot extrusion method and the clad tubes were fabricated from the extruded rod by central 

hole drilling followed by cold pilgering process and the sequence of fabrication steps 

generally adopted for fuel cladding tube manufacture is shown in Figure 6.13 [80]. In order to 

facilitate multiple pilgering steps, intermediate heat treatments are given to soften the 

material work hardened through earlier pilgering steps. The process steps thus significantly 

control the evolution of deformation and recrystallization texture. Following section 

illustrates the microstructure and microtexture study of the hot extruded rod followed by that 

of fuel clad tube. 

Figure 6.13. Fabrication steps of 9Cr-ODS steel clad tube 



Chapter – 6  Comparison of P91 and 9Cr ODS steel 

171 

6.3.1 Effect of hot deformation 

The upset forged product of 9Cr ODS steel was hot extruded at 1473 K to achieve rods of 

desirable density. 

6.3.1.1 Microstructural and micro-chemical analysis 

Figure 6.14 shows the TEM images of the extruded rods of the 9Cr ODS steel. The BF-TEM 

micrograph shown in Figure 6.14 (a), exhibits characteristic tempered martensitic laths. 

The martensite lath width varies in the range of 100 – 200 nm. It may be noted that the laths 

contain many dislocations, some of which are Zener pinned by the nano-dispersoids 

(shown by black arrow). 

Figure 6.14. (a) BF-TEM micrograph from 9Cr ODS steel extruded rod (SAD pattern shown as inset) (b) 
corresponding DF-TEM micrograph from the same region shown in figure (a) using Y2Ti2O7 (400) diffracted 
beam (indicated in SAD pattern), the white encircled regions are some of the coarse dispersoids(c) EDS 
analysis from the coarse M23C6 carbide and (d) Y2Ti2O7dispersoid size distribution in the ferrite matrix 
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In addition to this, precipitates measuring ~ 200 nm were also observed (shown by white 

encircled region), which are aligned along the boundary of the tempered martensite lath. The 

SAD was shown as inset to Figure 6.14 (a), whose analysis revealed they are of M23C6 type, 

which is also evident from the Cr enrichment of these carbides shown in the EDS spectrum in 

Figure 6.14 (c). Figure 6.14(b) represents the DF-TEM micrograph using Y2Ti2O7 (400) 

diffracted beam (as identified in the SAD pattern shown in Figure 6.14 (a). The regions with 

a bright contrast (encircled) correspond to the Y2Ti2O7 nano-oxide crystallites. Particle size 

analysis showed (Figure 6.14 (d)), that the Y2Ti2O7nano-dispersoid size varied in the range 

of  2 – 35 nm and majority of the dispersoid size lies within 5nm. 

6.3.1.2 Microtexture analysis 

Figure 6.15 (a) represents the crystal orientation image of the extruded rod of 9Cr ODS steel. 

The analysis of the IPF map reveals the ferrite grains possess nearly random texture. 

These ferrite grains were also found to be elongated along the extrusion direction. The grain 

aspect ratio varies in the range of 1 - 1.6. The ferrite grain size varies in the range of 1 - 3 µm. 

Figure 6.15 (b) represents the ODF plot (φ2 = 45º section) of the above steel. These ODF plot 

are generated by considering Bunge notations (φ1 Ф φ2) and orthotropic sample symmetry. 

The analysis of these ODF plots reveal that the extruded rod consists of a very weak α fiber 

texture (<110> || RD (rolling direction) or ED (extrusion direction) and γ fiber texture 

(<111> || ND). 
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Figure 6.15. (a) 2D-EBSD grain orientation map along with image quality map of longitudinal section of 
9Cr ODS steel extruded rod and (b) corresponding ODF (φ2 = 45º section)using Bunge notation and 
orthotropic sample symmetry 

6.3.2 Effect of normalisation and tempering heat treatment 

6.3.2.1 Microstructural and micro-chemical analysis 

Figure 6.16 (a) represents the typical BF-TEM micrograph of the 9Cr ODS clad tube in 

normalised and tempered condition. For fabrication of this tube several steps of pilgering and 

intermediate heat treatments are involved (described in Figure 6.13). Analysis of this 

BF micrograph reveals tempered martensite microstructure of the steel. The martensite lath 

width varies in the range of 100 – 200 nm. Presence of coarse M23C6 type carbides 

(indicated by white arrows) having size in the range of 50 – 100 nm were observed. 

Zener pinning of dislocations by finer dispersoids were also observed in Figure 6.16 (a) and 

were indicated by the black arrows.The SAD pattern from the entire region shown in 

Figure (a), was shown as inset to it. The analysis of the SAD pattern revealed presence of 

both M23C6 type precipitate and Y2Ti2O7 dispersoid along with the α-ferrite. Figure 6.16 (b) 

represent the corresponding DF micrograph using Y2Ti2O7 (400) diffracted beam, some of 

the coarser dispersoids were also indicated by the white encircled region. Figure 6.16 (c) 

represent the typical EDS spectrum from one of the coarserY2Ti2O7 dispersoid. 
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The size distribution histogram of the dispersoids in the ferrite matrix has been shown in 

Figure 6.16 (d). The analysis of this histogram reveal the Y2Ti2O7 dispersoid size varies in the 

range of 2 – 35 nm and majority of the dispersoid size lies within 10 nm. 

  

 

 

Figure 6.16. (a) BF-TEM micrograph from 9Cr ODS steel clad tube (SAD pattern shown as inset) 
(b) corresponding DF-TEM micrograph from the same region shown in figure (a) using Y2Ti2O7 (400) 
diffracted beam (indicated in SAD pattern), the white encircled regions are some of the coarse 
dispersoids (c) EDS analysis from the coarse Y2Ti2O7 oxide and (d) Y2Ti2O7 dispersoid size distribution 
in the ferrite matrix. 
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6.3.2.2 Microtexture analysis 

Figure 6.17 (a) represents the crystal orientation image of the 9Cr ODS steel clad tube. The 

analysis of the IPF map reveals the ferrite grains possess nearly random texture, similar to 

that of the extruded rod. However these ferrite grains are also found to be elongated along the 

extrusion direction, but with increase in their grain aspect ratio. This expected because these 

ferrite grains have subjected many stages of deformation during the tube fabrication and the 

final normalisation tempering treatment for limited time duration was insufficient to form 

nearly equiaxed ferrite structure. The grain aspect ratio of this clad tube varies in the range 

of 1- 3. The ferrite grain width varies in the range of 1 – 3 µm. Figure 6.17 (b) represents the 

ODF plot (φ2=45º section) of the above steel. The analysis of these ODF plots reveal that the 

clad tube consists of weak α-fiber (<110> || RD (rolling direction) or ED (extrusion direction) 

and weak γ fiber texture (<111> || ND). 

Figure 6.17. (a) 2D - EBSD grain orientation map along with image quality map of longitudinal section of 
9Cr ODS steel clad tube in normalised and tempered condition and (b) corresponding ODF (φ2 = 45º 
section) using Bunge notation and orthotropic sample symmetry 
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6.4 Comparison of P91 steel with 9Cr ODS steel 

6.4.1 Microstructure comparison 

The comparison of the microstructure of P91 steel with that of 9Cr ODS steel as an effect of 

deformation and recrystallisation has been listed in Table 6.1. 

Table 6.1Microstructure comparison of P91 steel with 9Cr ODS steel 

Condition P91 steel 9Cr ODS steel 

Deformation  Elongated ferrite grains along
RD, with grain aspect ratio
~  20.

 Martensite lath width varies
100  – 200 nm

 Coarser M23C6 carbides, whose
size varies 100 – 30 0nm

 Shearing of M23C6 carbides
upon heavy deformation

 MX precipitate size varies in the
range of 20 – 40 nm are
uniformly distributed in ferrite
matrix

 Elongated ferrite grains along ED,
with grain aspect ratio ~ 1.5

 Martensite lath width varies 
100 - 200 nm

 Coarser M23C6 carbides, whose
size varies 50 – 100 nm

 Such phenomenon not observed
 Y2Ti2O7 dispersoids, size varies in

the range of 2 – 10 nm are
uniformly distributed in ferrite
matrix

Recrystallisation  Ferrite grains are nearly
elongated plate like, with grain
aspect ratio ~ 20

 Elongated plate like ferrite
grains along RD, with size
varies in the range of
50 - 100 µm.

 Precipitation of more M23C6
carbides observed

 Ferrite grains are nearly equiaxed,
with grain aspect ratio ~ 1.5 - 3

 Minor elongation of ferrite grains
along ED, with size varies in the
range of 50 – 100 µm

 No such observation was made
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6.4.2 Microtexture comparison 

The comparison of the microtexture of P91 steel with that of 9Cr ODS steel as an effect of 

deformation and recrystallisation has been listed in Table 6.2. 

Table 6.2 Microtexture comparison of P91 steel with 9Cr ODS steel 

Condition P91 steel 9Cr ODS steel 

Deformation  Minor enhancement of α fiber
texture component as
compared to the other bcc fiber
texture components such as γ,
η and ζ.

 Similar observation was also
made

Recrystallisation  Predominant enhancement of
γ fiber texture component

 The γ fiber texture component
nearly equal to that of α fiber.

6.5 Summary 

This chapter illustrates the effect of heavy deformation and followed by recrystallization 

treatments on microstructure and microtexture of the P91 steel and 9Cr ODS steel. 

The microstructure and microtexture of the P91 steel was also studied by both 2D and 3D 

EBSD techniques. In addition the recently emerging nano-texture analysis using PED 

technique was utilized to establish inter/ intra grain carbide orientation in the P91 steel as 

function of deformation and recrystallization.  The salient results of the study are as follows: 

 After deformation the grains got elongated like a sheet along the rolling direction having

thickness ~ 200 nm, while some of the grains were fragmented into submicron size due to 

severe deformation. 

 Annealing at 1023 K for 1 h resulted in nucleation of recrystallized grains along the

boundaries of deformed grains. 

 The grain orientation spread chart of various slices of the recrystallized specimen

suggested inhomogeneous recrystallization, which requires either higher temperature or 

time duration for complete recrystallization. 
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 Analysis of the various texture components shows minor enhancement of α - fiber texture 

component in heavily deformed steel, but upon recrystallization the γ - fiber texture 

component dominated over other texture components. 

 9Cr ODS steel extruded rod and clad tube has tempered martensitic microstructure with 

lath size in the range of 100 – 200 nm 

 The lath width and the ferrite grain size are unaffected by the subsequent tube fabrication 

from the extruded rod. 

 The dispersoid shape and the size distribution in the ferrite matrix is found to be similar 

in both extruded rod and clad tubes of 9Cr ODS steel. 
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7.1 Summary of the thesis: 

The thesis has focused on structural characterisation of evolution of dispersoids during 

mechanical milling and subsequent annealing treatments using concentrated dispersed 

Y2O3 and Ti in Fe-based model ODS alloys. The experimental observations indicate that the 

nano-crystalline ceramic dispersoid loses its crystallinity and transforms to amorphous 

structure during mechanical milling. Structural amorphisation of ceramic is due to 

severe plastic deformation introduced during milling process. In addition the stoichiometry of 

the Y2O3 dispersoid was unaffected by the mechanical milling and Y-O bond in the oxide 

found to be stable and intact in the molecule of Y2O3. No signature of Y and Ti solute in 

ferrite matrix were observed during milling process. Ti has no role in the process of 

amorphisation/ retention of crystallinity of Y2O3 during milling, but helps in refinement of 

dispersoid upon annealing by forming Y-Ti-O complex oxide. The Y2O3 to Ti weight ratio 

governs the size and stoichiometry of the Y-Ti-O complex oxide. It was observed that 

Y2O3 to Ti in the ratio of 1:1 resulted in formation of Y1.6Ti1.8Fe0.6O6.6 oxide, whose structure 

is similar to Y2Ti2O7 and size varies in the range of 5-10 nm. Using the optimum content of 

Ti and Y2O3 in the ratio of 1:1, two varieties of 9Cr ODS F/M steel were synthesized and 

Microstructural and mechanical properties were also evaluated. The 9Cr ODS steel dispersed 

with 0.35 wt.%Ti and 0.35 wt. % Y2O3 in normalized and tempered condition is found to be 

superior in term of mechanical property of 0.2 wt. % Ti and 0.2 wt.% Y2O3 dispersed ODS 

steel. The  0.35 wt. % dispersed Ti and Y2O3 variety of ODS steel mechanical property is 

found to be comparable with the reported 9Cr varieties of ODS steel consolidated by hot 

extrusion. The microstructure, microtexture and creep-rupture life of the SPS consolidated 

9Cr ODS steel in the normalised and tempered condition were compared with the modified 

9Cr 1Mo steel. It was observed that the later possess poorer creep rupture life as compared to 



Chapter – 7                                                              Summary and Future scope 
  

180 
 

the former. Finally, the effect of heavy deformation and recrystallization treatments on 

microstructure and microtexture of P91 steel and 9Cr ODS steel was studied. The summary 

of each chapters of this thesis are briefly described as follows. 

Chapter-1:  A detailed literature review of the ODS steels for nuclear reactor core structural 

material application and various process induced amorphisation of dispersoid in the ODS 

steel have been discussed in this chapter. The role of Ti in the refinement of the dispersoids 

and how it provides stability to the dispersoid by means of formation of Y-Ti-O complex 

oxides have been brought out. In addition to this, necessity for development of concentrated 

Y2O3 & Ti dispersed model ODS alloys has been discussed. 

Chapter-2: This chapter illustrates the detailed experimental methods adopted for synthesis of 

concentrated yttria dispersed model ODS alloys and fabrication of 9Cr F/M ODS steel with 

optimized content of Y2O3 and Ti. It also explains the working principle of mechanical 

alloying and spark plasma sintering technique and various characterisation techniques such as 

XRD, FE-SEM, FIB, 2D and 3D-EBSD, TEM, PED, Raman spectroscopy, DSC and 

micro-mechanical property evaluation have been discussed in brief. 

Chapter-3: The structural characterisation of dispersoid in Fe - 15 wt. % Y2O3 - 5 wt. % Ti 

alloys, mechanically milled for various time durations in the range of 0 - 60 h. Morphology of 

the powders before and after milling has been studied using FESEM. XRD analysis showed 

that the intensity of Y2O3 diffraction peaks decreased with the increase of milling time and 

almost disappeared after 60 h of milling, implying either amorphisation or decomposition of 

Y2O3 during mechanical milling. Based on the morphology of various milled powders, 

structural degradation of the oxides and homogeneous distribution of dispersoids in ferrite 

matrix, the optimum milling duration is found to be 60 h. In order to understand role of the Ti 

in the structural evolution of yttria in ODS steel, Fe – 15 wt. % Y2O3– x wt. % Ti (x = 0, 2, 10 
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and 15) model ODS alloys have been synthesized with the optimum milling duration of 60 h 

and structural evolution of Y2O3 upon annealing has been studied in detail using both XRD 

and electron microscopy techniques and are discussed in this chapter. In order to address 

about the existence of Y-O bond after mechanical milling of model ODS alloys, 

Raman spectroscopy technique was adopted and the analyzed results are discussed in this 

chapter. 

Chapter-4: This chapter describes about the evolution of dispersoid upon annealing of 

mechanically milled Fe – 15 wt. % Y2O3–x wt. % Ti alloys. The structural studies of Fe-Y-O 

oxide upon annealing of mechanically milled Fe – 15 wt. % Y2O3 alloy powders have been 

discussed and the growth kinetics of this evolved oxide has been exemplified in this chapter. 

Upon annealing of Ti added mechanically milled model ODS alloys showed the evolution of 

various Y-Ti-O oxides such as YTiO3, Y2TiO5, Y2Ti2O7 and non-stoichiometry nano-clusters. 

The size distribution, morphology and microchemistry of these oxides in the ferrite matrix 

have been established and discussed in this chapter. The Y2O3 to Ti content has been 

optimized and found to be 1:1 in wt. %, which provides not only refined dispersoid but also 

homogeneous in microchemistry and structure. This chapter also discusses various interfaces 

of evolved oxides with the ferrite matrix. The micron-sized nearly spherical Fe-Y-O oxides in 

Fe - 15 wt. %Y2O3 alloy is found to be incoherent with the ferrite matrix. In Ti added alloys 

especially with Ti content ≥ 10%, the evolved dispersoids are Y1.6Ti1.8Fe0.4O6.6 (Y2Ti2O7) and 

based on their size, the interfaces are found to be semi-coherent/ coherent with the matrix. 

Chapter-5: This chapter illustrates about the synthesis of two sets of optimized content of 

Y2O3 and Ti: (1) 0.2 wt.%Y2O3 and 0.2 wt.% Ti and (2) 0.35 wt.% Y2O3 and 0.35 wt.% Ti 

9Cr - 2W  F/M ODS steel consolidated by means SPS and their structural characterizations in 

terms of   microstructure, microtexture and microchemistry. The results have been compared 
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with P91 F/M steel. The microstructure of the SPS consolidated steel reveal that the grains 

are polygonal in shape whose size varies in the range of 200 - 1000 nm, which upon 

normalizing and tempering treatment yields finer ferrite grain structure as compared to P91 

steel in N&T condition. The martensite laths are also finer in size in 9Cr ODS steel as 

compared P91 steel owing to uniform distribution of finer Y2Ti2O7 complex oxides in ferrite 

matrix, which not only restricts the growth of ferrite grains but also pins the migration of lath 

boundaries during N&T treatment. The SPS consolidated 9Cr ODS steel in normalised and 

tempered condition is found to possesses better creep-rupture life as compared to P91 steel. 

Chapter-6: In addition to above, the work remains incomplete without studying actual thin 

walled clad tubes made out of the ODS steel. This chapter first deals with the effect of heavy 

deformation and recrystallization treatments on microstructure and microtexture of P91 steel 

and then uses the knowledge gained to understand the microstructure and microtexture in 

extruded rods and clad tubes of 9Cr ODS steel. The microstructure and microtexture of the 

P91 steel was also studied by both 2D and 3D EBSD techniques. In addition the recently 

emerging nano-texture analysis using PED technique was utilized to establish inter/intra grain 

carbide orientation in the P91 steel as function of deformation and recrystallization. It was 

observed that upon heavy deformation the P91 steel some of the grains are elongated like a 

sheet along rolling direction having thickness ~200 nm, while others fragmented into 

submicron size due to severe plastic deformation. On recrystallization this P91 steel develops 

elongated plate like coarse grains and equiaxed recrystallized grains along the boundaries of 

deformed grains. With respect to microtexture study the P91 steel shows minor enhancement 

of α-fiber texture component upon heavy deformed, but upon recrystallization the γ-fiber 

texture component dominated over other BCC fiber texture components. Where as in 9Cr 

ODS F/M steel micro structure wise the steel is more resistant towards deformation and 
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recrystallization and shows no appreciable change in microtexture also. Finally, the P91 steel 

was compared with the 9Cr ODS steel in terms of its microstructure and microtexture. 

7.2 Scope for future work 

This thesis has attempted for detailed comprehensive understanding about structural 

evolution of dispersoid during mechanical milling and subsequent annealing. However, much 

needs to be done towards understanding the mechanism of amorphisation during milling and 

how Ti helps in formation of Y-Ti-O complex oxide. Some of the gap areas where more 

research is required to address the above issue are listed below. 

 Theoretical modeling to understand the mechanism of amorphisation of Y2O3 during

mechanical milling. 

 Mechanism of evolution Y-Ti-O oxide from an amorphous oxide need to be addressed

experimentally using advanced characterization techniques such as 3D atom probe 

tomography, TEM tomography and EELS techniques as well as through modeling. 

 Fabrication of clad tubes using optimized quantities of Ti and Y2O3 (each 0.35 wt.%).

 Investigating alternate oxides as dispersoids that do not coarsen during high

temperature processing, such as ZrO2 or ex-situ synthesized Y2Ti2O7. 

 3D- microstructure and microtexture studies of 9Cr ODS F/M fuel clad tube.
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