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Oxide dispersion strengthened (ODS) steel is considered as one of the most 

promising candidate materials for structural components of Generation IV 

nuclear systems or fusion systems owing to its superior creep strength and 

irradiation resistance. Nano-sized oxide particles dispersed in the matrix act 

as pinning points for dislocation motion and grain boundary migration, 

leading to very high mechanical strength and thermal stability. Oxide 

particles also contribute to better irradiation resistance by attracting 

irradiation induced defects such as vacancies and interstitials at the 

oxide/matrix interface. Therefore, the understanding and controlling of the 

dispersed oxide particles, such as the phase identification, the size 

distribution, thermal stability, and orientation relationship with the matrix, 

are of great importance to the application of ODS steel.  

In this study two types of ODS steels with extinctive different matrix, 12Cr 
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ferritic ODS steel and 316L stainless steel based austenitic ODS steels, were 

prepared by mechanical alloying (MA), hot isostatic pressing (HIP) and hot 

rolling processes. Oxygen content was controlled by a hydrogen reduction 

process prior to consolidation. To understand and optimized the 

microstructure and high temperature mechanical strength, the oxide particle 

phases, size distribution, thermal stability of oxide particles, and orientation 

relationship of oxide particles with matrix were intensively investigated. 

First, oxide particles in the 12Cr ferritic ODS steel and austenitic ODS 

steel were characterized, including the oxide phase identification, size 

distribution, and formation mechanism. Fine YTaO4 particles (~9 nm) and 

coarse Cr2O3 particles (~200 nm) were identified in the ferritic ODS steel 

specimens, and fine Y2Ti2O7 (~7 nm) and coarse Cr2O3 particles (~200 nm) 

were present in the austenitic ODS steel specimens, indicating the Y2O3 

particles were alloyed with minor alloying elements (such as Ti or Ta) to 

form complex oxide particles.   

Second, it is widely known that oxygen content has significant influence 

on the type and size distribution of oxide particles in both ferritic and 

austenitic ODS steels. The formation of coarse Cr-O particles in ferritic 

ODS steel, which seems to contribute little to strength but are prone to 

initiate cracks, can be suppressed by reducing the oxygen content. Fine 
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YTaO4 particles in the ferritic ODS steel, on the other hand, depend less on 

the oxygen content. Therefore, reduction in oxygen content is considered an 

effective method to further improve the mechanical properties of ODS steels, 

especially the ductility.  

Third, coherency of oxide particles with the matrix is a very important 

factor to the microstructure stability (Zener pinning) and dispersion 

strengthening. The orientation relationship and interface structure of oxide 

particles with the matrix were investigated by diffraction contrast techniques 

and HRTEM. No common orientation relationship between YTaO4 

(monoclinic) particles and ferrite matrix was found. However, lattice 

continuity across the YTaO4/matrix interface was observed along the {110} 

close packed plane of the matrix, like O M(051) //(011) . In austenitic ODS 

steel, it is considered that over 95% of the Y2Ti2O7 particles (3-10 nm in 

diameter) are semi-coherent with the austenitic matrix, with a specific 

common orientation relationship, 
2 2 7Y Ti O Matrix(220) //(200)  and 

2 2 7Y Ti O Matrix[116] //[011] . 

Fourth, YTaO4 oxide particle coarsening was found during the fabrication 

process (for instance, hot rolling). Also, phase transformation from YTaO4 

to Y3TaO7 was observed after the isothermal annealing at 1250 ˚C for 100 hr. 

High thermal stability of ultra-fine grain structure was confirmed in the 
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austenitic ODS steel, owing to the strong pinning effect of semi-coherent 

Y2Ti2O7 particles with the austenite matrix. The ultra-fine grain structure 

remained stable after annealing at 1150 ˚C for 100 hr. 

This study gives an overall yet detailed investigation on the microstructure, 

correlation between microstructure and property, and thermal stability of the 

ODS steels, which is expected to provide a better understanding of the 

superior properties of the developed ODS steels. 

 

Keywords: Oxide dispersion strengthened (ODS) steel, Mechanical 

alloying (MA), Oxygen content, Microstructure, Oxide particles, Coherency, 

Orientation relationship (OR), Thermal stability, Mechanical properties, 
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Chapter 1. Introduction 

 

1.1 Concept of Gen-IV nuclear reactors and materials challenges 

It has been widely recognized that the nuclear energy has a crucial role to 

play in meeting the ever-increasing world energy demands, which 

accelerates the evolution of nuclear reactors. An instructive roadmap of 

nuclear power reactor evolution has been illustrated in Fig. 1-1 [1]. Most 

operating commercial nuclear reactors world-wide are of Generation-II 

category. The Gen-III reactors have just started to be deployed, and 

Gen-III+ reactors are at the advanced stage of commercialization. To further 

improve the efficiency, safety, and reliability of nuclear reactors by making 

advances in nuclear energy systems design, the US Department of Energy 

launched a new program in 2000, called Gen-IV Initiative. Gen-IV Initiative 

is an international effort between 10 countries, including the United States, 

Argentina, Brazil, Canada, France, Japan, the Republic of Korea, the 

Republic of South Africa, Switzerland, the United Kingdom, and the 

European Union, and the number of the participating countries is on the rise. 

This initiative calls for new nuclear energy systems that will significantly 

improve safety and reliability, sustainability, useful reactor life (60 years or 

more), proliferation-resistance and profitability, setting them apart from the 
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current nuclear power reactors. Six designs have been selected over others 

for further research and development, and subsequent deployment. These 

are summarized in Table 1-1 along with other relevant information. It is 

important to note that most commercial reactors operating today hardly see 

a coolant temperature exceeding 350 ˚C, while those in Gen-IV systems are 

well over 500 ̊C. Hence, the service environments predicted for the Gen-IV 

systems pose significant challenges to materials selection and qualification 

efforts. 

 

 

 

 

Fig. 1-1 Roadmap of nuclear power reactor evolution [1] 
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Table 1-1. Operation conditions of Gen.IV nuclear reactor designs (along 

with PWR reactor) [2] 

Reactor 
type 

Coolant 
Inlet 

Temp. (̊C) 
Outlet 

Temp. (̊C) 
Maximum 

Dose (dpa) 
Pressure 
(MPa) 

*PWR Water 290 320 100 16 

SCWR◊ Water 290 500 15-67 25 

VHTR◊ Helium 600 1000 1-10 7 

SFR◊ Sodium 370 550 200 0.1 

LFR Lead 600 800 200 0.1 

GFR 
Helium/ 

CO2 
450 850 80 7 

MSR 
Molten 
Salt 

700 1000 200? 0.1 

*PWR: pressure water reactor (Gen.II)  

◊: Interested types in Republic of Korea 

SCWR : Supercritical water cooled reactor 

VHTR : Very high temperature reactor 

SFR : Sodium cooled fast reactor                

LFR : Lead-cooled fast reactor 

GFR : Gas cooled fast reactor               

MSR : Molten salt reactor                  
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The structural components will undergo varied service conditions which 

can be summarized as follows [3]: (a) exposure to higher temperatures (as 

apparent in Table 1-1), b) higher neutron doses, and (c) extremely corrosive 

environment. The commonality of service conditions makes some 

cross-cutting opportunities possible. However, it is also important to 

remember that one material found suitable in one Gen-IV design may not be 

suitable for similar application in other designs depending on the 

reactor-specific service conditions. Some desirable characteristics for the 

Gen-IV structural materials are noted below: 

(1) Excellent dimensional stability against thermal and irradiation creep, 

void swelling, etc. 

(2) Favorable mechanical properties such as strength, ductility, creep rupture, 

fatigue, creep-fatigue interactions, etc. 

(3) Acceptable resistance to radiation damage (irradiation hardening and 

embrittlement) under high neutron doses (10–150 dpa or displacements per 

atom), helium embrittlement, etc. 

(4) High degree of chemical compatibility between the structural materials 

and the coolant as well as with the fuel. In this regard, stress corrosion 

cracking (SCC), irradiation-assisted stress corrosion cracking (IASCC) and 

many other issues are important. 



 5 

Finally, workability, weldability, cost, etc. are other important aspects that 

need to be looked into during materials selection process. All these 

requirements are related to the fundamental high temperature degradation 

mechanisms such as phase instability, oxidation, radiation induced 

segregation and so forth. 

Because of the stringent requirements noted above, the materials employed 

in today’s commercial reactors are not suitable for use in Gen-IV reactors. 

For example, zirconium alloys (Zircaloy-2 and -4, Zr-2.5Nb) have been 

used routinely as fuel cladding and other reactor internals in both light and 

heavy water reactors because of their low neutron capture cross-section, 

acceptable mechanical and corrosion resistance in high temperature (<350 

˚C under normal service conditions) aqueous environment [4]. However, 

higher temperatures envisioned in Gen-IV reactors would limit the use of 

zirconium alloys because of increased susceptibility to hydrogen 

embrittlement due to severe hydride formation, allotropic phase changes at 

higher temperatures (α to β phase), poor creep properties and oxidation. It is 

instructive to note that some high performance zirconium alloys may be of 

possible use in relatively low temperature Gen-IV reactor design (such as, 

SCWR). Further, the out-of-core components (pressure vessel, piping, etc.) 

may need to be made from materials other than the low alloy ferritic steels 
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currently employed primarily because similar components in Gen-IV 

reactors are expected to withstand much higher temperatures and neutron 

doses. Therefore, materials with high strength at high temperatures, high 

creep life, enhanced irradiation resistance, and high thermal stability need to 

be developed. 

  

1.2 Candidate materials for Gen. IV reactors 

Several candidate materials have been suggested for structural applications 

in Gen-IV reactors as evident in Table 1-2. Primary options are the materials 

which have a reasonable database present, and only qualifications need to be 

carried out. Secondary options refer to promising materials but need 

extensive research and development for database generation and subsequent 

qualification. Because of the longer reactor life coupled with tight time 

schedule and resources to develop design methodologies, materials strategy 

involves accelerated testing followed by extrapolation to service conditions 

as well as microstructure-property modeling. The latter, however, is still in a 

budding stage to be fully capable of explaining various likely phenomena 

occurring in the material systems. Here we only focus on different aspects 

of candidate metallic materials only.  
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Table 1-2. Various candidate structural materials for Gen-IV reactors [5] 

Reactor 
system 

FMS 
Austenitic 

STS 
ODS 
alloys 

Ni-base 
alloys 

Graphite 
Refractory 

alloys 
Ceramics 

GFR P P P P - P P 

LFR P P S - - S S 

MSR - - - P P S S 

SFR P P P - - - - 

SCWR P P S S - - - 

VHTR S - - P P S P 

P = primary option 

S = secondary option. 
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Ferritic/martensitic steels (FMS) Generally, the microstructure of F/M 

steels (9–12% Cr steels) is designed by suitable balancing of ferritic and 

austenitic stabilizing alloying elements in order to produce 100% austenite 

upon austenitization, and 100% martensite upon quenching or normalizing 

following austenitization. A tempering step at ~760 ˚C transforms much of 

the martensite to ferrite resulting in a tempered martensite structure. Here a 

brief account of the irradiation effects on the properties of F/M steels is 

described. From Table 1-2, it is clear that F/M steels may be used in a 

number of Gen-IV reactors. Initially, these steels were developed as 

structural materials for fossil-fuel power plants. Klueh [6] has summarized 

various F/M steels that were developed in the last sixty years or so. 

Continuous development with alloy and microstructural modifications has 

made their likely use in some Gen-IV reactors. F/M steels with 9-12% Cr 

are considered for use; some examples being HT-9, T-91, F12, etc. because 

they tend to have better corrosion/oxidation resistance than the low-Cr ones. 

Previously, some advanced F/M steels have been considered for fusion 

reactor applications (first wall and blanket applications) because of their 

noted reduced-activation (RA) property that refers to a quick radioactive 

decay after neutron irradiation, allowing shallow burial of the components 

after component replacement or plant decommissioning. This property will 
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be helpful in Gen-IV reactors, if not the sole guiding factor. Further, they 

have good void swelling resistance and relatively good creep resistance. 

However, there are concerns regarding their low long-term creep rupture 

strength at higher temperatures and irradiation embrittlement at or less than 

400 ̊ C. Phase stability under neutron irradiation is also a major concern and 

radiation-induced segregation (RIS) affects many useful properties. 

Furthermore, RIS leads to eventual formation of precipitates such as, M6C, 

χ-phase, α’, etc. in irradiated F/M steels all of which enhance embrittling 

effects. Thus, microstructural evolution as a result of a combination of 

irradiation and high temperature affects the creep rupture properties.  

Austenitic stainless steels Austenitic stainless steels have good creep 

resistance to higher temperatures coupled with reasonable 

corrosion/oxidation resistance. Alloys like 316LN, D-9, etc. are good 

examples. However, relatively large amount of void swelling at moderate 

neutron doses remains a major performance-limiting issue. The extent of 

swelling is much higher in different lots of an austenitic stainless steel 

(316SS) compared to ferritic or F/M ones [7]. In some applications, their 

low thermal conductivity may adversely affect the reactor efficiency. 

Radiation-induced segregation (RIS) and phase stability issues will also play 

a major role. For example, radiation-assisted depletion of Cr from the grain 
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boundaries may render the austenitic steels susceptible to corrosion in water 

or lead-alloy cooled systems. The interactions between RIS and void 

swelling may also be important [8]. 

 Ni-base alloys Ni-base alloys have traditionally been used for high 

temperature applications. Therefore, it is only prudent to study their 

viability in Gen-IV reactor applications. New Ni-base superalloys (such as, 

IN740: Ni-2Fe-24Cr-20Co-2Nb-0.5Mo-2Ti-1C, wt%) have good creep 

rupture properties and high temperature strength [9]. The main problems 

with Ni-base alloys would be the radiation embrittlement, swelling and 

phase instability under the neutron radiation environment. Their 

applicability in balance-of-plant features (turbines, steam-generators, etc.) 

where radiation effects are minimal will be possible. However, high 

temperature He embrittlement will be an issue to be looked at for 

applications in GFR/VHTR reactors. More research is needed to better 

judge their viability for Gen-IV reactors. 

Refractory alloys Refractory metals (such as, Nb, Mo, Ta, etc.) have 

melting temperatures in excess of 2000 ˚C. Hence, they should have 

potential applications at high temperatures. Although refractory metals 

possess good creep resistance and swelling resistance up to high burn ups, 

they have poor oxidation resistance coupled with low temperature radiation 
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embrittlement and fabrication (joining) difficulties. That is why refractory 

metals are not being considered actively for Gen-IV applications. 

Oxide dispersion strengthened (ODS) steels ODS steels are made 

through mechanical alloying process. These alloys have good high 

temperature properties, radiation-resistance in terms of swelling and 

radiation embrittlement. One example is 14YWT (14YWT: 

Fe-14Cr-3W-0.4Ti, nominal wt.%) [10]. It has been found that small 

nanoclusters of Y-Ti-O particles hinder dislocation motion effectively, and 

can act as effective sinks for radiation-induced defects [11]. It has also been 

found that the presence of Ti and Al help in creating a much smaller oxide 

particles with average size of 5-6 nm [12,13]. The effects of these particles 

are evident from the better creep test strength of ODS steels, such as 

MA957, 12YWT, compared with 12Y1 (no Ti, W), 12YW (no Ti), and 

conventional 9Cr-WMoVNb steel (a commercial steel designated NF616 or 

Grade 92) [14]. 

 Possible applications of ODS steels in Gen-IV reactors have been labeled 

in Table 1-3. Ferritic and F/M ODS steels are suited for the application of 

cladding tubes in SFR and SCWR, owing to their high void swelling 

resistance and creep strength. Schematic configuration of a SFR is shown in 

Fig. 1-1 and the core part with cladding tube assembly is enlarged. Cladding 
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tubes are expected to have dimensions of OD7mm×T0.6mm×L300mm (OD: 

outer diameter, T: thickness, L: length). Austenitic ODS steels have 

potential application possibility as turbine materials in GFR and VHTR, and 

also future fissile plants, due to their superior corrosion resistance and creep 

rupture strength. It is therefore that both ferritic 12Cr ODS steel (based on 

low activation steel) and austenitic ODS steel are developed in this study.    

The main advantages of ODS steels over FMS and austenitic stainless 

steels are that ODS steels can be applied at higher temperatures, owing to 

the improved high temperature creep strength by oxide particle dispersion 

[14], and better irradiation resistance, due to the presence of oxide/matrix 

interfaces, which can act as sinks for irradiation induced defects, such as 

vacancies and interstitials [11]. ODS steels can be fabricated with different 

matrix, based on the present available FMS and austenitic stainless steels, 

which have been intensively studied and can serve as reference for research. 

Therefore, ODS steels in this study were fabricated based on the 12Cr low 

activation F/M steel and 316L SS. 
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Table 1-3. Candidate Materials for Gen IV Nuclear Systems [5] 

Structural material 
System Cladding 

In-core Out-of-core 

Gas-cooled Fast 
Reactor (GFR) 

Ceramics 
Refractory, 

Ceramics, ODS 
Vessel : F/M 

Ni alloys F/M 
with TB 

Turbine: Ni alloys, 
ODS (austenitic) 

Very High Tem. 
Reactor (VHTR) 

ZrC coating and 
surrounding 

graphite 

Graphites 
PyC, SiC, ZrC 
Vessel : F/M 

Ni alloys, F/M 
with TB 

Turbine: Ni alloys, 
ODS (austenitic) 

Sodium-cooled 
Fast Reactor 

(SFR) 

F/M (HT9) 
Ferritic ODS 

F/M ducts 
316SS grid plate 

Ferritics, 
Austenitics 

Super-Critical 
Water-cooled 

reactor (SCWR) 

F/M, I800, 
Ferritic ODS , 

I 690 625 & 718 

F/M, I 800, 
ODS 

I 690, 625, 718 
F/M 

Lead-cooled Fast 
Reactor (LFR) 

High-Si F/M, 
Ceramics, ODS 

Refractory 
 

High-Si 
austenitics, 
Ceramics, 
Refractory 
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Fig. 1-2 Structure of SFR reactor and the cladding tube assembly [2] 
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1.3 State-of-the-art of oxide dispersion strengthened steel development 

Oxide Dispersion Strengthen (ODS) alloys (Nickel based) were first 

developed by mechanical alloying (MA) for high tensile strength by John 

Benjamin and his colleagues at the Paul D. Merica Research Laboratory of 

the International Nickel Company (INCO) in around 1966 for gas turbine 

applications. Since then, ODS alloys with different matrixes were developed 

and Fe based ODS alloys are being focused on owing to its application 

prospect in nuclear systems. It has been intensively studied in the past tens 

of years for possible application as nuclear cladding and structure materials 

due to the high strength and excellent creep properties, which are critical to 

nuclear material consideration. The characteristic feature of the ODS steels 

is the uniformly dispersed nano-sized oxide particles in the alloy matrix 

with radius ranging from several nm to tens of nm, which act as pinning 

points for dislocation motion and grain boundary movement, as well as 

sinks for irradiation induced sinks [11]. Also, ODS steels have a high 

dislocation density which is introduced during the mechanical alloying. The 

composition of ODS steels vary substantially due to the different property 

requirements. Basically, ODS steels have no restriction on composition 

because it is named under the strengthening mechanism. Cr, W, Ti and Y2O3 

are commonly contained with Cr concentration varies from 9% to 20% to 
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obtain F/M or Ferritic matrix. W is a solution strengthening element and has 

a concentration of about 2% in several experimental alloys [10,13]. Ti and 

Y2O3 are believed to form nano particles during MA [15,16]. Effects of 

alloying elements on the properties and fabrication of ODS steels are 

summarized in Table 1-4.  

 

 

Table 1-4 Effects of alloy elements on the fabrication and properties of ODS 

steel [17] 

 Contribution Degradation 

Cr Corrosion resistance 
Irradiation/Thermal embitterment 
δ-ferritic in martensite 

W 
Solution hardening, 
fine precipitate of M23C6 

Irradiation/Thermal 
embitterment (Laves phase) 

Al 
Corrosion & Oxidation 
resistance 

Reduces tensile strength 

Ti & Mo 
Ductility and the 
oxidation resistance 
Solution strengthening 

Y2O3 High temperature strength 

Tube manufacturability 
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The conventional fabrication procedure of ODS steel is shown in Fig. 1-3, 

which includes mechanical alloying of element powders (or alloy powder) 

with Y2O3, hot extrusion (HE)/hot isostatic pressing (HIP) of MA powder, 

hot/cold rolling and heat treatment. Y2O3 dissolves into metal matrix during 

MA and precipitates in the form of nanoclusters (1~3 nm) or particles 

(several to tens of nm) during HE/HIP [15]. Recently other optional 

methods such as internal oxidation and wet processing for ODS fabrication 

are also investigated [18,19]. But the MA method is the most commonly 

used and studied one for both commercial and experimental ODS steels. 

 Several commercial Fe based ODS alloys have been developed in 1980s 

mainly for the purpose of heat exchanger application, such as MA956, 

MA957 and PM2000. The chemical compositions of the commercial ODS 

alloys are shown in Table 1-5, and the microstructure and oxide particles in 

both alloys are shown in Fig. 1-4. MA956 was annealed at high temperature 

and the microstructure shows coarse grains (CG) and a uniformly 

distributed Y-Al-O particles, owing to the addition of 4.5 wt.% Al. MA957 

was in tube morphology with outer diameter of 7 mm and wall thickness of 

1 mm. The microstructure of MA957 was featured by the so called 

“bamboo” structure, which consists of elongated grains along the tube 

longitude axis. Such microstructure with strong texture is not expected in 
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ODS cladding tubes; for the strength in loop direction is much lower than 

that along the tube longitude axis. The problem concerning texture will be 

discussed later. Here it should be noted that the particle size in MA956 and 

MA957 are much different, and it was found that this difference was mainly 

caused by the composition of the particles.  
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Raw powders

Mechanical Alloying

Degassing

Consolidation

Rolling

Heat treatment

Alloy powder

Metal powder
Y2O3 (~nm)+

Hot extrusion

Hot isostatic pressing

Rotation speed

Ball/powder ratio

Atmosphere

 

 

Fig. 1-3 Conventional fabrication route of ODS steels 

 

 

Table 1-5. Chemical composition of several commercial Fe based ODS 

alloys 

Alloy Fe Cr Mo Ti Al Dispersoid 

MA956 Bal. 20 - 0.5 4.5 0.5Y2O3 

PM2000 Bal. 20 - 0.5 5.5 0.5Y2O3 

MA957 Bal. 14 0.3 1 - 0.2Y2O3 
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Fig. 1-4 (a) Microstructure of MA956, (b) Y-Al-O particles in MA956, (c) 

microstructure of MA957, (d) Y-Ti-O particles (nanoclusters) in MA957 

[Miller, 2004], (e) oxide particle size distribution in MA956 (mean size: ~15 

nm), and (d) oxide particle size distribution in MA957 (mean size: ~5 nm) 
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Nano-size oxide particles play a key role in determining the mechanical 

properties, irradiation resistance, and thermal stability of ODS steels. 

According to the Orowan dislocation by-pass process, particle strengthening 

due to non-shearable incoherent particles increases approximately with the 

square root of particle fraction fv and more strongly with decreasing mean 

particle size [20]. Thus it can be expected that finer particle size and higher 

particle density lead to higher strength. Much effort has been done to refine 

the oxide particles [13-15,21-25]. It was found that oxide particles can be 

refined by minor alloying elements, such as Ti, Al and Zr [12,13]. The 

refining effects of different minor elements are far different, as illustrated in 

Fig. 1-5. Y2O3 reacts with dissolved Ti and Al to form complex oxides 

during MA, such as Y2Ti2O7 and YAlO3, which are very fine, commonly 

reported to be several nm. Different chemical composition and structure 

contribute to the difference in particles size [23]. Oxide particles with 

different size and composition are summarized in Table 1-6. Titanium may 

react with oxygen to produce large TiO2 particles of several hundred nm. It 

is assumed that Y-Ti complex oxides were not present, but instead Y-Al 

complex oxides were formed when ODS F/M steels contain both aluminum 

and titanium [26]. Both Y2O3 and complex oxide particles are found to be 

very stable at high temperatures [27-30]. 
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Fig. 1-5 Refinement of oxide dispersoid size by minor alloying elements 

[17] 
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Table 1-6 Size of oxide particles with different minor alloying elements 

[14,31-36] 

ODS steel 
Composition  

(wt.%,Fe-bal.) 
Type of oxide 

particles 
Particle size 

(nm) 

14YWT 14Cr-3W-0.4Ti-0.3Y2O3 Y-Ti-O cluster ~1 

EUROFER 
ODS 

8.9Cr-1.1W-0.2V-0.14Ta-0.42
Mn-0.35 Y2O3 

Y2O3 ~12 

(Y, Ti) complex 3~5 
12YWT 12Cr-2.5W-0.4Ti-0.25Y2O3 Y2O3 10~40 

F94 
11.78Cr-1.93W-0.3Ti-0.24Y2

O3 
(Y, Ti) complex ~10 

F93 9Cr-2W-0.2Ti-0.35Y2O3 

F95 12Cr-2W-0.3Ti-0.25Y2O3 
(Y, Ti) complex ~4 

K1 19Cr0.3W-0.3Ti-0.35Y2O3 (Y, Ti) complex ~4 
K4 19Cr-2W-4Al-0.3Ti-0.35Y2O3 (Y, Al) complex ~7 

Ti-O ~100 
Chromium 
carbides 

~50 
14 Cr ODS 

Ferritic 
13.7Cr-1.84W-0.26Ti-0.16Mn

-0.3Y2O3 

(Y, Ti) complex ~2-5 
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Most recent studies on ODS steels are concentrated on F/M and ferritic 

ODS steels for the application of cladding tubes in SFR [13,27,30]. Major 

issues concerning these ODS steels are strength, ductility, creep property, 

irradiation resistance and joining/welding. Many countries are involved in 

the development of ODS steels, whereas Japan, France and US are the 

leading countries. Typical ODS steels developed in different countries in the 

past 10 years are summarized in Table 1-7. The corresponding mechanical 

properties of these materials are shown in Fig. 1-6. As can be seen, the UTS 

of these ODS steels normally exceed 1 GPa, and it reaches nearly 1.5 GPa 

for 14YWT developed in US. The ductility of ODS steels are quite low, with 

a uniform elongation normally smaller than 10% and a total elongation no 

more than 20%. Therefore, improving the ductility of ODS steels becomes 

one of the major concerns in ODS development. 
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Table 1-7 Various experimental ODS steels developed worldwide in the past 

decade [10,13,23,32,37,38] 

Chemical composition (wt%) 
ODS Country Agency 

Cr W V Mo Ti Ta Mn Si Y2O3 

9Cr, 
12Cr-ODS 

Japan JAEA 9-12 2   0.26    0.23 

14YWT US ORNL 14 3   0.4    0.25 

13-18Cr 
ODS 

France CEA 9-18 2   *   0.3 0.3 * 

EP450 
ODS 

Russia VNIINM  13   1.61 0.25    0.38 

12Cr ODS China USTB 12 2.2 0.2  0.5    0.35 

EUROFER 
ODS (9Cr) 

EU KIT 9 1 0.2   0.14 0.5  0.3 

JAEA: Japan Atomic Energy Agency 

ORNL: Oak Ridge National Laboratory 

CEA: France Nuclear Energy Agency 

VNIINM: Bochvar All-Russian Scientific Research Institute for Inorganic 

Materials 

USTB: University of Science and Technology Beijing 

KIT: Karlsruher Institute für Technologie 
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Fig. 1-6 Mechanical properties of major experimental ODS steels 

[10,13,23,32,37,38]  
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Strength at high temperature is considered as one of the most important 

properties of ODS steels. The strength of ODS steels is provided by a 

combination of dislocation strengthening, solid solution strengthening, fine 

grain strengthening, and dispersion strengthening [39-43]. For ODS steels, 

due to the high density of dislocations produced during MA, dislocations 

contribute a significant part of strength, as estimated by Kim, et al [42,43]. 

MA and following process also lead to a fine grain structure, or in some case 

ultra-fined grain (UFG) structure, such as that in 14YWT [10] and 

EUROFER ODS steel [32]. Fine grains contribute to strength without much 

sacrifice of ductility, following the Hall-Petch relationship, -1/2
0σ=σ +kd . 

Dispersion strengthening is the key mechanism in improving both the 

strength and creep property. As has been mentioned previously, finer particle 

with higher particle number density lead to higher strength. It was recently 

found that very stable nanoclusters with sizes ranging from 1-2 nm were 

uniformly distributed in MA957 and 14YWT, where the 14YWT has the 

highest strength ever obtained in ODS steels. The strength of MA957 and 

14YWT at different temperatures are shown in Fig. 1-7, coupled with that of 

conventional 9Cr martenstic steel. It can be found that the ODS steels have 

much higher strength than 9Cr martenstic steel at all tested temperatures. 
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Fig. 1-7 Comparison on the strength between 14YWT ODS steel and 9Cr 

martenstic steel at different temperatures [43] 

 

 

 

 

Fig. 1-8 Creep performance of 12YWT, MA957 and 14YWT, compared 

with 9Cr martenstic steel [43] 
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Creep property is the most important mechanical property of the ODS 

steels designed for the cladding tube application. Studies by Klenh [14] and 

Hoelzer [43] indicated that ODS steels strengthened by nanoclusters have 

superior creep property compared to conventional 9Cr martenstic steel, as 

illustrated in Fig. 1-8. Nano-sized oxide particles exert strong pinning effect 

on dislocation motion; therefore high creep life is expected under high stress 

creep, where dislocation creep is dominant. However, fine grains of ODS 

steels may degrade the creep property at elevated temperatures, where 

diffusion creep is dominant. Fortunately, it was found that 14YWT was 

surprisingly creep resistant at high temperature, possibly due to the 

inhibition of Fe self-diffusion, as well as the high coverage of the grain 

boundaries with nanoclusters together with Cr and W enrichment [44]. It has 

not been clarified whether diffusion in ODS steels is rate controlled by 

Nabarro-Herring or Coble mechanism. Furthermore, there is no well 

acknowledged creep equation for the predicting of creep behavior of UFG 

ODS steels.  

Irradiation resistance ODS steels are expected to be used under a severe 

environments of long time high dose neutron radiation up to 200 dpa at 

elevated temperature up to 973K, so the effects of the neutron radiation on 

mechanical properties and microstructural stabilities of ODS steels are 
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primary concerns to be investigated. Since the presence of stable and fine 

oxide particles are critical to the good high temperature strength and creep 

properties of ODS steels, it shall be essential to understand and maintain the 

stability of the oxide particles under irradiation. The microstructure stability 

under irradiation has been intensively studied, by means of ion implantation 

and in-pile neutron irradiation. Some of recent in-pile test results have been 

summarized in Table 1-8. Ferritic ODS steels have very good irradiation 

resistance both owing to the bcc crystal structure and nano-sized oxide 

particles, which attract irradiation defects and reduce the irradiation swelling. 

The superior swelling resistance of FMS and ODS steels compared to that 

of austenitic steel is demonstrated in Fig. l-9. A review paper on the 

irradiation resistant materials, including ODS steels, can be found in [11], 

where the irradiation damage mechanism and enhancement of irradiation 

resistance are discussed in detail. It should be noted here, however, that the 

swelling resistance of austenitic steel can also be improved by introducing 

nano-sized oxide particles, which has more favorable corrosion resistance 

and creep performance. 
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Table 1-8 Recent in-pile tests on ODS steels [33-35,45-48] 

Country  ODS In-pile Database 

9Cr-ODS 

12Cr-ODS 

HFIR,2.8dpa,300ºC, JOYO,15dpa,500ºC 
(200MPa hardening), 100dpa/420ºC, FFTF Japan 

F95 7dpa/330ºC, 14dpa/450ºC, 15dpa/500ºC, JOYO 

14YWT 

12YWT 

No hardening and elongation loss by  
1.5dpa/300,580,670ºC 

US 

MA957 

5% swelling/100dpa/550ºC(FFTF),  
42dpa/300ºC(BOR-60) , 
77.8dpa/RT(BOR-60), 84dpa/500ºC, 

99dpa/840ºC,  
100dpa/705ºC 

Russia K2 20dpa/410ºC, BOR-60 

Bilgium DY 81dpa/400-580ºC, Phoenix 

EU Eurofer ODS 71.5dpa/300ºC, Phoenix 

  

 

 

 

Fig. 1-9 Swelling of austenitic claddings compared to FMS and ODS steels 

in Phénix reactor [49] 
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Joining is a pains-taking work in ODS steel fabrication because the 

microstructure and intrinsic strength of ODS steel should be preserved. 

Normal fusion welding method is not idea for ODS steels because melting 

disrupts the uniformly dispsersion of nano-sized oxide particles and produce 

a heat affected zone, where grain growth, crack formation and dissolution of 

oxide particles may occur. Therefore, other joining techniques, such as 

friction welding [50,51], diffusion bonding [52], resistance pressure welding 

(RPW) [53], laser welding [54], and transient liquid-phase bonding (TLPB) 

[55] were investigated. Up to now, RPW, diffusion bonding and TLPB offer 

reasonable joints with minimal disruption to both the oxide dispersion and 

the parent grain structure. However, there is still a long way to go for the 

joining of ODS steels, due to the very small thickness of cladding tube. 

Mechanical alloying (MA) is the only available route to fabricate ODS 

steels at present. MA started as an industrial necessity in 1966 to produce 

oxide dispersion strengthened (ODS) nickel- and iron-based superalloys for 

applications in the aerospace industry and it is only recently that the science 

of this “apparently” simple processing technology has begun to be 

investigated. The technique of MA was used for industrial applications from 

the beginning and the basic understanding and mechanism of the process is 

beginning to be understood only now. MA is a dry powder processing 
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technique and has been used to synthesize both equilibrium and metastable 

phases of commercially useful and scientifically interesting materials. The 

technique was developed by Benjamin around 1966 to develop an alloy 

combining oxide dispersion strengthening with γ´ precipitation hardening in 

a nickel-based superalloy intended for gas turbine applications. Since the 

oxides cannot be dispersed in the liquid state, a solid-state processing 

technique was necessary. Thus, MA owes its origin to an industrial necessity. 

MA is a simple and versatile technique and at the same time an 

economically viable process with important technical advantages. One of 

the greatest advantages of MA is in the synthesis of novel alloys, e.g., 

alloying of normally immiscible elements, which is not possible by any 

other technique. This is because MA is a completely solid-state processing 

technique and therefore limitations imposed by phase diagrams do not apply 

here. The process of MA consists of loading the powder mix and the 

grinding medium (generally hardened steel or tungsten carbide balls) in a 

stainless steel container sealed under a protective argon atmosphere (to 

avoid/minimize oxidation and nitridation during milling) and milling for the 

desired length of time. The types of mills generally used are SPEX mills 

(wherein about 10 g of the powder can be processed at a time), attritors 

(where a large quantity of about a few pounds of powder can be processed at 
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a time), or Fritsch Pulverisette mills (where powder in more than one 

container can be processed simultaneously), as shown in Fig. 1-10. The 

times required for processing are short in the SPEX mills whereas they are 

longer in the attritors or Fritsch mills. More detailed review on MA can be 

found in a review paper by Suryanarayana [56]. In this study, Fritsch 

Pulverisette 5 was used to prepared MA powders, in consideration of further 

mass production. 

Very complex microstructure and phase evolution occurs during MA. For 

example, high density of vacancies, dislocations and other defects are 

produced during MA, which exert great influence on the following 

processes and final materials properties. For instance, high density of 

vacancies play an important role in the formation of fine oxide particles in 

ODS steels [57]. Phase transformation also occurs during MA. For example, 

α to γ phase transformation occurs when elemental Fe, Ni, Cr powders with 

austenite forming composition are mechanical alloyed [58]. The phase 

transformation during MA can affect the coherency of precipitates in the 

ODS steel, which is one of the major issue in this study.  

In spite of the above-mentioned advantages and simplicity of MA, the 

technique suffers from some problems, such as powder contamination, 

limited science content, and limited applications. For instance, oxygen 
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contamination is an important issue in the fabrication of ODS steel by MA. 

Oxygen is absorbed on the surface of highly active metal powders and leads 

to the formation of coarse Al2O3 and/or Cr2O3 particles, which degrease the 

mechanical properties of ODS steels. 

 

 

(c)

(d)

 

 

Fig. 1-10 (a) SPEX attriter, (b) container and balls, (c) Fritsch Pulverisette 

P-5 four station ball mill. (b) Schematic depicting the ball motion inside 

the ball mill.   

 

1.4 Several key issues concerning the development of ODS steel 
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1.4.1 Evolution of oxide particles during MA and consolidation 

 Y2O3 is widely used as the strengthening particles in ODS steels, owing to 

its high thermal stability. Y2O3 powder with size of 20-50 nm is commonly 

used during MA. However, particle size in consolidated ODS steels is 

normally smaller than 10 nm, and these particles have complex composition 

of Y-Ti-O in Ti containing ODS steels and Y-Al-O in Al containing ODS 

steels. Several studies have been done on the evolution of Y2O3 particles 

during MA and consolidation by TEM, XRD and atom probe tomography, 

and it is widely agreed that Y2O3 particles dissolve into the ferritic matrix 

during mechanical alloying (MA) and re-precipitate as complex oxide 

particles, such as Y2Ti2O7, Y2TiO5 and YAlO3, during hot consolidation 

[13,15,21,43,59]. One such experiment by Hoelzer et. al. is shown in Fig. 

1-11. As can be clearly seen, no Y2O3 particle was detected in MA powder, 

while high density of Y-Ti-O clusters were present after hot extrusion at 850 

˚C, which indicates the dissolution of Y2O3 particles during MA and 

precipitation during consolidation. The dissolution of Y2O3 and precipitation 

of complex oxide particles implies that we can 

- Refine the oxide particles by controlling the MA and consolidation 

parameters, such as MA duration, HIP temperature et al. 

- Control the interface structure of oxide particles with the matrix, such as 
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coherency, which can have significant effect on the microstructure 

stability and creep strength, owing to the different mechanisms 

governing the pinning of dislocations and grain boundaries by coherent 

and incoherent particles. 

- Change the morphology, distribution, and thermal stability of the oxide 

particles. 

 Therefore, interface structure of complex oxide particles with the matrix is 

one of the main issues in this study. This is of special importance in the 

fabrication of austenitic ODS steel by elemental metal powders and Y2O3, 

where phase transformation from bcc-Fe to fcc-Fe occurs during MA [58]. 

Y2O3 evolution may be different from that in ferritic ODS steels, and 

interface structure control by balancing the MA process and following 

consolidation process is conceivable.  
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Y                Ti                O

10 nmGrain boundaries (GB)

(GB) (GB)

MA powder (14YWT) After hot-extrusion (850 ˚C)

Y2O3 dissolved into matrix and precipitated as Y-Ti-O 
during consolidation in ferritic ODS steel, 14YWT.

D.T. Hoelzer, et al, DIANA-I Workshop, 2011  

 

Fig. 1-11. Dissolution of Y2O3 particles during MA and precipitation of 

complex Y-Ti-O particles in 14YWT [43]. 
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1.4.2 Oxygen contamination of MA powder 

 The starting elemental metal powders have high purity and usually fine 

particle size, which means that they can be easily oxidized. Even though 

protective atmosphere such as Ar gas and H2 gas is commonly used during 

MA, oxygen contamination during transferring from MA facility to 

consolidation facility is inevitable, because these two facilities are normally 

not at the same place. All ODS steels reported contain some amount of 

excess oxygen. The excess oxygen (Ex.O) content is defined as the amount 

of oxygen by subtracting oxygen contained in Y2O3 powder from the total 

oxygen in the consolidated ODS steel. It has been revealed that excess 

oxygen affects the microstructure mechanical properties of ODS steels 

[16,60]. Further, oxygen atoms have a high affinity with vacancies, which 

has a high density in MA powder, so that excess oxygen also affects the 

formation and distribution of oxide particles [57]. Therefore, a controllable 

technique that can adjust the Ex.O in ODS steel is expected to contribute to 

the fabrication of ODS steels with high performance. In this study, a 

hydrogen reduction process is introduced right before consolidation, which 

was proved to be very efficient in controlling the Ex.O. 

 

1.4.3 Dispersion strengthening-limiting factors 
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 Dispersion strengthening is achieved by pinning of dislocation motion by 

dispersoids. The pinning force of a particle on a moving dislocation is 

mainly determined by the mechanism how the dislocation passes through 

the particle. Dislocations can pass the particles by either Orowan 

mechanism (larger particles) or cutting through mechanism (finer particles) 

[20], which is dependent on both particle size and the interfacial properties 

between the particles and the matrix. Orowan bowing was widely observed 

in many ODS alloys [61,62]. Recent simulation work on modeling of 

dislocation interaction with Y2O3 particles in ODS steels has shown that the 

stress necessary for dislocations to penetrate the oxide/matrix interface was 

unrealistically large, due to the large γ-surface energies of the iron-oxygen 

interface [63]. Therefore, dislocations should likely perform Orowan 

bowing to go over oxide particles. For Orowan mechanism [20]: 

ln( )
. ( )DS Orowan

mGb
b

φσ σ
π λ φ

= =
⋅ ⋅ −
2

1 18 4 2   

where m is the Tayler factor (2.5), G is the shear modulus (taken as 82 GPa), 

b is the burgers vector, φ  is the particle size and λ is the interparticle 

spacing in the shear plane of the dislocation.  

However, there were usually several kinds of oxide particles with 

distinctively different sizes in the ODS steels, which could be divided into 

three groups with different sizes (finest ones ~2 nm, fine ones ~7nm and 
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coarse ones ~200 nm) and number densities. Different groups of oxide 

particles may contribute differently to strength. Therefore, a single mean 

particle size and a number density can lead to notable error in the 

calculation of dispersion strengthening. In this study, this problem will be 

treated by considering different groups of oxide particles. 

Besides, dispersion strengthening effect, as well as Zener pinning of 

precipitates on grain boundaries, is closely related with the interface 

structure between particles and the matrix. To evaluate the strengthening 

effect, it is thus necessary to first study the interface structure between oxide 

particles and the matrix. In this study, coherency and orientation relationship 

of oxide particles with the matrix are a major concern and were investigated 

by means of diffraction contrast techniques along with HRTEM. 

 

1.4.4 Texture evolution during fabrication 

 As has been shown in Fig. 1-3c, the as rolled ODS steel cladding tube has 

bamboo-like structure, that is strong line texture along the rolling direction. 

Such texture leads to the anisotropy of mechanical properties along the tube 

length and at loop direction. Lower strength and ductility are normally 

obtained at the loop direction, which limits the application of ODS steel 

cladding tubes. Further, such texture may also cause non-uniform irradiation 
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deformation, and even leads to the collapse of cladding tube assembly. 

Much effort has been made to overcome this problem. Two possible 

methods are being investigated in Japan and France. One is to make use of 

phase transformation from α to γ during austenization of ferritic and FM 

steels. Several passes, comprised of rolling and intermediate heating, are 

taken during rolling process to make uniaxised microstructure and control 

the hardness of the cladding tubes. Detailed methods can be found 

elsewhere [64]. The other is to take advantage of recrystallization at high 

temperatures. One such example is about the fabrication of 12Cr ferritic 

ODS steel cladding tube in Japan [17,65]. Texture evolution is an important 

issue in the fabrication of ODS cladding tubes, however, it is not the first 

concern of this study. 

 

1.5 12Cr Ferritic ODS steel and 316L based austenitic ODS steel in 

this study 

 In this study, we developed two kinds of ODS steels with different matrix 

and oxide dispersion. One is 12Cr ferritic ODS steel with Y-Ta-O particle 

dispersion, with the composition based on low activation steel. 12Cr ferritic 

ODS steel was developed for the application as cladding tubes in Korean 

SFR reactors. The fabrication process, controlling of excess oxygen, effects 
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of oxygen content on the microstructure and mechanical properties, 

distribution of Y-Ta-O particles, structure of Y-Ta-O particles, correlation 

between oxide particle size and chemical compostion, coherency and 

interface structure of Y-Ta-O particles with the ferritic matrix, and the 

thermal stability of Y-Ta-O particles were studied. Austenitic ODS steel with 

Y-Ti-O particles was designed and investigated for the application as high 

temperature structure components, such as turbine material for nuclear 

reactors and future fissile power plants. The chemical composition is based 

on 316L (or 316Ti, because Ti was added in the austenitic ODS steel) 

stainless steel, to take advantage of the plenty database of this widely 

applied commercial alloy. The major concern is to improve the mechanical 

properties, especially high temperature creep strength, through the pinning 

effect of oxide particles on dislocations, and microstructure stability, 

through the pinning effect of oxide particles on grain boundaries. Therefore, 

the strengthening mechanisms and thermal stability of this material were 

considered as two important issues in this study. Both these two issues are 

closely related with coherency of oxide particles with the austenitic matrix, 

so coherency was also intensively studied in the austenitic ODS steel. The 

particle size distribution, structure, and composition were also studied. 
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Chapter 2. Characterization of 12Cr ferritic ODS steel 

 

2.1 Fabrication of 12Cr ferritic ODS steel 

12Cr ferritic ODS steel is developed for the application as cladding tube 

material in SFR. The basic requirements are that, it should have high enough 

creep rupture strength at 650 ˚C (120Mpa×104 hr), acceptable elongation 

(5%), high irradiation resistance up to 200 dpa, and chemical compatibility 

with liquid sodium. The composition was designed based on the low 

activation steels, considering the disposal and cycling of nuclear waste. The 

nominal composition of the 12Cr ODS steels is 

12Cr-1.1W-0.2V-0.14Ta-0.3Y2O3 with balancing Fe in wt.%. Special 

attention was paid to the control of excess oxygen. As has been discussed in 

1.5, the excess oxygen has significant effect on the microstructure and 

mechanical properties of ODS steels. Several other methods have been 

applied to control the oxygen content, such as adding TiH as starting MA 

powder, where TiH4 can react with excess oxygen to reduce the oxygen 

content [1]. Also, MA was carried out under H2 atmosphere in some studies 

[2]. However, these methods have difficulty in quantitative control of 

oxygen content. In this study, we performed a hydrogen reduction process 

on the MA powder. The oxygen content in the powder can be varied by 
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changing the hydrogen reduction parameters, such as temperature, gas flow 

rate and time. The fabrication process flow is shown in Fig. 2-1. MA was 

performed with elemental metal powders along with Y2O3 (size: 20-50 nm) 

at RT, with a ball to powder ratio of 15:1 and rotation speed of 200 rpm 

(rotations per minute) under a high purity Argon gas atmosphere. The MA 

powder was then transferred to 304 stainless steel cans and hydrogen 

reduction was applied. After hydrogen reduction, the powder was degassed 

at 500ºC under 10-3 atm (atmospheric pressure) for 1h and sealed. The 

degassed powders were consolidated by HIP at 1150 ºC under 104 MPa 

pressure for 4 hr. The hipped bars were pre-heated at 1200 for 1.5 hr and hot 

rolled into 15 mm thick plate by a reduction ratio of 50%. Final 

heat-treatment was applied at 1050 for 1h, followed by normalizing at 

750  for 2h. The as HIPped bar samples, hot rolled samples, and final heat 

treated samples were all observed by OM, SEM and TEM to investigate the 

microstructure evolution of the 12Cr ODS steel. The microstructure and 

mechanical properties of samples with and without hydrogen reduction were 

compared to study the effect of hydrogen reduction. Oxide particles in the 

ODS steels were studied by both carbon extraction replica samples and thin 

foil disk samples under JEOL FE2100F HRTEM equipped with EDS and a 

double tilt holder. Carbon extraction replica method excludes the contrast 
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deterioration due to the matrix and thus allows clear and precise statistical 

analysis of the oxide particles, while thin foil samples provide the 

correlation characterization between oxide particles and surrounding matrix. 

Carbon extraction replicas were prepared from the mechanically polished 

surface. The surface was etched by a solution of 2%HF-2%HNO3-96%H2O 

and a carbon film was coated and carbon replicas were removed by 

electroetching with a solution of 5% perchloric acid and 95% ethanol. Thin 

foil TEM samples were prepared by standard procedures including slicing, 

grinding and polishing. The final thinning was performed by jet-polishing at 

20V and 253K with the same etchant for electroetching. 

 

 

 

Degassing
1150 ºC

104 MPa/4 hr

MA 
powder

Hydrogen Hydrogen Hydrogen Hydrogen RRRReductioneductioneductioneduction

4% H2 + 
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Fig. 2-1 Fabrication process of 12Cr ferritic ODS steel 
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Hydrogen reduction was performed by 5vol.% H2 and 95vol.% Ar mixed 

flow gas. The configuration of the hydrogen reduction facility is shown in 

Fig. 2-2. The MA powder cans are placed inside a furnace and flow gas is 

running through the cans. The hydrogen reduction temperature and flow rate 

can be varied simultaneously. In this thesis, two samples, one fabricated 

with hydrogen reduction at 450 ˚C for 2 hr (nominated as ODS-1H), the 

other prepared by common process without hydrogen reduction (nominated 

as ODS-1), will be compared. The excess oxygen content (total oxygen 

content measured substrates that contained in the starting Y2O3) was 

controlled to be 0.686 wt.% in ODS-1 and 0.246 wt.% in ODS-1H, 

respectively. 

 

 

 

Fig. 2-2 Hydrogen reduction facility with temperature and flow rate control 
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2.2 Effects of excess oxygen concentration in 12Cr ferritic ODS steel 

Fig. 2-3 shows the EBSD and TEM images of the two 12Cr ODS steel 

samples. Both samples showed bimodal grain size distributions. Fine 

nano-sized grains (circled by the dashed rings in Fig. 2-3) were distributed 

among the coarse ones. The same phenomenon has been reported in Eurofer 

ODS steel, which was attributed to the insufficient MA [3]. The mean sizes 

of the coarse grains and nano-sized grains in ODS-1 sample were ~1 µm and 

~100 nm, while those in sample ODS-1H sample were ~35 µm and ~500 nm, 

respectively. It was reported that the grain size of the MA powder was 

normally smaller than 1 µm, regardless of the initial powder size [4, 5]. This 

is consistent with the grain size in ODS-1 if there was no obvious 

coarsening of the grains during HIP. Since MA for two ODS steels were 

applied at the same condition, the grain size of the two MA powders should 

be the same. However, the grain size in ODS-1H sample was much larger 

than that of the MA powder, indicating a substantial grain growth during 

HIP. The mechanism underlying the grain coarsening in ODS-1H is not 

clear yet. However, it is expected that Cr-O particles play a key role, which 

will be discussed in the following part. 
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Fig. 2-3 Microstructure of ODS-1 and ODS-1H, (a) EBSD image of 

ODS-1, (b) EBSD image of ODS-1H, (c) TEM image of ODS-1, and (d) 

TEM image of ODS-1H 
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The back scattered electron (BSE) images of the ODS-1 and ODS-1H 

samples are shown in Fig. 2-4. Particles (black in contrast) in the images 

were identified to be Cr-, V- and O- enriched oxides by EDS, with size 

ranging from ~100 nm to ~1 µm in both samples. The number density of the 

Cr-V-O oxides in ODS-1 sample is ten times higher than that in the sample 

ODS-1H. Since the only difference of the two ODS steels was the oxygen 

content, it indicated that the amount of the Cr-V-O oxides depended on the 

oxygen content in the ODS steels. It can be inferred that higher oxygen 

content induced a high number density of Cr-V-O oxides. Typical low 

magnification bright field TEM image of the ODS-1 sample is shown in Fig. 

2-5, with a typical EDS spectrum from coarse particles marked by arrows 

inserted, indicating that they are the same Cr-V-O particles as those 

observed in BSE images. White holes in Fig. 2-5 are apparently caused by 

washing out of the Cr-V-O oxides during jet-polishing. The number density 

of Cr-V-O particles was estimated to be around 2×1019 m-3 in ODS-1 and 

1×1018 m-3 from TEM image analysis, with thickness estimated from the 

thickness fringes near the wholes under two-beam condition. Cr-V-O oxides 

were mainly distributed on the grain boundaries in both samples. Cr-V-O 

particles had a lower number density in coarse grain areas than that in 

nano-sized areas. This should be attributed to the difference of the oxygen 
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content inside the grains and on the grain boundaries. Oxygen has a very 

low solubility in the iron matrix [6], while oxygen content on grain 

boundaries is much higher due to the high density of defects which act as 

sinks for oxygen atoms. ODS-1 sample with nano-sized grains had larger 

grain boundary area, which could lead to higher oxygen content. The higher 

number density of Cr-V-O particles on grain boundaries of sample ODS-1 

sample should have contributed to the finer grain size. These Cr-V-O 

particles may act as strong pinning points for grain boundary movement 

during HIP. For ODS-1H sample, however, much lower number density of 

Cr-V-O particles may be insufficient to suppress grain growth during HIP 

process which last 4 hours. 
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Fig. 2-4 Back scattered electron (BSE) images of (a) ODS-1, and (b) 

ODS-1H, showing the difference in the number density of Cr-V-O particles 

 

 

 

 

 

Fig. 2-5 Typical low magnification bright field TEM image of ODS-1 
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Fig. 2-6 shows higher magnification TEM images of the thin foil from both 

samples. It can be seen that both samples contain high density of fine 

particles, with sizes normally smaller than 10 nm. The difference is that 

ODS-1 sample has a much higher density of dislocations that ODS-1H 

sample. This is probably owing to the grain size difference. ODS-1 sample 

has a much smaller grain size, which act as barriers for dislocation motion 

and annihilation. Coarse Cr-O particles in Fig. 2-6a are marked by arrows. 

These particles may also contribute to the higher density of dislocations in 

ODS-1 sample. In the center part of Fig. 2-6a, dislocation pile-ups around a 

coarse particle with a size of ~150 nm can be clearly seen, indicating strong 

long range interaction between dislocations and such coarse particles. On 

the one hand, these coarse particles may contribute to strength and 

significant work-hardening of ODS steels during deformation, on the other 

hand, they may give harm to ductility, because dislocations pile-ups around 

these particles can produce high local stress, which combined with other 

factors such as thermal expansion coefficient can induce micro-cracks at the 

oxide/matrix interfaces. Fine particles with sizes smaller than 10 nm are 

rather uniformly distributed in the matrix of both samples. The number 

densities were estimated to be 1.9 ± 0.3×1022 m-3 in ODS-1 and 2.1 ± 

0.4×1022 m-3 in ODS-1H. What is surprising is that there is a significant 
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difference in the number density of Cr-O particles, while the number density 

of these fine particles is quite near to each other in ODS-1 and ODS-1H. 

This is a favorable feature since that fine particles have stronger effect on 

dispersion strengthening according to the dispersion strengthening theory, 

yet have much smaller possibility to lead to cracks. 

It has been considered that the number density of fine Y-Ti-O particles may 

be different in large grains from that in fine grains, owing to the potential 

matrix chemical composition and dislocation density difference. However, 

we did not observe such phenomenon in this study. The fine particles in an 

ultrafine grain and a coarse grain are shown in Fig. 2-7. No difference in 

either number density or particle size can be observed.  
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Fig. 2-6 BF TEM images of the thin foil samples of (a) ODS-1, and (b) 

ODS-1H, showing dislocations and particles uniformly distributed in the 

matrix 

 

 

 

  

 

Fig. 2-7 Fine oxide particles in (a) ultrafine grain, and (b) coarse grain (~5 

µm) in ODS-1H, showing no difference in particle size and number density 
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To make clear comparison on the oxide particles in ODS-1 and ODS-1H, 

carbon extraction replica samples were prepared under the same conditions, 

such as etchant, etching time before carbon coating, carbon coating 

thickness and etching for the collection of carbon extraction replicas from 

both ODS steels. The TEM images taken from carbon replica samples are 

shown in Fig. 2-8. As has been shown in thin foil samples, the number 

density of coarse Cr-V-O particles is much lower in ODS-1H than ODS-1, 

indicating that hydrogen reduction is very effective in reducing this kind of 

particles. Fig. 2-8c and Fig. 2-8d are the higher magnification images 

showing fine oxide particles. As can be clearly seen, there is no significant 

difference in the particle size or number density, which is consistent with 

observation on thin foil samples. 
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Fig. 2-8 TEM images taken from carbon extraction replica samples (a) low 

magnification image from ODS-1, (b) ODS-1H, (c) high magnification 

image from ODS-1 and (d) ODS-1H 
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Hydrogen reduction also has significant effect on the mechanical 

properties of the ODS steel. The room temperature tensile test results are 

shown in Fig. 2-9, together with the microstructure of two samples. ODS-1 

has a much higher strength than ODS-1H. This should mainly be attributed 

to the difference in the grain size. The mean grain size of ODS-1 sample is 

~800 nm, while that of ODS-1H is ~65 µm. Following the Hall-Petch 

relation, -1/2
0σ=σ +kd , such difference in yield strength is anticipated. 

Taking σ0 and k values from 12Cr fully ferritic steel [7], it was found that a 

yield strength of 158 MPa is expected for a grain size of 65 µm and 750 

MPa for a grain size of 800 nm. This indicates that dispersion strengthening 

has contributed ~120 MPa to strength. The strength of ODS-1H can be 

further improved by following deformation process, such as equal-channel 

angular pressing (ECAP), which increases the strength of materials without 

much lose of ductility.  
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Fig. 2-9 Stress-Strain curves of ODS-1 and ODS-1H with microstructure 

images 
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2.3 Identification of oxide particles in 12Cr ferritic ODS steel 

2.3.1 Particle size distribution and number density 

 It was found that there is no difference in the chemical composition and 

structure of oxide particles between ODS-1 and ODS-1H. Hence, 

identification of oxide particles will be only introduced in ODS-1H in the 

following parts. 

 

2.3.2 Phase identification of oxide particles 

 The chemical composition and structure of oxide particles are of great 

significance to the thermal stability and mechanical properties of ODS steel. 

The oxide particles in this study were investigated by EDS, TEM contrast 

techniques and HRTEM. To eliminate the effect of matrix on the chemical 

analysis, EDS was performed on carbon extraction replica samples. EDS 

analyses on numerous oxide particles revealed a clear correlation between 

chemical composition and size of the oxide particles. Most coarse oxide 

particles were Cr-V-O particles while fine ones were Y-Ta-Cr-O particles 

(Fig. 2-10). A few facted Y-Cr-O particles were also found but with very low 

number density. The carbon extraction replica image and typical EDS 

spectrums are shown in Fig. 2-10. Similar correlation between composition 

and oxide particle size has also been reported in MA957 ODS steel [8].  
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The particle size distribution of fine Y-Ta-O particles (Fig. 2-11) was 

determined from 8 frames of TEM images of carbon extraction replica 

(CER) samples with more than 2000 oxide particles. Particles smaller than 3 

nm can not be clearly distinguished in the TEM images, and they are not 

included in the statistical analysis. It shows that the finest particles have the 

highest number density. The size distribution here can be well fitted with the 

power function, ny=kx , with k=190 and n=-1.64. For an equilibrium size 

distribution of precipitates in a matrix, it normally follows Gauss 

distribution with a mean size at the peak position of the curve. Such 

distribution in present study indicates a possible non-equilibrium state of 

oxide dispersion. Equilibrium of oxide precipitation may have not been 

reached by HIP at 1150 ˚C for 4 hr, due to the low diffusion coefficient of Y 

and Ta in γ-Fe (~10-12 cm2/s). The finest particles have the highest number 

fraction, where coarsening may occur under annealing. Therefore, the 

thermal stability of Y-Ta-O particles was investigated by long-term 

annealing at high temperature. 
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Fig. 2-10 EDS analysis on composition of oxide particles in 12Cr ferritic 

ODS steel (a) TEM image of Cr-V-O and Y-Ta-O particles from carbon 

extraction replica sample, and EDS spectrums from (b) Cr-V-O, (c) Y-Cr-O 

and (d) Y-Ta-O particles. EDS analyses on numerous particles indicate that 

there is a correlation between chemical composition and particle size 

 

 

  

Fig. 2-11 Particle size distribution of fine Y-Ta-O oxide particles and 

corresponding curve fitting by power function ny=kx  
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 The structure of oxide particles were investigated by SAD and HRTEM. As 

has been mentioned in previous, there is a correlation between chemical 

composition and particle size. Large particles (100~500 nm) are Cr-V-O and 

fine particles are Y-Ta-O particles. SAD patterns from Cr-V-O particles were 

taken from different zone axes and compared with all possible patterns from 

Cr-V-O oxides. It was identified that these Cr-V-O particles are 

rhombohedra Cr2O3 (PDF: 38-1479, a=4.9588 Å, c=13.5942 Å). V has a 

very low concentration in these particles and it is expected that it may exist 

as doping atoms in Cr2O3 or segregate on the oxide/matrix interface. It is not 

clear yet whether V content has any influence on the formation or stability 

of Cr2O3 particles. Further investigation is necessary concerning this issue. 

 

 

 

 Fig. 2-12 A large Cr2O3 particle located at a grain boundary in 12Cr ferritic 

ODS steel (with EDS and SAD results) 
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Some faceted Y-Cr-O particles were occasionally observed. One example 

of such particle is shown in Fig. 2-13. From EDS and SAD analyses, it was 

found that these particles are YCrO3, with an orthorhombic crystal structure 

(PDF: 34-0365). YCrO3 particles have similar size with Cr2O3 particles and 

similar morphology (even though they are faceted). To further confirm the 

relative density of these two kinds of oxide particles, EDS analyses were 

applied on more than 100 large particles and only 3 YCrO3 particles were 

detected. This is also consistent with EBSD analysis, where most large 

oxide particles on the grain boundaries were well matched with Cr2O3 and 

YCrO3 is seldom detected. This shows that Cr2O3 particles are the majority 

among large particles and their property is expected to have great influence 

on the ODS steel. 

 

   

Fig. 2-13 TEM image and SAD pattern showing the existence of YCrO3 

particles 
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Fine Y-Ta-O particles were investigated by HRTEM. A typical HR image 

of a Y-Ta-O particle is shown in Fig. 2-14a. The crystallographic structure of 

the 12Cr ODS matrix corresponds to BCC α-Fe with a lattice constant of 

a=0.287 nm. The matrix grain was rotated to [111] zone axis by a double 

tilt holder. The d-spacing of {110} plane is 0.201 nm. The fine Y-Ta-O 

particle was identified to be monoclinic form (M phase) YTaO4 oxide (PDF: 

24-1415, a=5.326 Å, b=10.931 Å, c=5.05 Å and β=95.5º). A dark contrast 

layer can be seen at the interface between the particle and the matrix. It is 

assumed that Cr is possibly enriched in this layer (as demonstrated by EDS 

analyses that most YTaO4 particles contain a small amount of Cr). The 

so-called core-shell structure of nano-sized Y-Ti-O oxide particles with a 

Cr-rich layer has been revealed in Eurofer ODS steel by Klimenkov and 

14YWT [9,10]. Strong correlation between the oxide particle and the matrix 

was revealed by FFT analysis (See FFT patterns from the matrix, Fig. 2-14b, 

and oxide/matrix combined area, Fig. 2-14c). Lattice continuity across the 

YTaO4/matrix interface is apparent on the HR image. According to the FFT 

pattern analysis and careful measurement on the HR image, it was found 

that there is a rotation of 10˚ between -Fe[011]α  and 
4YTaO[002] . The 

rotation between the lattice of the matrix and the oxide particle induced 

Moiré fringes on the image of the particle, as indicated by yellow arrows in 
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Fig. 2-14a. Fig. 2-14d and Fig. 2-14e show the inversed FFT images 

obtained from the matrix and the YTaO4 particle. 

Another example of a HR image from an even finer particle (~6 nm in 

diameter) is shown in Fig. 2-15. The structure of the particle also coincides 

well with YTaO4, as has been identified on the previous particle. Many fine 

Y-Ta-O particles were investigated by HRTEM under different zone axes, 

and only monoclinic YTaO4 phase was found. This indicates that fine 

particles are single phase YTaO4 particles. During HRTEM analyses, it was 

found that some YTaO4 particles had orientation relationship and kept 

semi-coherent with the matrix, while others did not have such relationship. 

Since the pinning effect of oxide particles on dislocation motion is highly 

dependent on the interface structure (coherency), coherency can have great 

influence on the mechanical properties of ODS steel. The orientation 

relationship between YTaO4 oxide particles and the matrix will be discussed 

in detail in section 2.3.3. 
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Fig. 2-14 (a) HRTEM image of a fine Y-Ta-O particle, and FFT pattern 

generated from (b) the matrix, (c) an area covering both the matrix and the 

particle, and inverse FFT from (d) the matrix, and (e) the Y-Ta-O particle 
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Fig. 2-15 HRTEM image from a fine Y-Ta-O particle (~6 nm) with inserts, 

(a) FFT pattern from the area covered by the white square, (b) reduced FFT 

pattern, (c) inverse FFT from the particle, and (d) FFT pattern from the 

matrix 
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 Some carbides were also observed on the grain boundaries. Fig. 2-16 

shows the EDS mapping of several large precipitates on grain boundaries. 

These precipitates are Cr and W enriched. SAD patterns were taken from 

these particles and coupled with EDS point analyses, it was found that two 

irregular precipitates on the grain boundary (center part of the TEM image) 

are M23C6 type carbides and the spherical particle on the top part of the 

TEM image is Cr2O3. The size of carbides and Cr2O3 particles is similar, 

ranging from several hundred nm to over 1 µm. However, Cr2O3 are 

normally spherical in shape and carbides are irregular and lying along the 

grain boundaries. Therefore, carbides and Cr2O3 particles can be 

distinguished from their morphologies. Observation on many different areas 

shows that the number density of carbides is very low. The observed 

carbides are mostly M23C6 type, with Cr and W enrichment. Considering 

that carbides have a much lower number density than Cr2O3 particles, the 

grain boundary evolution should be dominated by Cr2O3, rather than 

carbides, which is much different from conventional ferritic steel. 
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Fig. 2-16 EDS mapping of carbides on the grain boundaries, with 

corresponding SAD pattern from one of the carbides showing M23C6 type 
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2.3.3 Orientation relationship of YTaO4 particles with the ferritic matrix 

Nano-sized oxide particles dispersed in the matrix act as pinning points for 

dislocation motion and grain boundary movement, which has significant 

effects on the mechanical properties and microstructure stability [11-14]. 

One of the main factors that affect the pinning force of the oxide particles on 

the grain boundaries and dislocation movement is the crystallographic 

relationship of oxide particles with the matrix. Coherent particles are 

supposed to improve the Zener pinning effect on the grain boundaries, while 

suspicious on reducing the pinning effect on dislocation movement [15,16]. 

Coherency of oxide particles with the matrix is thus a fundamental issue that 

needs to be clarified.  

Several studies have focused on the coherency of nano-sized oxide 

particles with a ferritic matrix in ODS steel. Hirata et al. [9] revealed that 

non-stoichiometric Ti-Y-O nanoclusters (1-2 nm) are fully coherent with the 

ferritic matrix, with a NaCl-type crystal structure in 14Cr ferritic ODS steel. 

Dou et al. [17] showed that most fine YAlO3 particles (<4.5 nm) are 

coherent, and larger YAlO3 particles (4.5-10 nm) are semi-coherent with the 

matrix in an Al-alloyed high-Cr ferritic ODS steel. Hsiung et al. [5] reported 

that small Y4Al 2O9 particles (<10 nm) are coherent or semi-coherent with 

the ferritic matrix in 16Cr-4.5Al ODS steel. Yttria (Y2O3) and complex 
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yttrium titanium oxide particles are found to be partially coherent with the 

matrix in EUROFER97 ferritic/martensitic ODS steel [18]. Ribis et al. [19] 

demonstrated that Y2Ti2O7 particles are coherent and have a cube-on-cube 

orientation relationship with the ferritic matrix in 14Cr ODS steel.  

In this study, coherency and orientation relationships of YTaO4 particles 

with the matrix were examined by means of SAD and HRTEM. YTaO4 

particles have monoclinic crystal structure rather than cubic structure of 

Y2Ti2O7 particles or hexagonal structure of YAlO3 in most other ODS steels, 

so their orientation relationship with the ferritic matrix should be different 

from Y2Ti2O7 particles. By taking SAD patterns and dark field images from 

diffraction beam of the oxide particles, a large number of particles that have 

a specific orientation relationship with the matrix can be analyzed. The 

specimen was tilted to the specific orientation where the zone axes from 

both the oxide and the matrix were superimposed. Dark field images were 

then taken from one of the diffraction beam of the oxide particles. Under 

this condition, particles with the same orientation can be found and their 

orientation relationship with the matrix can be analyzed through SAD 

patterns. However, it is possible that these oxide particles “happen” to have 

the same orientation. Therefore HRTEM images were taken from some of 

these nano-sized oxide particles to judge the coherency and observe the 
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particle/matrix interface. HRTEM images were taken at specific zone axes 

of the matrix so that both axes from the matrix and the oxide particles were 

superimposed when the oxide particle lattice images were clearly seen. 

Fig. 2-17 shows the HRTEM image and the corresponding FFT of an 

YTaO4 particle with a size of ~4 nm. The matrix was tilted to the [001] zone 

axis so that {200} planes were shown on the HRTEM image. The YTaO4 

particle is on its [210] zone axis, indicating that these two zone axes are 

superimposed. From the combined FFT of the matrix and the particle (Fig. 

2-17e), it can be found that (002) plane of the YTaO4 particle is parallel to 

(020) plane of the matrix, and (240) plane of the YTaO4 particle is parallel 

to (200) plane of the matrix (direction of the dashed blue lines). The 

corresponding orientation relationship was indexed as 

4YTaO Matrix(002) //(020)  and 
4YTaO Matrix[210] //[001] . The interplaner spacings 

of 
4YTaO(002)  and Matrix(020)  planes are 2.515 Å and 1.4335 Å, 

respectively. The lattice misfit between these two planes was calculated to 

be 
4002 YTaO 020 Matrix 020 Matrixδ=[(d ) -(d ) ] / (d ) =(2.52-1.43)/1.43=75%. This 

indicates that there should be nearly no lattice continuity at the interface of 

the YTaO4 particle and the matrix. Nevertheless, the HRTEM image (Fig. 

2-17b) showed lattice continuity between YTaO4 particles and matrix by 

{110} planes of the matrix at the particle/matrix interface, and the lattice of 
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the YTaO4 seemed to be twisted inside the particle. The orientation 

relationship at the oxide/matrix interface appeared to be 

4YTaO Matrix(121) //(110) . The interplaner spacings of 
4YTaO(121)  and 

Matrix(110)  planes are 2.94 Å and 2.03 Å, respectively. The lattice misfit 

between these two planes was calculated to be δ=(2.94-2.03)/2.03=45%. 

This misfit can be greatly reduced if a misfit dislocation is introduced for 

every two (110) planes of the matrix. Therefore, the lattice structure of the 

outer layer of the YTaO4 particle seems to be twisted to form a 

semi-coherent interface with the matrix, while inside the particle lattice 

structure is not twisted. We may assume that planes of the YTaO4 particles 

and those of the matrix tend to have lattice continuity at the interface, which 

requires small lattice misfit between corresponding planes of the YTaO4 

particle and the matrix. Several YTaO4 particles with size of 3-5 nm, while 

no larger particles, were found to have this orientation relationship with the 

matrix. 
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Fig. 2-17 (a) HRTEM image of a YTaO4 particle with a size of ~4 nm, (b) 

higher magnification image of the particle, (c) FFT from the area of (b), (d) 

iFFT of the particle, and (e) orientation relationship shown by the FFT 
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The matrix was also tilted to several other low index zone axes to 

investigate the orientation relationship between YTaO4 particles and the 

matrix. Fig. 2-18 and Fig. 2-19 were taken on the [011] zone axis of the 

matrix. The FFT pattern of the image (Fig. 2-18b) showed 
4YTaO[715]  zone 

axis pattern of the YTaO4 particle. The (051) plane of the YTaO4 particle is 

parallel to the (011) plane of the matrix. The interplaner spacings of the two 

planes are 2.02 Å and 2.03 Å, respectively. The misfit between the two 

planes is ~0.5%. The correlation relationship revealed here is 

4YTaO Matrix[715] //[011]  and 
4YTaO Matrix(051) //(011) . The interfacial structure 

of the particle showed facets and ledges (Fig. 2-18c). The (051) plane of the 

YTaO4 particle shows lattice continuity with the matrix by (011) planes of 

the matrix. There appear to be some ledges of (121) plane. Facets and 

ledges were also observed at the interface of Y4Al 2O9 particles with the 

ferrite matrix [5]. It should be noted that no lattice distortion was shown at 

the interface, different from the particle with the size of 4 nm. Since the 

misfit between (051) plane of the YTaO4 and (011) plane of the ferrite 

matrix is rather small, very small distortion can be expected on this plane. 

However, YTaO4 has monoclinic structure while the matrix has cubic 

structure, which makes it impossible to get fully coherent interfaces on all 

directions. Therefore, it is estimated that the presence of ledges has the 
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effect of lowering interface distortion and leads to interface lattice 

continuity.  

Fig. 2-19 shows the HRTEM image and corresponding FFT of an YTaO4 

with a size of ~15 nm. The measured plane distances of the two major 

directions were 2.90 Å and 2.02 Å with an angle of 75.2˚, which 

corresponds to 
4YTaO (121)d  (2.94 Å) and 

4YTaO (051)d  (2.02 Å). The YTaO4 

particle has the same orientation with that in Fig. 2-18, thus the same 

orientation relationship exists. Ledges of (121) plane were also observed 

at the particle/matrix interface (Fig. 2-19c). Several other YTaO4 particles 

with size of ~10 nm were found to have the same orientation relationship 

with the matrix, which indicates that this relationship is one of the common 

relationships between YTaO4 particles and the matrix. The faceted and 

ledged structure of the particle/matrix interface was also frequently 

observed among these particles. 

 

 

 

 

 

 



 84

  

 

 

Fig. 2-18 (a) HRTEM image of an YTaO4 particle with a size of ~7 nm, (b) 

The corresponding FFT pattern, and (c) YTaO4/matrix interface (area 

marked in (a)) 
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Fig. 2-19 (a) HRTEM image of an YTaO4 particle with a size of ~15 nm, (b) 

The corresponding FFT pattern, and (c) YTaO4/matrix interface (area 

marked in (a)) 
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To investigate the size dependence of the orientation relationship of YTaO4 

particles with the matrix, a rarely found large YTaO4 particle (Fig. 2-20) 

with size of ~50 nm was found and analyzed by SAD and HRTEM. The 

SAD pattern was taken on the superimposed zone axis [113] of the matrix 

and [315] of the YTaO4 particle (Fig. 2-20b). A smaller particle was also 

inside the electron beam (dark contrast at the center of the large particle), so 

that a few extra spots were visible on the diffraction pattern. Diffraction 

from the small particle will not be discussed. It showed that the diffraction 

from (051) plane of the particle was superimposed with (110) plane of 

the matrix. The orientation relationship between the YTaO4 particle and the 

matrix is then 
4YTaO Matrix[315] //[113] , 

4YTaO Matrix(051) //(110) . HRTEM 

image was taken at the particle/matrix interface, as shown in Fig. 2-20c. The 

lattice of the particle joins smoothly with that of the matrix and no clear 

interface could be defined. The FFT image obtained at the interface 

coincides well with the SAD pattern (Fig. 2-20d). The iFFT (inverse Fast 

Fourier Transformation) images of the YTaO4 particle and the matrix were 

obtained and joined together to show the lattice continuity across the 

interface. The 
4YTaO(051)  plane is parallel to Matrix(110)  plane and they 

have nearly the same inter-planer spcacings of 2.02 Å and 2.03 Å, 

respectively. 
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Fig. 2-20 A rarely found large YTaO4 particle (~50 nm) (a) was 

investigated by SAD (b) and the particle/matrix interface was observed by 

HRTEM (c). FFT (d) and iFFT (e) images were obtained to show the lattice 

continuity across the interface. 
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HRTEM observation found that no dominant orientation relationship 

between YTaO4 particles and the ferritic matrix could be found. However, 

most YTaO4 oxide particle observed appeared to have specific planes 

parallel to {110} plane of the matrix. Facets and ledges were also observed 

parallel to {110} planes of the matrix. Therefore, it seems that {110} planes 

act as precipitation planes for YTaO4 particles. Since 6 {110} planes are 

present for [111] zone axis diffraction of BCC structure, the orientation 

relationship was studied by diffraction contrast technique under this zone 

axis. A typical BF TEM image was taken with the incident electron beam 

parallel to the [111]  zone axis of the matrix (Fig. 2-21a). The 

corresponding SAD pattern was shown in Fig. 2-21b. The main hexagonal 

pattern was from the matrix and the weak pattern can be indexed as the 

[715]  zone axis diffraction from YTaO4 particles, allowing maximum 

errors of 3% for d-spacings and 3˚ for inter-planer angles. It showed that the 

diffraction spot of the (110) plane from the matrix was superimposed 

with that of the (051) plane from the YTaO4 particles. Therefore it can be 

concluded that some particles have a orientation relationship with the matrix 

by 
4YTaO Matrix(051) //(110)  and 

4YTaO Matrix[715] //[ 111] . DF image was taken 

from one of the diffraction beam of the YTaO4 particles (circled in Fig. 

2-21b), as shown in Fig. 2-21c. It indicated that some very fine YTaO4 
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particles had this orientation relationship with the matrix. SAD patterns 

were also taken from several other low index zone axes of the matrix but no 

other orientation relationships were observed. 

 

  

 

 

Fig. 2-21. (a) BF TEM image taken from the [111]  zone axis of the matrix, 

(b) the corresponding SAD pattern covering the area in (a), and (b) DF 

image was taken from the [121] diffraction beam of the YTaO4 particles. 
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The orientation relationships observed by HRTEM and diffraction contrast 

techniques are summarized in Table 2-1. No common orientation 

relationship could be found between YTaO4 particles and the matrix. 

However, nearly all observed particles have one planes parallel to the {110} 

planes of the ferritic matrix. For very fine YTaO4 particles (<5 nm), large 

lattice misfits and lattice distortion inside the particles were observed across 

the particle/matrix interfaces. Edge dislocations could be found around the 

particles, which help to relieve the misfit strain. For large ones (>10 nm), 

planes of YTaO4 particles that have similar inter-planer spacing with that of 

close packed plane {110} of the ferrite matrix tend to parallel with each 

other. Due to the very small lattice misfit, lattice continuity could be 

obtained at the particle/matrix interfaces. This could lead to the decrease of 

the pinning force of oxide particles on the dislocation movement, since {110} 

planes are slip planes for edge dislocations in BCC structure. Ledges were 

frequently observed at the interface of large YTaO4 particles, which were 

considered to minimize the misfit strains. 
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Table 2-1 Orientation relationships between YTaO4 and ferrite matrix found 

by HRTEM and SAD analyses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 92

2.4 Thermal stability of YTaO4 oxide particles 

As has been mentioned in 2.3.1, the particle size distribution shows that the 

finest YTaO4 particles have the highest number density, which indicates that 

it may not be an equilibrium distribution. Therefore, thermal stability of 

YTaO4 particles is an important issue. Processing at high temperature would 

play an important role in controlling the dispersion of the oxide particles, 

since coarsening of oxide particles could occur during these processes 

[21,22]. For example, coarsening of Y-Al-O particles and transformation of 

YAM (Y 4Al 2O9), YAH (hexagonal, YAlO3) and YAP (perovskite, YAlO3) 

particles to YAG (garnet, Y3Al5O12) were observed in ODS alloys such as 

PM2000 and MA6000 after heat treatment at high temperatures [21,22]. 

However, there are only limited reports regarding the thermal stability of the 

oxide particles during the fabrication processes of 12Cr ODS steels, and this 

study focuses on the variation of the oxide particles in 12Cr ODS steel 

during hot rolling at 1200 °C, and their thermal stability during the 

isothermal annealing at 1250°C. Three ODS-1H samples are presented here, 

as HIPped sample (HIP), hot-rolled and normalized sample (HN), and 

isothermally annealed sample (IA) at 1250°C for 500 hr. 

Fig. 2-22 shows BF images taken from the HIP and HN samples. From Fig. 

2-22a, it can be seen that oxide particles in the HIP sample are extremely 
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small. Most particles are actually smaller than 5 nm. The oxide particles on 

dislocations appear larger than those away from dislocations (center part of 

Fig. 2-22a), possibly due to the enhanced diffusion along dislocations, 

which act as fast diffusion paths. After hot rolling and normalizing, however, 

there is an obvious particle coarsening (Fig. 2-22b). Higher density of 

dislocations is also present in the HN sample, as expected for hot rolling. 

These dislocations can enhance the diffusion of alloying atoms, which is 

evident from much larger particles attached on dislocations. Oxide particles 

that are on the sites where several dislocations intercept each other are even 

larger, due to the multiple enhanced diffusion paths for alloying elements 

and oxygen. It indicates that dislocations may have significant effect on 

particle coarsening. Therefore, it is expected that stability of YTaO4 oxide 

particles is dependent not only on the annealing temperature, but also 

deformation processes, which varies dislocation density and may enhance 

particle coarsening. 

The oxide particles in both HIP and HN samples were also investigated by 

carbon extraction replica method, as shown in Fig. 2-23. Particle coarsening 

is obvious if we compare the TEM images of oxide particles in HIP (Fig. 

2-23 a and c) and HN (Fig. 2-23 b and d) samples. The oxide particles in the 

HIP sample are mostly smaller than 5 nm, while those in HN sample are ~10 
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nm. The mean particle sizes were estimated from TEM images of carbon 

extraction replica samples by statistical analysis on over 2000 particles in 

each sample. The mean particle size in the HIP sample was estimated to be 

~4 nm, while that in HN sample is 7 nm. 

 

 

 

  

 

Fig. 2-22 BF TEM images taken from (a) the HIP sample, and (b) the HN 

sample, showing particle coarsening during hot rolling 
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Fig. 2-23 TEM images of oxide particles taken by carbon extraction replica 

samples (a) and (c) for the HIP sample, and (b) and (d) for HN sample 
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To study the evolution of YTaO4 particle at high temperature for long 

duration, the HN sample was isothermally annealed at 1250 ̊ C for 500 hr. 

The annealed sample was quenched to preserve the annealed microstructure. 

Fig. 2-24 shows the results on the observation of the isothermally annealed 

sample. The number density of the oxide particles decreased significantly 

compared to that before annealing, coupled with a remarkable increase of 

the particle size (Fig. 2-24a). The mean particle size and number density of 

the oxide particles were measured to be 22 ± 2 nm and (1.8 ± 0.5)×1020 m-3, 

respectively. The compositions of the oxide particles were Y-Ta-Cr-O, 

Y-Cr-V-O and Cr-V-O. SAD analyses were applied on more than ten 

Y-Ta-Cr-O particles and all these particles were identified as face centered 

cubic (f.c.c) structured Y3TaO7. Chemical composition and SAD of a typical 

Y3TaO7 are shown in Fig. 2-24b. The Y3TaO7 phase has a space group of 

Fd-3m and the lattice constant of a=10.518 Å (PDF: 38-1403). EDS analyses 

indicated that Y3TaO7 particles were enriched in Cr and contained a small 

amount of V. In the as HIPped condition, most fine particles were identified 

to be YTaO4 and no Y3TaO7 was found. However, all Y-Ta-Cr-O particles 

analyzed after annealing were Y3TaO7, which shows a phase transformation 

from YTaO4 to Y3TaO7. The Y-Cr-V-O particles were identified as YCrO3 

particles (Fig. 2-24c). No structure or morphology change of the YCrO3 
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particles was observed before and after the annealing at 1250 °C for 500 

hours. 

 

 

 

Fig. 2-24 (a) Morphology of the oxide particles taken by carbon extraction 

replica method after annealing at 1250 °C for 500 hours, (b) typical 

composition and a SAD pattern of an Y3TaO7 particle, (c) EDS analysis and 

SAD pattern of an YCrO3 particle. 

 

 



 98

The size distributions of YTaO4 particles determined by statistical analysis 

on TEM images of carbon replica samples in the HN sample and the IA 

sample are shown in Fig. 2-25. For the HN sample, the size distribution 

shows that the fine particles smaller than 5 nm have the highest number 

density (Fig. 2-25a). After annealing at 1250 °C for 500 hr, the oxide 

particles show bimodal size distribution (Fig. 2-25b). The coarsening of the 

oxide particles here can not be compared with the Ostwald ripening 

mechanism, because the oxide particles became richer in yttrium content 

during annealing and phase transformation took place, shifting the main 

composition towards Y3TaO7.  

 

  

 

Fig. 2-25 Size distributions of YTaO4 particles in the (a) HN, and (b) IA 

samples 
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The evolution of the structure, mean particle size, particle number density 

and volume fraction of Y-Ta-O particles in the HIP, HN, and IA samples are 

summarized in Table 2-2. It can be seen that these is a steady increase in the 

particle size and volume fraction. Fig. 2-26 shows the evolution of the mean 

particle size and number density of YTaO4 particles in the HIP, HN and IA 

samples. The error bars indicate the maximum fluctuation ranges of the 

values obtained from different frames of TEM images. The estimation of the 

mean particle size and number density was based on the particles ranging 

from 3 to 50 nm in size. Particles smaller than 3 nm are not included 

because they can not be clearly distinguished in the TEM images. Those 

larger than 50 nm had a very low number density and thus would contribute 

scarcely to the analyses. In the HIP sample, oxide particles had the finest 

mean size and the highest number density. Hot rolling induced significant 

particle coarsening and reduction of the number density of the oxide 

particles. After isothermal annealing at 1250 °C for 500 hr, the mean 

particle size increased from 7 to 22 nm and the number density decreased by 

over 85% compared with those of the HN sample. 
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Table 2-2 Evolution of the structure, mean particle size, particle number 

density and volume fraction of Y-Ta-O particles in the HIP, HN, and IA 

samples 

Sample Type Structure 
Number 
density 

(×1020 m-3) 

Mean size 
(nm) 

Vol.% 

HIP YTaO4 Monoclinic 21±2 7±1 0.23 

HN YTaO4 Monoclinic 14±3 9±1 0.32 

IA Y 3TaO7 FCC  1.8±0.5 22±2 0.60 

 

 

 

 

 

Fig. 2-26 Evolution of the mean particle size and number density of 

Y-Ta-O particles in the HIP, HN and IA samples 
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The increase of the yttrium content in the oxide particles indicates that the 

dissolution of the finest YTaO4 particles is not the only source for oxide 

coarsening. Otherwise the yttrium content should keep the same. Compared 

to YTaO4, Y3TaO7 particles contain higher yttrium and oxygen content. So 

part of the coarsening should be caused by the up-taking of yttrium and 

oxygen. Different from conventional steels produced by melting and 

solidification processes, ODS steels contain an exceptionally high oxygen 

content. Y2O3 is not the only source of oxygen in the ODS steels. A large 

portion of oxygen, which is stated as excess oxygen in many studies, is 

incorporated during the milling process from the absorbed oxygen on the 

surface of the metal powders and oxygen from the atmosphere. Though 

oxygen has a very low solubility in defect-free iron (<10 ppm), the 

solubility in ODS steels is significantly enhanced by high density of 

dislocations and vacancies induced during MA process. Calculation by Fu, 

et al. using first principles showed that oxygen in Fe has a strong affinity for 

vacancies [22]. As a consequence the formation energy of oxygen-vacancy 

pairs would be extremely small if these vacancies pre-exist, allowing the 

oxygen concentration to approach that of the vacancies. The 

oxygen-vacancy pairs could enable the nucleation of oxygen-enriched 

nano-clusters that attract solutes with high oxygen affinities (Ti and Y), 
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which were revealed in MA957 and 14YWT ODS steels [23,24]. The 

presence of high density of vacancies could reserve high excess oxygen 

content in the MA powders and induce the formation of nano-clusters with 

oxygen and high oxygen affinities during high temperature process. 

However, the vacancy concentration will move towards the equilibrium 

concentration during annealing, and the super-saturated vacancies will 

diminish. Correspondingly, the excess oxygen content that can be retained 

by vacancies will decrease. The amount of oxygen that exceeds the vacancy 

concentration would either precipitate as new phase or diffuse to the surface 

of nano particles and lead to the coarsening of the nano particles. Therefore, 

the particle coarsening during annealing at 1250 °C for 500 hr can be 

interpreted as an uptake of yttrium and oxygen with the tendency for 

transformation to Y3TaO7 due to the decrease of oxygen solubility in the 

matrix during annealing, as well as the dissolution of the fine particles. The 

possible maximum volume fraction of Y3TaO7 particles in the 12Cr ODS 

steel can be estimated from the starting alloying composition. The starting 

powder contains 0.14wt.% Ta and 0.24wt.% Y (calculated from Y2O3 

content), which corresponds to a Y/Ta mole ratio of ~3.5/1. So we can 

expect that the volume fraction of Y3TaO7 is limited by the Ta content. If 

we assume that all Ta is concentrated in the final Y3TaO7 particles, then the 
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total volume fraction of Y3TaO7 particles in the matrix should be 0.476 %, 

which is lower than that (0.6%) estimated from the TEM observation in the 

IA sample. This can be understood if we consider that most Y-Ta-O 

particles contains some other elements such as Cr and V, which contributes 

to a large volume fraction of Y-Ta-O particles. The excess oxygen content 

in present ODS steel is 0.246 wt.% (section 2.1), which is high enough for 

the formation of 0.476 vol.% Y3TaO7 particles (actually, only 0.09 wt.% is 

necessary).     

The phase transformation from monoclinic YTaO4 to f.c.c. Y3TaO7 can be 

verified through Y2O3-Ta2O5 phase diagram analysis. No experimental 

Y-Ta-O phase diagram is available yet. Fortunately, calculated Y2O3-Ta2O5 

phase diagram was reported by Bhattacharya et. al [25], as shown in Fig. 

2-27. It can be seen that the phase transformation from YTaO4 to Y3TaO7 

occurs when the temperature exceeds 1190 ˚C if the Y/Ta mole ratio is 

larger than 1:1. According to the Y/Ta mole ratio (blue line) in present ODS 

steel and annealing temperature (red line), the equilibrium contents of 

YTaO4 and Y3TaO7 can be calculated to be 20 vol.% and 80 vol.%, 

respectively. 
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Fig. 2-27 Calculated phase diagram of the Y2O3-Ta2O5 system [25] 
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Summary 

12Cr ODS steel was fabricated by MA and HIP for the application of 

cladding tube material in SFR. Oxygen content in the ODS steel samples 

was controlled by a hydrogen reduction process prior to consolidation. 

Three types of oxide particles, fine YTaO4 (< 30 nm) and coarse YCrO3, 

Cr-V-O (>100 nm) oxide particles were mainly found in both samples. It 

revealed that coarse oxide particles are induced by the high excess oxygen 

content. By controlling excess oxygen content in the ODS steel, it is 

promising to avoid the formation of such coarse oxide particles. 

The crystallography of monoclinic YTaO4 particles and the atomic 

structure at the particle/ferrite matrix interface have been examined by 

means of SAD (selected area diffraction) and HRTEM in a 12Cr ODS steel. 

It was found that no common orientation exists. HRTEM analyses were 

applied on particles ranging from ~4 nm to ~80 nm. It shows that lattice 

continuity exists between some planes of the YTaO4 particles and {011} 

planes of the ferrite matrix. 

A significant coarsening of the YTaO4 particles was observed after hot 

rolling at 1200 °C. Additional coarsening, as well as phase transformation 

from monoclinic YTaO4 to cubic Y3TaO7 was detected after isothermal 

annealing at 1250 °C. These results imply that heat treatment temperatures 
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of the ODS steel during fabrication processes should be controlled as low as 

possible to avoid the undesirable coarsening of oxide precipitates.  
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Chapter 3 Characterization of 316L based austenitic 

ODS steel 

 

Most recent studies on ODS steels have been focused on ferritic ODS 

steels for the core material application of Gen. IV reactors owing to their 

good swelling resistance [1-5], while only limited reports can be found on 

austenitic ODS steels [6-9]. Austenitic ODS steels have obvious advantages 

in corrosion and oxidation resistance, which make them promising for 

application as turbine materials of nuclear reactors and future fossil power 

plants. The application of austenitic steel in Gen.IV nuclear reactors is 

hindered by its relative low strength and significant void swelling under 

irradiation [10]. However, recent studies have shown great potential in 

improving the high temperature creep strength of austenitic steels by 

alloying and precipitation strengthening. The high-temperature ultrafine 

precipitate-strengthened (HTUPS) steels (austenitic Fe–Cr–Ni alloys) 

exhibit creep resistance approaching that of far more expensive Ni-base, 

Cr2O3-forming alloys such as alloy 617 up to temperatures of ~700 °C to 

750 °C [11]. Previous study on 304 stainless steel based austenitic ODS 

steel showed that the yield strength was greatly improved compared to 304 

steel [8].  Austenitic ODS steels are expected to behave alike or even better 
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due to the high stability of oxide particles, compared to carbides and other 

precipitates. Dispersion of high density nano-sized oxide particles is also an 

effective way to reduce the void swelling of materials [3]. Therefore, 

austenitic ODS steel is a prospective candidate material for the high 

temperature application in both fossil power plants and next generation 

nuclear reactors. In this study, 316L stainless steel based ODS steel was thus 

prepared and its microstructure and mechanical properties were evaluated. 

 

3.1 Fabrication of 316L based austenitic ODS steel 

3.1.1 Fabrication process  

The fabrication process of the austenitic ODS steel is very similar to that of 

the 12Cr ferritic ODS steel (section 2.1). The austenitic ODS steel was also 

fabricated by mechanical alloying (MA), hot isostatic pressing (HIP), and 

hot rolling. High purity metal powders and nano-sized Y2O3 (20-50 nm, 0.3 

wt.%) particles were used as starting powder for MA, which was performed 

in a Pulverisette-5 planetary mill at 200 rpm in a high purity Argon gas 

atmosphere for 12 hr, with a ball to powder ratio of 15:1. The mechanically 

alloyed powder was transferred to a 304 stainless steel can and degassed at 

500 ºC for 1 hr under a pressure of 10-3 torr. The degassed powder was 

consolidated by HIP at 1150 ºC under 104 MPa pressure for 4 hr. The 
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as-HIPped rod was then pre-heated at 1200 ºC for 1.5 hr and hot rolled into 

a 15 mm thick plate, which corresponded to a reduction ratio of 50%. The 

final solution treatment was applied at 1150 ºC for 1 hr, followed by air 

cooling. The chemical composition of the as prepared austenitic ODS steel 

is shown in Table 3-1 (in wt.%), together with the common composition of 

commercial 316L stainless steel. Si and Mn are not contained in the 

austenitic ODS steel to avoid the formation of coarse SiO2, Y2Si2O7 and 

imhomogeniety according to the previous study [7]. 0.25% Ti is contained 

to refine the oxide particles and it can be demonstrated that nearly all Ti is 

concentrated in oxide particles in the following analysis. XRD analysis 

showed that the ODS steel had a fully austenite matrix (Fig. 3-1). No peaks 

from the oxide particles were observed owing to the small amount and 

nanometric particle size. The relative intensity of the major peaks fits well 

with the standard pattern from the ICDD card, indicating that there is no 

obvious preferred orientation of the matrix. 
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Table 3-1 Composition of the austenitic ODS steel and commercial 316L SS 

 Fe Cr Ni Mo C Si Mn N Ti Y2O3 
316L SS Bal. 16-18 12-14 2-3 <0.03 <0.75 <2 <0.1 - - 

316L ODS Bal. 16.8 12.3 2.2 0.025 - - 0.02 0.25 0.3 

 

 

 

 

 

Fig. 3-1 XRD pattern from the solution treated austenitic ODS steel sample 
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3.1.2 Controlling of excess oxygen content 

Excess oxygen content in the austenitic ODS steel was controlled by a 

hydrogen reduction process, as that applied in the fabrication of 12Cr ferritic 

ODS steel. Hydrogen reduction was performed on MA powder by 5vol.% 

H2 and 95vol.% Ar mixed flow gas. The MA powder was degassed at 450 

˚C for 2 hr after hydrogen reduction under a pressure of 10-3 torr. Hydrogen 

reduction has significant effect on the microstructure of the austenitic ODS 

steel, as shown in Fig. 3-2. Sample “2101” was prepared by conventional 

method and “2101H” was fabricated by introducing the hydrogen reduction 

process. The oxygen content is 0.59 wt.% in the 2101 sample and 0.21 wt.% 

in the 2101H sample, which correspond to excess oxygen contents of 0.53% 

in 2101 and 0.16% in 2101H. The grain size in 2101H sample is ~65 times 

larger than that in 2101 sample, which is consistent with results in 12Cr 

ODS steel, where large grains were observed in hydrogen reduced sample. 

The mechanism underlying this phenomenon is not clear yet.  

What is surprising is that, most oxide particles vanished if we compare the 

oxide particles in the 2101 and 2101H samples (Fig. 3-2 c and d). This is far 

different from that in 12Cr ferritic ODS steel, where there was only a slight 

decrease in the number density of fine Y-Ta-O particles after hydrogen 

reduction. Such difference should be due to the different behaviors of oxide 
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particles in ferritic and austenitic matrix. It has been reported by M.P. 

Phaniraj et al. that Y2O3 particles did not dissolve into the austenitic matrix 

[8], whereas it was demonstrated that Y2O3 particles dissolved into the 

ferritic matrix and re-precipitated as complex oxide particles [12,13]. 

Therefore, we expect that hydrogen reduction has different effects on 

dissolved particles and un-dissolved particles. However, reduction process 

from Y2O3 to Y and H2O by H2 is kinetically not favored according to our 

calculation. So the vanish of most oxide particles in 2101H sample is 

difficult to explain. Here, experiments are still going on to adjust the 

hydrogen reduction parameters, such as temperature, gas flow rate, and 

duration time to control the oxygen content quantitatively to investigate the 

optimum condition and the mechanism underlying this extra-ordinary 

phenomenon. 
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Fig. 3-2 (a) BF TEM image of sample 2101, (b) OM image of sample 

2101H, and TEM images taken from carbon extraction replica samples of (c) 

2101, and (d) 2101H 
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3.2 Microstructure and mechanical properties of the austenitic ODS 

steel 

3.2.1 Microstructure of the austenitic ODS steel 

Because oxide particles nearly vanished after hydrogen reduction in 2101H, 

we will not discuss this sample in the following parts. All data in the 

following parts are obtained from 2101 sample (without hydrogen 

reduction). Fig. 3-3a shows the longitude section EBSD image of the sample. 

The austenitic ODS steel sample shows a bimodal grain size distribution, 

with large grains of 1-2 µm and fine grains normally smaller than 500 nm. A 

bimodal grain size distribution was observed in the as-HIPped sample (will 

be discussed later in the thermal stability part) with nearly the same volume 

fractions of UFG (~80%) and MG (20%) regions, as those in the final 

solution treated sample, indicating that the structure may be formed in the 

as-HIPed sample and remained stable during the following heat treatments. 

Clusters of micrometer-sized grains are embedded in a matrix of ultrafine 

grains, forming a composite-like structure. The grains were equiaxed and 

the grain sizes in each range were rather uniform. Nearly random textures 

with a slight preferred orientation of (001) planes parallel to the rolling 

direction were confirmed in the RD inverse pole figure (Fig. 2b), which was 

generated from a low magnification EBSD image.  
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The grain size distribution (Fig. 3-3c) was generated from over 2,000 

grains of 3 frames of EBSD images at different areas of the sample. Large 

grains have a much lower density compared to fine grains and only show a 

“hump” peak in the distribution curve. The area fractions of the large and 

fine grains were measured to be around 17% and 83% by low magnification 

EBSD images, respectively.  

Twins are frequently observed in the microstructure, as expected in FCC 

structure alloys with low stacking fault energies. Twins usually traverse the 

grains. The twins may be both deformation twins formed during the MA 

process and hot rolling and annealing growth twins formed during high 

temperature processes such as HIP and heat treatment. The distribution of 

grain boundary misorientation angles is shown in Fig. 3-3d. Considering all 

boundaries >5˚, the high-angle grain boundaries (misorientation angle >15˚) 

in the normalized sample comprise 94% of the total grain boundary length, 

including twin boundaries, which has a fraction of 41% (with a 

misorientation angle of 60˚ from Σ3 coherent lattice twins). 
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Fig. 3-3 EBSD analyses of the austenitic ODS steel sample, (a) 

representative EBSD image taken from the longitude section of the sample, 

(b) inverse pole figure generated from a low magnification EBSD image, (c) 

grain size distribution and (d) distribution of grain boundary misorientation 

angle (the blue line represents a random misorientation distribution for a 

cubic polycrystal) 
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Fig. 3-4a shows a typical BF TEM image of the sample. Fine oxide 

particles are uniformly distributed in the matrix, and a few large particles 

with sizes of over 100 nm are located on the grain boundaries. An image of 

the precipitates obtained by the carbon replica sample is shown in Fig. 3-4b. 

EDS analyses indicate that the precipitates were mostly Cr-O and Y-Ti-O 

oxide particles. The chemical compositions of two typical oxide particles of 

different types are shown in Table 3-2. The Cr-O oxides had a relative large 

size of 100-500 nm, while the Y-Ti-O oxides were much smaller, with sizes 

ranging from several nanometers to less than 30 nm. Therefore there seemed 

to be a relationship between the particle size and the composition. The size 

of each type of oxide particle was relatively uniform: most of the Y-Ti-O 

particles had a size smaller than 10 nm and most of the Cr-O particles were 

around 200 nm. A similar relationship between the composition and the size 

of the oxide particles was reported in several other types of ODS steels 

[8,14,15]. 

The SAD pattern in Fig. 3-4c was obtained by selecting an area containing 

abundant oxide particles. It shows that most of the oxide particles are 

Y2Ti2O7 particles with an FCC structure, and the ring patterns marked by “1, 

2, 3, 4” correspond to the {222}, {400}, {440}, and {622} diffraction from 

Y2Ti2O7. The other strong individual diffraction spots are from Cr2O3. The 
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SAD pattern of a Cr-O particle and the HRTEM image of a Y-Ti-O particle 

are shown in Fig. 3-4d and Fig. 3-4e. The SAD pattern was compared with 

simulated patterns from all possible oxides with similar compositions and 

was indexed as the [411] zone axis diffraction of rhombohedra Cr2O3 

(PDF: 38-1479, a=4.9588 Å, c=13.5942 Å). The FFT pattern of the HRTEM 

image in Fig. 3-4e is shown in Fig. 3-4f, which was indexed by [001] zone 

axis diffraction of Y2Ti2O7 (PDF: 42-0413, FCC, a=10.0947 Å). The size 

and morphology of the Y2Ti2O7 particles are similar to those found in 

ferritic ODS steels [13,16]. The mean particle size, number density and 

inter-particle spacing of the oxide particles were yielded from the BF TEM 

images of a thin foil sample (Table 3-3), where the sample thickness was 

estimated based on the thickness fringes under a two-beam condition near 

the edge of the holes produced by coarse Cr-O particles during jet-polishing. 

Error bars indicate the maximum fluctuation of mean values obtained from 

different TEM frames. 
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Table 3-2 Typical composition of different types of oxide particles by EDS 

(at.%) 

 O Cr Y Ti 

Cr-O 58.5 32.9 3.7 4.9 

Y-Ti-O 52.3 1.7 23.3 22.7 

 

 

Table 3-3. Mean particle size and number density obtained by TEM analysis 

 
Mean size  

Ø (nm) 
Number density  

(m-3) 

Inter-particle 
spacing  
λ (nm) 

Y-Ti-O 7.7 ± 2.3 3.2 ± 0.4×1021 58 
Cr-O 200 ± 65 1 ± 0.8×1018 935 
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Fig. 3-4 (a) Typical BF TEM image taken from cross section, (b) TEM 

image taken from carbon extraction replica sample (Cr-O particles were 

marked by the arrows), (c) SAD pattern from the a large area covering 

abundant oxide particles, (d) SAD pattern from a coarse Cr2O3 particle, (e) 

HRTEM image from a fine Y2Ti2O7 particle, (f) FFT corresponding to the 

HRTEM image of the particle in (d) 
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The size distribution of fine Y2Ti2O7 particles was obtained by measuring 

1,648 particles in three frames of TEM images of the carbon extraction 

replica sample, as shown in Fig. 3-5. The mean particle size was also 

generated by statistical analysis on TEM images of carbon extraction replica 

samples, and it fits well with that obtained from thin foil TEM images. As 

shown in Table 3-3, the mean size of the Y2Ti2O7 particles was determined 

to be 7.7±2.3 nm. Large Cr-O particles have a very low density in TEM 

images, and no size distribution was given. The mean size of the Cr-O 

particles was estimated to be 200±65 nm by averaging more than 150 

particles.  

 

 

 

 

Fig. 3-5 Size distribution of the Y-Ti-O particles in the austenitic ODS 

sample 
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3.2.2 Mechanical properties 

A micro-indentation test showed a high yield strength up to 1180±60 MPa, 

where the error bar indicates the maximum deviation among the different 

indentations. The micro-hardness was measured as 37.4 GPa. The room 

temperature (RT) yield strength calculated from the hardness by the 

relationship, σy=1/3Hv, turned out to be 1246 MPa. An engineering 

stress-strain curve obtained by a unaxial tensile test at RT is shown in Fig. 

3-6, which is compared with that of commercial CG 316L stainless steel 

(annealed at 1150˚C for 1 hr, mean grain size: ~21 µm). The yield strength 

at room temperature reached 890 MPa, which is over 4-fold higher than that 

of the CG 316L stainless steel (~200 MPa). The strength of the present ODS 

steel sample is similar to that reported in the recent literature of austenitic 

ODS steel [8]. However, this strength is still much lower than that predicted 

from the micro-indentation and hardness measurements. The elongation to 

failure is about 7%. Fracture occurred shortly after yielding without an 

obvious elastic-viscoplastic transient regime. 
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Fig. 3-6 RT Stress-Strain curve of the austenitic ODS steel commercial 

316L SS 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Fracture surface observation of tensile tested sample 
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The fracture surface and free surface in the necking area of the tensile 

tested sample are shown in Fig. 3-7. Fig. 3-7a and Fig. 3-7b show the crack 

source nucleated from the free surface and propagated through the fracture 

surface, making a typical shell-shape brittle fracture morphology. Fig. 3-7c, 

a higher magnification image in the central area of the sample, displays 

coarse cleavage facets, which are a typical fracture surface from semibrittle 

fracture. However, Fig. 3-7d, an even higher magnification image from the 

area covered by the white square in Fig. 3-7c, exhibits a typical ductile 

dimple fracture pattern, with coarse oxide particles residing inside many 

dimples. It indicates that the tensile failure of the austenitic ODS steel 

sample is a complex semibrittle-ductile fracture. A similar fracture surface 

morphology has also been observed in ref [8] and 14YWT ferritic ODS steel 

[17]. This extraordinary fracture morphology can be explained by a 

combination of a ductile matrix and the presence of micro-cracks, which 

may lead to the rapid propagation of the main crack. Some coarse particles 

in the dimples are marked by arrows in Fig. 3-7d. EDS analyses 

demonstrate that these coarse particles are Cr-O particles. The size and 

morphology are consistent with previous TEM observations. 

The free surface of the tensile test sample was observed at different stress 

stages. Fig. 3-7e shows the morphology of the free surface right after 
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“yielding”, as indicated by the dashed circle “e” in Fig. 3-6. It indicates that 

micro-cracks were formed at the interface of a few coarse Cr-O particles and 

the matrix, while cracks can not be seen around smaller particles. Fig. 3-7f 

shows the free surface morphology in the necking area after failure, as 

marked by the dashed circle “f” in Fig. 3-6. Micro-cracks (voids) around the 

Cr-O particles are much larger than those observed in Fig. 3-7e. These 

micro-cracks have sizes ranging from ~100 nm to ~1 µm and the length of 

the micro-cracks perpendicular to the uniaxial tensile stress nearly equals 

the size of coarse oxide particles by which they were initiated. The 

coalescence of micro-cracks occurred between nearby coarse particles, 

producing much larger cracks. Thus, the main fracture cracking seems to be 

induced by an allegation of some coarse oxide particles (thus, large 

micro-cracks) on the free surface, where the maximum tension stress 

perpendicular to crack propagation direction can be obtained under a 

uniaxial stress condition. Comparing Fig. 3-7e with Fig. 3-7f, it can be 

found that micro-cracks grow larger from “e” to “f” and more cracks are 

present after failure (Fig. 3-7f). 
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Fig. 3-7 Fracture surface observation of the RT tensile tested sample by 

SEM, (a) low magnification fracture surface, (b) crack source morphology, 

(c) cleavages on the fracture surface, (d) ductile dimple feature at high 

magnification, (e) initiation of micro-cracks at the oxide/matrix interface 

observed on the free surface of the sample tensile tested to point “e” in Fig. 

3-6, (f) micro-cracks at the oxide/matrix interface observed on the free 

surface of the tensile tested sample after failure 
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3.2.4 Dislocation structure in tensile tested sample 

Fig. 3-8 shows typical STEM images of a micro-sized grain (MG) (Fig. 

3-8a) and an area of ultrafine grains (UFG) (Fig. 3-8b) of the tensile tested 

sample. A high density of dislocations can be seen inside both the MG and 

UFG. The arrows marked by “1” indicate the dislocation pile-up at the grain 

boundaries and those marked by “2” show the strong interaction between 

the dislocations and the oxide particles, which were enlarged and inserted in 

Fig. 3-8a and Fig. 3-8b. The pile-up dislocations are normally flat and 

nearly parallel to the grain boundaries, while the dislocations inside the MG 

and UFG are tortuous and attached to the oxide particles. It indicates that 

grain boundary strengthening (following the Hall-Petch relation) and oxide 

dispersion strengthening are effective in both the MG and UFG. The straight 

and sharp grain boundaries in the UFG area indicate that they are 

equilibrium grain boundaries, as illustrated in Fig. 3-8b. This is consistent 

with the EBSD results that most grain boundaries are high angle boundaries. 
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Fig. 3-8 STEM images of the microstructure of tensile tested austenitic 

ODS steel sample showing, (a) a large grain, and (b) nano-sized grains. 

Dislocation pile-up at a grain boundary was marked by arrows and “1”. 

Dislocation/oxide particle interaction marked by “2”. Arrowed areas are 

enlarged and inserted 
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3.2.5 Strengthening mechanisms of the austenitic ODS steel 

 As has been shown in section 3.2.1, the as prepared austenitic ODS steel 

shows a stable bimodal grain size distribution. Bimodal grain size 

distribution is considered a promising method for enhancing the ductility of 

high-strength NC and UFG materials without a significant loss of strength 

and has been investigated in NC nickel and copper [18,19]. The UFG grains 

impart high strength and the inhomogeneous microstructure induces strain 

hardening mechanism that stabilizes the tensile deformation, leading to a 

high tensile ductility. Pure Cu sample with a bimodal grain size distribution 

exhibits high yield strength nearly approaching that of fully UFG (<200 nm) 

sample and large elongation to failure comparable with CG sample, where 

25vol.% MG (1-3 µm) are embedded in a matrix of UFG (<300 nm) [19]. 

Improvement of ductility by bimodal grain size distribution was also 

demonstrated in ODS alloy by Zhao [20]. The microstructure of the 

austenitic ODS steel in this study is similar to that in ref [19] considering 

the bimodal grain size distribution and thus high tensile ductility is expected. 

However, the experimental tensile ductility is low.  

To understand the mechanical behaviors of the austenitic ODS steel, the 

strengthening mechanisms are considered in detail. The strengthening of 

ODS steel is provided by a combination of dislocation strengthening, solid 
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solution strengthening, fine grain strengthening, and dispersion 

strengthening [9,21,22]. Both the ODS steel sample and commercial 316L 

stainless steel sample were annealed at high temperature, and thus the 

dislocation densities are very low and the dislocation strengthening should 

have a very small contribution [23]. Since the austenitic ODS steel has very 

similar basic composition with 316L stainless steel (same amount of major 

solid solution strengthening element, Mo), the contribution of a solid 

solution to strength should be comparable in both materials. XRD and 

EBSD analyses have shown that the sample exhibited nearly random 

textures; therefore, the effects of texture on strength can be neglected. 

Therefore, compared to 316L stainless steel, the higher strength of the ODS 

steel should be attributed to the fine grain size and nano-sized oxide 

particles. A previous study on Fe-40Al ODS alloy showed that the strength 

can be expressed in terms of Orowan hardening and Hall-Petch 

strengthening by a linear relationship compared to the base Fe-40Al alloy 

[16], 

0.2 ORσ =460MPa+70MPa/ D( m)+σµ                          (3-1) 

where D is the grain size and σOR is the contribution from dispersion 

strengthening.  
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Fine grain strengthening 

It was found that the Hall-Petch behavior continues to be valid until a very 

fine grain regime (on the order of 100 nm) by Masumura et al. who explored 

a number of experiments for many materials [24]. A recent study indicated 

that even nanocrystalline (~40 nm) 316L steel still follows the Hall-Petch 

relation extrapolated from the coarse-grained material [25]. The EBSD and 

TEM observations in this study also showed that the majority of grain 

boundaries are high angle grain boundaries, and dislocation pile-ups were 

frequently observed in tensile tested samples (see Fig. 2 and Fig. 3). 

Therefore, it is assumed that grain boundary strengthening (Hall-Petch 

relation) is valid in this ODS steel sample. The fine grain strengthening of 

the austenitic ODS steel is calculated by 

-1/2
0σ=σ +kd                                               (3-2) 

with σ0=71 MPa and k=501 MPa·µm1/2, which were adopted from a 

previous study on the Hall-Petch relationship of 316L austenitic steel with 

grain sizes ranging from 3.1 µm to 86.7 µm [26], and turned up to be valid 

in nanocrystalline 316L [25]. The effective mean grain size “d” is of great 

importance in determining the strength, especially for materials with 

bimodal grain size distribution. There have been many studies concerning 

the effect of a bimodal grain size distribution on the mechanical properties 
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of alloys, which indicated that the overall yield strength depended not only 

on the mean grain size but also on the dispersion of the distribution [27,28]. 

Therefore, the effect of bimodal grain size distribution on the effective mean 

grain size should be considered when applying the Hall-Petch relation. Zhao 

et al. [29] found that the yield strength had a good linear correlation with 

dA
-1/2 (dA: volume weighted mean size of ferrite) in a nano-sized cementite 

particle containing ferritic steel with a bimodal grain size distribution. dA 

was determined from the inverse average grain sizes by  

dA
-1/2=fC×dC

-1/2+(1-fC)×dF
-1/2                                 (3-3) 

where fC and dC represent the volume fraction and mean size of coarse 

grains, and dF is the mean size of fine grains. Gubicza [30] suggested that 

the yield strength of alumina dispersoids containing aluminum with a 

bimodal grain size distribution can be estimated using a simple mixture rule, 

σY=σY
ufgVufg+σY

mcVmc                                      (3-4) 

which is in good agreement with the experimental value. It can be deduced 

that these two calculation methods are identical in nature. In this study, the 

Hall-Petch relation was applied to the two ranges of grains, respectively, and 

summed up on the weight of their volume fractions, which were determined 

from EBSD images, 

total UFG CGσ =0.83σ +0.17σ                                     (3-5) 
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 The mean size of the fine grains was determined using a linear intercept 

method from TEM images. The average grain size was determined by 

measuring five frames of TEM images, each containing over 1500 grains. 

The mean size of the large grains was calculated to have an equivalent 

circular diameter by measuring the grain lengths in two perpendicular 

directions from EBSD images, since they were surrounded by fine grains 

and thus could not apply to the linear intercept method. About 150 grains 

from 3 frames of low magnification EBSD images were counted. The mean 

size turns out to be 1.2 ± 0.3 µm for the large grains and 260 ± 25 nm for the 

fine grains, where the error bars indicate the standard deviation. The mean 

grain size was also generated from the EBSD images by a CHANNEL 5TM 

package, which yielded 237 nm. This value is very close to the results 

obtained by a linear intercept method on the TEM images. 

Taking these values into the Hall-Petch relation (2) and formula (5), the 

resulting yield strength of 316L steel strengthened by fine grains was found 

to be 964 MPa, which corresponds to an effective mean grain size of 315 

nm given by (3). Assuming that only HAGB is effective in the Hall-Petch 

relation, the fraction of 94% (length fraction of HAGB in total grain 

boundary length) should be multiplied, which gives 906 MPa.  
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Dispersion strengthening 

Dislocations can pass through the precipitates by either the Orowan 

mechanism or a cutting through mechanism, which is dependent on 

temperature, particle size, and the interfacial properties between the 

particles and the matrix [31]. Recent simulation work on the modeling of 

dislocation interaction with Y2O3 particles in ODS steel has shown that the 

stress necessary for dislocations to penetrate the oxide/matrix interface is 

unrealistically large owing to the large γ-surface energies of the iron-oxygen 

interface [32], indicating that the Orowan mechanism should be dominant in 

ODS steels. Dislocation-particle interactions in the tensile tested sample are 

shown in Fig. 7. Small curvature radii of the dislocations nearly equal the 

radii of the interacted oxide particles, indicating the strong pinning effect of 

the oxide particles (inserted in Fig. 3a), which is operated by the Orowan 

mechanism, as suggested in many other studies [22,33,34]. For the Orowan 

mechanism [31], 

ln( )
. ( )DS Orowan

mGb
b

φσ σ
π λ φ

= =
⋅ ⋅ −
2

1 18 4 2
                       (3-6) 

where m is the Tayler factor (2.5), G is the shear modulus (taken as 82 GPa), 

b is the burgers vector, φ  is the particle size and λ is the interparticle 

spacing in the shear plane of the dislocation. In present austenitic ODS steel, 

b= 2/2a=2.59 Å (taking lattice constant a as 3.66 Å). φ  and λ were 
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estimated from TEM images and are shown in Table 3-3. The resultant 

Orowan strengthening contributions of two groups of oxide particles were 

found to be 382 MPa for fine particles and 28 MPa for large particles. The 

total contribution of the dispersion strengthening in present austenitic ODS 

steel can be as high as 410MPa. This coincides well with a previous study 

by Susila et al., where it was estimated that the contribution from dispersion 

strengthening to the strength of Fe-18Cr-8Ni-2W-0.25Y2O3 ODS steel was 

347 MPa, with a mean particle size of ~13 nm [9]. 

Yield strengths that were calculated theoretically, obtained by RT tensile 

test, given by micro-indentation and hardness tests, are shown in Fig. 3-9. 

The linear sum of the calculated fine grain strengthening (Hall-Petch 

relationship) and dispersion strengthening (Orowan mechanism) 

contribution gives a yield strength of 1316 MPa, which is much higher than 

the RT tensile test result, but nearly equal to that obtained from a hardness 

measurement. This could possibly be explained by the dual effects of large 

oxide particles on the microstructure and strength of the austenitic ODS 

steel. As has been shown, large oxide particles can exert a weak Orowan 

strengthening contribution to the strength. At the same time, large Cr2O3 

particles were preferably distributed on the grain boundaries and may 

initiate cracks and deteriorate the mechanical properties. Hardness test is not 
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sensitive to micro-cracks, while cracks induced by large grain boundary 

Cr2O3 particles may be detrimental in RT tensile test. The Cr2O3 particles 

were found to have the capability to inhibit grain growth and dislocation 

annealing [35]. Different from carbides, these coarse Cr2O3 particles are 

rather stable even at high temperatures. Therefore, the Cr2O3 particles act as 

dislocation obstacles and sources during the whole process of HIP and hot 

rolling. The accumulated dislocations, coupled with the interface strain 

between Cr2O3 particles and the matrix, may produce high stress and thus 

act as a cracking source under stress. A similar crack initiation on the grain 

boundary by coarse Y-Al-O particles was suggested in Ni-based ODS alloy 

PM 3030 [36]. This is confirmed by the SEM observation on the free 

surface of the tensile test sample (Fig. 6e and Fig. 6f). Therefore, in 

coarse-oxide containing ODS steels, micro-cracking at the oxide/matrix 

interface may become the dominant mechanism for a fracture failure. 

Nano/microcracks were suggested to induce back stress for the strain 

hardening in nano/ultrafine metals with a bimodal grain size distribution 

[37]. The formation of microcracks on the coarse oxide/matrix interface 

may lead to the smooth strain hardening plateau shown in Fig. 5, rather than 

a normal yield flow transition. 
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Fig. 3-9 Comparison of experimental yield strength with that estimated 

from microstructure analysis 
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3.3 Thermal stability of the austenitic ODS steel 

3.3.1 Microstructure stability 

Thermal stability of austenitic ODS steel is of great importance since it is 

expected to be applied at high temperatures as turbine material. The 

austenitic ODS steel in this study has ultrafined grain (UFG) structure which 

contributes to most of its strength. Such ultrafine grains can also enhance 

the irradiation resistance, where high volume fraction of grain boundaries 

acts as sinks for irradiation induced defects, such as vacancies and 

interstitials. However, NC and UFG metals and alloys are subject to rapid 

grain growth and low creep strength at elevated temperatures owing to the 

high volume fraction of the grain boundaries [38,39]. For instance, the grain 

size of an UFG austenitic steel (Fe–14Cr–16Ni) increased from 0.4 µm to 

8.4 µm after annealing at 800 ˚C (~0.57Tm) for 1 hr [40]. 

Fortunately, UFG ODS steel is expected to possess high microstructure 

stability and creep strength owing to the pinning effects of uniformly 

dispersed nano-sized oxide particles on the grain boundaries and 

dislocations [1,2,33]. A recent study has demonstrated that UFG ferritic 

ODS steel (14YWT) has a very stable microstructure of up to 1000 ˚C and 

an extra-high creep strength of up to a factor of 108 slower than that 

predicted for the diffusional creep, possibly because of the coverage of the 



 142

grain boundaries by Y-Ti-O clusters, which inhibits the self-diffusion of Fe 

[2]. Present austenitic ODS steel was found to be thermally very stable at 

high temperature, by comparing the microstructure of the as HIPped sample 

and the hot rolled and solution treated (HS) sample. The austenitic ODS 

steel is expected to be applied at high temperatures for long durations. 

Therefore, thermal stability of the austenitic ODS steel was investigated by 

annealing at 1150 ˚C for different durations such as 100 hr. 

The EBSD images taken from the HIP sample and the HS sample are 

shown in Fig 3-10, together with the grain size distributions. Hot rolling was 

performed by pre-heating at 1200 ˚C for 1.5 hr and solution treatment was 

applied at 1150 ˚C for 1 hr. It can be seen that both samples exhibit UFG 

structure and bimodal grain size distributions. Only a very slight increase in 

mean grain size from 220 nm to 260 nm was detected, indicating that the 

UFG structure is very stable in the austenitic ODS steel. Nearly random 

textures were confirmed in both samples (refer to section 3.2.1). It should be 

noted here that a bimodal grain size distribution was observed in both 

samples with nearly the same volume fractions of UFG (~80%) and MG 

(20%) regions, indicating that the structure may be formed in the as-HIPed 

sample and remained stable during the following heat treatments. The 

pinning effect of oxide particles on the grain boundaries is evident from the 
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high stability of the microstructure. A bimodal grain size distribution was 

observed in Eurofer ferritic/martensitic ODS steel and 14YWT ferritic steel 

[41-43]. It is considered that the bimodal grain size distribution might be a 

result of abnormal grain growth during HIP, which is commonly obtained in 

NC and UFC metals during annealing [19,44,45]. The large densities of 

defects and cold-work energy stored during MA allow abundant nucleation 

for recrystallization at low temperature under heating during HIP where 

grain growth is limited, and thus the majority of the matrix grains are kept in 

the UFG regime [38]. On the other hand, the bimodal grain size distribution 

is considered a promising method for enhancing the ductility of 

high-strength NC and UFG materials without a significant loss of strength 

and has been investigated in NC nickel and copper [18, 19]. 
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Fig. 3-10 EBSD images taken from (a) the HIP sample, (b) rolling section 

of the HS sample; and grain size distribution in the (c) HIP sample, and (d) 

HS sample 

 

 

 

 

 

 

 

 



 145

The long-term thermal stability of the austenitic ODS steel was studied by 

isothermal annealing of the HS sample at 1150 ˚C. Isothermal annealing was 

performed in vacuum by sealing the samples in degassed quartz tubes in a 

muffle furnace. Samples were rapidly heated to 1150 ˚C and hold at the 

temperature for long durations, with temperature fluctuation in a range of 

±1˚. The annealed samples were cooled to room temperature rapidly to 

maintain the annealed microstructure. Here the analysis will be based on the 

observation on the sample annealed at 1150 ˚C for 100 hr (denoted as 

IA100). 

The microstructure of the IA100 sample was observed by EBSD and TEM. 

Fig. 3-11 shows the EBSD image and the corresponding phase map. The 

microstructure shows a bimodal grain size distribution, with large grains 

around 2-3 µm and fine grains 200-500 nm. The mean grain size was 

determined to be 300 nm. The grain structure (bimodal grain size 

distribution & mean grain size) is very similar to that of the HS sample 

(before isothermal annealing, see Fig. 3-10), showing that the 

microstructure is stable even after long term annealing at 1150 ̊C. Fig. 

3-11b shows that there are two major phases in the sample, one is austenite 

and the other is Cr2O3 particles (PDF: 38-1479, Rhombohedra, a=4.9588, 

c=13.5942Å). Cr2O3 particles have sizes ranging from 100 nm to smaller 
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than 1 µm, and are preferably distributed on the grain boundaries. It seems 

that Cr2O3 particles contribute to pin the grain boundary migration. However, 

the number density of Cr2O3 particles is too low to inhibit the grain growth 

(for instance, most grain boundaries are absent from Cr2O3 particles). 

Therefore, the main pinning effect should be from fine Y-Ti-O particles. 

 

 

 

  

 

Fig. 3-11 (a) EBSD image, and (b) phase map of the isothermally annealed 

sample  

at 1150 ˚C for 100 hr 
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 The microstructure of the IA100 sample was also observed by FE-SEM 

(JEOL FE6500). The sample was first electro-polished and then etched by a 

solution of 5HCl-2.5HNO3-92.5C2H5OH (vol.%) to get clear contrast of the 

grain boundary structure. SEM observation shows that a high density of 

nano-sized particles is rather uniformly distributed on the grain boundaries 

(Fig. 3-12). The particle size on the grain boundaries ranges from ~20 nm to 

~50 nm. EDS analyses showed that these particles are Y-Ti-O particles. It is 

expected that the extra-high thermal stability of the austenitic ODS steel is 

attributed to the Zener pinning effect of these particles on the grain 

boundaries, which will be discussed in detail in the following part. Large 

particles are Cr2O3, as demonstrated by EBSD analyses.  
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Fig. 3-12 SEM observation on the annealed sample at 1150 ̊C for 100 hr, (a) 

a low magnification image, and (b) a high magnification image taken from 

the area covered by the white square in (a) 
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 The microstructure of the HS sample and the IA100 sample was also 

observed by STEM on JEOL FE2100F. Fig. 3-13a shows the microstructure 

of the HS sample. It consists of ultrafine grains and contains a high volume 

fraction of twin boundaries, consistent with the previous EBSD analysis. Fig. 

3-13b shows the STEM image taken from the IA100 sample. There is nearly 

no microstructure change compared to the HS sample. It is also composed 

of ultrafine grains and grain boundaries are straight and sharp, indicating 

that they are equilibrium boundaries. Grain growth is very limited and can 

not be actually observed from these images. It is important to note that there 

is no significant decrease in dislocation density. This is a fascinating feature 

because it indicates that not only the grain growth and recrystallization do 

not occur, recovery of dislocation structure is also very limited. So the 

microstructure of the UFG ODS steel is extraordinarily stable at 1150 ̊C, 

which makes it very promising for high temperature applications. 

 Higher magnification STEM images (Fig. 3-13 c and d) show that grain 

boundaries are decorated with nano-sized oxide particles in both samples. 

Fig. 3-13c was taken from the HS sample. Several oxide particles on grain 

boundaries are marked by the arrows. It was found that oxide particles on 

grain boundaries are larger than those inside the grains. Obvious grain 

boundary curvatures can be observed on the sites of large oxide particles, 
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such as the oxide particle on the right side in Fig. 3-13c, showing strong 

pinning effect of such oxide particles on grain boundary migration. It should 

be noted here that some particles on the grain boundaries are not visible due 

to the possible specific orientation relationships between the oxide particles 

and adjacent grains, which leads to very weak diffraction contrast between 

the particles and the grains. Therefore, the actual number of particles on the 

grain boundaries can be well higher than we can observe on these images. 

Fig. 3-13d was taken from the IA100 sample. Grain boundaries are also 

decorated with nano-sized particles. No coarsening of particles on grain 

boundaries was observed by comparing many frames of high magnification 

STEM images taken at different areas from both samples. EDS analyses 

showed that they are Y-Ti-O particles. This can possibly explain the 

extra-high thermal stability of present UFG ODS steel. These stable 

particles may have inhibited the grain growth. It can also be seen that high 

density of dislocations still exists in the IA100 sample. Normally, strong 

dislocation annihilation occurs and dislocation density decreases rapidly at 

such high temperatures as 1150 ˚C. However, dislocations are pinned by 

very fine nano oxide particles and sustains after long-term annealing, as 

shown in Fig. 3-13d. Dislocations are to some extent aliened parallel, but 

further movement becomes difficult, as shown in the center part of Fig. 
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3-13. 

 Micro-hardness was tested on both samples by a Vicker’s test facility with 

a load of 500 kgf. The HS sample shows a high hardness up to 377, while 

the IA100 sample shows 325. The drop in hardness should be allocated to 

two possible causes. The first one is the grain growth from 260 nm to 300 

nm, as demonstrated before. The other should be the dislocation alignment 

and dislocation density drop in areas where oxide particle number density is 

relatively low. The high hardness of the IA100 sample indicates very high 

strength can be expected from annealed austenitic ODS steel at high 

temperature for long durations, owing to its high thermal stability. 

 

 

 

 

 

 

 

 

 

 



 152

  

  

 

Fig. 3-13 STEM images taken from the (a), (c) HS sample, and (b), (d) 

IA100 sample 
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3.3.2 Zener pinning effect of incoherent and coherent (semi-coherent) 

particles on grain boundary migration 

It has been shown that the extra-high thermal stability of the austenitic 

ODS steel should be owing to the Zener pinning effect of Y-Ti-O particles 

on grain boundaries. Therefore, interaction between Y-Ti-O particles and 

dislocations was investigated in detail by HRTEM. Before we analyze the 

HRTEM results, the Zener pinning effect of precipitates on grain boundaries 

will be briefly introduced first, based on the information from [38]. 

 A dispersion of particles will exert a retarding force or pressure on a low 

angle or high angle grain boundary and this may have a profound effect on 

the process of recovery, recrystallization and grain growth, as we have 

mentioned above. The effect is known as Zener drag after the original 

analysis by Zener which was published by Smith (1948). The magnitude of 

this interaction depends on the nature of the particle and the interface, and 

the shape, size, spacing and volume fraction of the particles. In the 

austenitic ODS steel, oxide particles are mostly spherical, and the size, 

spacing and volume fraction of the particles can be measured from TEM 

images. Therefore, our major concern is about the nature of the oxide 

particles and the interface. The dominant factor is the coherency relationship 

between the oxide and the matrix. There are two possible relations; oxide 
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particles are coherent (including semi-coherent) or incoherent with the 

matrix. For an incoherent oxide particle on a grain boundary, the particle is 

incoherent with both adjacent grains, and thus has the same interface energy 

with both grains. However, if a grain boundary moves past a coherent 

particle then the particle will generally lose coherence during the passage of 

the boundary. As the energy of the incoherent interface is greater than that of 

the original coherent interface, energy is required to cause this 

transformation, and this energy must be supplied by the moving boundary. 

Therefore, as first shown by Ashby et. al. (1969), coherent particles will be 

more effective in pinning boundaries than will incoherent particles. 

 The restraining force on a grain boundary by an incoherent and a coherent 

particle can be deduced according to the schematic configurations in Fig. 

3-14. 

 For Fig. 3-14a, if the boundary meets the incoherent spherical particle at an 

angle θ, then the restraining force on the boundary by the incoherent particle 

is, 

F=2πrγ cosθ sinθ                                      (3-7) 

where γ is the grain boundary energy, r is the radius of the particle. 

The maximum restraining effect (Fs) is obtained when β=45̊ , when 

SF =πrγ                                                (3-8) 
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 For Fig. 3-14b, if the particle (denoted as 3) is coherent with grain 1 and 

loses coherence when the boundary moves past the particle, the particle will 

be incoherent with grain 2, then there are now three different boundary 

energies, γ12, γ13 and γ23. These boundaries meet at the particle surface, and 

if the equilibrium is established, 

23 13 12γ =γ +γ  cosα                                        (3-9) 

The drag force is then 

 αCF =2πrγ cos( -θ) cosθ                                 (3-10) 

FC is maximum when θ=α/2 and α=0, giving 

 CF =2πrγ                                               (3-11) 

Thus coherent particles are twice as effective in pinning a grain boundary as 

incoherent particles of the same size. 
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Fig. 3-14 Schematic configurations of a grain boundary moving past a (an)  

(a) incoherent particle, (b) coherent particle 
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3.3.3 Semi-coherent Y2Ti2O7 particles on grain boundaries  

Fig. 3-15 shows the results on the observation of the HS sample. Two 

grains are present in Fig. 3a (Grain 1 & Grain 2). Grain 1 was tilted to g200 

two-beam condition where the Bragg’s law was exactly fulfilled (sg=0). The 

corresponding SAD pattern from the area covering the two grains is shown 

in Fig. 3-15b. It can be seen that (111) plane of grain 2 also fulfills the 

Bragg’s law at this condition and diffraction spots are present. The SAD 

pattern when the sample was tilted so that the incident electron beam was 

parallel to the [113] zone axis of grain 1 was also taken and inserted in Fig. 

3-15b. Two grains have different orientations and a sharp and straight grain 

boundary exists between them. It can be seem from Fig. 3-15a that high 

number density of nano-sized particles (~5 nm) is uniformly distributed in 

both grains. Several larger particles are distributed on the grain boundary. 

EDS analysis indicated that all these particles are Y-Ti-O particles. Based on 

the EDS, HRTEM and SAD patterns on numerous such particles, it can be 

concluded that these particles are Y2Ti2O7 (as indicated in section 3.2). 

Oxide particles in grain 1 show typical Ashby-Brown contrast, that is, a 

no-contrast line runs across particles perpendicular to the active g vector, 

which indicates that they are coherent/semicoherent with the matrix (the 

coherency relationship of the fine Y-Ti-O particles with the matrix will be 
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discussed in section 3.4). Therefore, oxide particles will lose their coherence 

if the grain boundary moves past them from grain 2 to grain 1. The particle 

covered by the dashed dark line square in Fig. 3-15a was studied by 

HRTEM, as shown in Fig. 3-15d. Because the (200) plane of grain 1 and 

(111) plane of grain 2 both fulfills the Bragg’s law, and orientation 

relationship exists between the particle and grain 1, lattice images of the 

particle and both grains are visible. The grain boundary was curved at the 

particle with the curvature center towards grain 1, indicating the grain 

boundary is likely to move from grain 2 to grain 1, and the particle has 

dragging force on the grain boundary movement. The inverse FFT images 

were generated from both sides of the particle to observe the oxide/matrix 

interface with both grains, as shown in Fig. 3-15c (oxide/grain 2) and Fig. 

3-15e (oxide/grain 1). It shows that the Y2Ti2O7 particle is incoherent with 

grain 2 (Fig. 3-15c), while it is coherent/semicoherent with grain 1 (Fig. 

3-15e). Lattice continuity across the interface between 
2 2 7Y Ti O(220)  and 

(200)grain 1 is apparent in Fig. 3-15e, with a few misfit dislocations at the 

interface to reduce the interfacial strain. This is a situation very similar to 

that shown in Fig. 3-14b. A dislocation moves past a coherent/semicoherent 

particle, and the particle loses its coherence and gives a dragging force to 

the grain boundary, due to the increased interfacial energy of the incoherent 
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oxide/matrix interface produced. The dragging force is indicative by the 

curved grain boundary at the particle. 

 

  

 

 

Fig. 3-15 (a) BF TEM image of oxide particles inside grains and on a grain 

boundary, (b) SAD pattern taken under two-beam condition from the area in 

(a), covering both grains (insert shows the SAD pattern from the zone axis), 

(c) inverse FFT generated from oxide/grain 2 interface, (d) HRTEM image 

of the particle covered by the dashed line square in (a), and (e) inverse FFT 

generated from oxide/grain 1 interface 
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STEM observation showed that Y-Ti-O particles both inside grains and on 

grain boundaries are very stable after annealing at 1150 ˚C for 100 hr, 

without obvious particle coarsening (Fig. 3-13). Therefore, it is expected 

that the pinning behavior of oxide particles on grain boundaries in the 

IA100 sample should be much similar to that in the HS sample. Oxide 

particles on grain boundaries in the IA100 sample were also studied by 

HRTEM to investigate the contribution of nano-sized oxide particles on the 

extra-high thermal stability during annealing. Fig. 3-16 shows an Y2Ti2O7 

particle at a grain boundary in the IA100 sample. The particle has a size of 

~15 nm, which is a typical size among particles on grain boundaries. Fig. 

3-16a is the BF TEM image. The sample was tilted so that the incident 

electron beam was parallel to [011] zone axis of grain 2, as shown by the 

dark contrast in BF image. At the same time, grain 1 is off its zone axis. 

HRTEM image was taken at this condition, as shown in Fig. 3-16b. Lattice 

image of grain 2 is present, while that of grain 1 does not show. The lattice 

image of the particle is also visible owing to the coherent/semicoherent 

relationship between the particle and grain 2. The particle was also indexed 

as Y2Ti2O7 from the HRTEM image, coupled with the EDS result. The 

HRTEM image of the particle is the projection from its [116] zone axis. The 

orientation relationship between the particle and grain 2 comes to be 
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2 2 7Y Ti O Matrix(220) //(200) , 
2 2 7Y Ti O Matrix(331) //(022) , and 

2 2 7Y Ti O Matrix[116] //[011] . 

The grain boundary has a trend to move from grain 1 to grain 2, where it can 

be obviously seen that the grain boundary is curved at the particle. However, 

the curvature on the upper part and that on the lower part are different. 

 The background contrast of the HRTEM image in Fig.3-16b was 

subtracted to get better lattice image contrast to analyze the pinning effect, 

as reproduced in Fig. 3-16c. The interface between the particle and grain 1 

is spherical, while that between the particle and grain 2 is faceted. There are 

three facets, parallel to the (200), (111), and (022) planes of grain 2, 

respectively. This is quite consistent with the precipitation theories. The 

minimization of interfacial energy leads to planer semicoherent (or coherent) 

interfaces and smoothly curved incoherent interface [46]. For the 

oxide/grain 1 interface, the interfacial energy is isotropic because it is an 

incoherent interface. For the oxide/grain 2 interface, the interfacial energy is 

dependent on the orientation of the particle. This is a configuration that 

coincides well with the theoretical one in Fig. 3-14b. The following analysis 

will be closely related with the previous theoretical introduction of Fig. 

3-14. 

 The dashed red lines in Fig. 3-16c indicate the grain boundary, which is 

strongly curved at the oxide/grain interface. The dashed white lines show 
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the interface around the particle. Lattice continuity across the interface is 

marked by the short red lines in the center of the image. Here grain 1, grain 

2 and the particle are denoted as 1, 2, and 3, respectively. Thus, γ12, γ13, γ23 

represent the interfacial energies between grain 1 and grain 2, the particle 

and grain 1, and the particle and grain 2, respectively. The curvatures at the 

left (with interfacial energies of γ) and right (with interfacial energies of γ’) 

of the particle are different, due to the different interfacial energies (γ23 and 

γ’23) among the semicoherent facets and grain 2. The interfacial energy 

between grain 1 and the incoherent particle should be isotropic at the 

spherical interface (γ13=γ’13). The interfacial energy of the grain boundary 

(γ12) is constant for a particular disorientation between grain 1 and grain 2 

(γ12=γ’12), while the direction is dependent on the curvature because it 

should lie inside the grain boundary. The center of the particle was defined 

as that of oxide/grain 1 incoherent spherical interface. It can be seen that the 

contact angle (θ) between the grain boundary and the oxide particle is 0 (the 

line connect the meeting points of the grain boundary on the two sides of the 

particle runs across the center of the particle). If we assume that the 

equilibrium at the interface is established after annealing, 13 23 12γ =γ +γ cosα  

and 13 23 12γ' =γ' +γ' cosα' . The dragging force of the particle on the grain 

boundary is thus F=2πrγ13, which is only dependent on the incoherent 
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oxide/grain 1 interface. From γ13=γ’13 and γ12=γ’12, we can get  

° °23 23 12 12 12γ' -γ =γ (cosα'-cosα)=γ (cos61.8 -cos7.7 )=0.52γ       (3-12) 

The relative relationship between γ23 and γ’23 can be obtained by 

comparing the misfit strains at the semicoherent interface (interfacial energy 

of coherent/semicoherent precipitates is proportional to the square of lattice 

misfit). The lattice misfits were estimated to be 

2 2 723 200(Matrix) 440(Y Ti O )δ =δ =1.1%//  and 
2 2 7

23 022(Matrix) 662(Y Ti O )
δ' =δ =6.8%// , 

respectively. Thus,  

2
23 23 23 23γ' /γ =(δ' /δ ) =46.2                                   (3-13) 

 Combine 3-12 and 3-13, we can get 23 12γ =0.011γ  and 23 12γ' =0.53γ . The 

grain boundary energy γ12 can be experimentally measured. So this analysis 

gives a method to calculate the interfacial energy of coherent/semi-coherent 

precipitates with matrix, which is difficult to measure experimentally. 
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Fig. 3-16 (a) BF TEM image of a oxide particle pinning a grain boundary, (b) 

HRTEM image of the oxide/grain boundary interaction, (c) image 

reproduced from (b) by subtracting the background contrast 
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3.3.4 Limiting grain size 

 It has been shown by Zener (1948) that when the pressure on a boundary 

due to particle pinning equaled the driving pressure for grain growth, 

growth would cease and a limiting grain size would be reached. The relation 

between Zener limiting grain size and particle size (r) and volume fraction 

(Fv) for incoherent particles is  

z
v

4r
D =

3F
                                               (3-14) 

The limiting grain size (Dzc) of coherent particles will be half of Dz with the 

same particle size and volume fraction. 

 The mean radius and volume fraction of oxide particles in the austenitic 

ODS steel was measured to be 3.85 nm and 1.3vol.% for Y-Ti-O particles, 

and 100 nm and 3.4vol.% for Cr-O particles by TEM (see Table 3-3). 

Putting these values into 3-13, results in DZ(Y-Ti-O) of 395 nm and DZ(Cr-O) of 

3.92 µm. If we assume that both Cr-O and Y-Ti-O particles contribute to 

limiting the grain size, the summed limiting grain size from all particles may 

be calculated based on the product over sum rule, 

Z(sum) (Y-Ti-O) Z(Cr-O)1/D =1/DZ +1/D  and DZ(sum) comes to 358 nm. This value is 

still larger than that observed in the IA100 sample. Two possibilities can 

lead to this difference. The first one is that 3-13 is based on the assumption 

that all particles are incoherent with the matrix. However, many Y-Ti-O 
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particles were found to be semi-coherent with the matrix (as shown in Fig. 

3-15 and Fig. 3-16, and will be discussed in section 3.4). The limiting grain 

size will be smaller due to the stronger pinning effect of semicoherent 

Y-Ti-O particles. The other possibility is that a coefficient α is often 

multiplied to 3-31 (set as 1 in Zener limiting grain size), whose value may 

differ from 1. Actually, many theoretical studies showed that 0.25<α<0.5 

[47,48]. 

 The existence of limiting grain size is of great significance in preventing 

grain growth during the heat treatment of industrial alloys and application of 

alloys at high temperatures, especially for UFG alloys which have high 

tendency to grain growth. Present study showed that extra-high thermal 

stability of UFG austenitic ODS steel can be obtained, owing to the Zener 

pinning effect of stable nano-sized oxide particles. The Zener limiting grain 

size and oxide particle size and volume fraction seemed to follow the Zener 

relation, but the experimentally measured grain size after isothermal 

annealing at 1150 ˚C for 100 hr is smaller than that predicted from the Zener 

relation. Actually, there are surprisingly few experimental results available 

to test the relationships in materials containing low volume fraction of 

particles, and in particular to verify the dependence of Dz on Fv.  

3.4 Coherency of fine Y2Ti2O7 particles with the austenite matrix 
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Coherency of oxide particles with matrix has great influence on the 

mechanical properties and thermal stability of ODS steels. It has shown in 

section 3.3 that some Y2Ti2O7 particles on grain boundaries have specific 

orientation relationship with one of the adjacent grains. In this study, the 

coherency and orientation relationship between Y2Ti2O7 particles and the 

austenite matrix were studied in detail. All observation without special 

illustration was performed on the HS sample (hot-rolled and solution treated 

at 1150 ˚C for 1 hr).  

Several studies have focused on the coherency of nano-sized oxide 

particles with a ferrite matrix in ODS steel. It has been shown by most of 

these studies that Y2Ti2O7 particles are coherent/semicoherent with the 

matrix, as introduced in section 2.4. However, to the best of our knowledge, 

there has been no report concerning the coherency of nano-sized oxide 

particles with an austenitic Fe-Ni-Cr matrix. Since a α to γ phase 

transformation occurs during MA and/or subsequent heat treatment, when 

the starting powders are pure metal powders (ferritic Fe, Cr and Ni) [6,49], 

the behaviors of oxide particles in austenitic ODS steel may be different 

from those in ferritic ODS steel. For instance, a recent study showed that 

Y2O3 particles did not dissolve into the austenitic matrix [6], whereas it was 

demonstrated that Y2O3 particles dissolved into the ferritic matrix and 
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re-precipitated as complex oxide particles [12,13]. Therefore this study 

focused on the coherency relationship of oxide particles with an austenitic 

matrix, which may contribute to a study on the pinning effects of oxide 

particles on dislocations and grain boundaries, and help in understanding the 

formation mechanism of oxide particles in an austenitic Fe-Ni-Cr matrix. 

The coherency of a large number of oxide particles with the matrix can be 

judged based on the so-called Ashby-Brown contrast [50]. For an isotropic 

misfitting sphere (coherent) of a size of r0 in an infinite isotropic matrix, as 

schematically shown in Fig. 3-17a, the displacements are radial, and given 

as a function of the distance r  from the center of the particle by 

R=C rε                                                 (3-15) 

when r<r0 and  

R=C r
3

0
3

r
rε                                              (3-16) 

 when r>r0, Cε is an expression for the elastic constants, given by 

ε

3Kδ
C =

3K+2E(1+ν)
                                        (3-17) 

K is the bulk modulus of the precipitate; E and n are Young’s modulus and 

Poisson’s ratio, respectively, for the matrix. It has been shown that, owing to 

the spherically symmetrical coherency strain, a no-contrast line runs through 

the image of the particle perpendicular to the active g vector just under the 
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Bragg condition [50]. The intensity contours with a no-contrast line from a 

simulated image of the particle is shown in Fig. 3-17b, which was first 

calculated by M.F. Ashby and L.M. Brown. 

 To illustrate the formation of diffraction contrast of nano-sized oxide 

particles in ODS steel, where lattice misfit is anisotropic and dependent on 

crystallographic orientation of the particle, and interface misfit dislocations 

are present, the formation of no-contrast line will be introduced based on the 

study by M.F. Ashby and L.M. Brown in 1963 [50].  

Combining 3-16 with 3-15, we can get 

3
0

2

3Kd r
2E

3K + r
1+

R

ν

×=
 × 
 

                                     (3-18) 

The important feature is that R always has radial symmetry. Thus, when 

we consider the Howie-Whelan equation, 

t

g 0 g0
g

iπ
A = A exp[-2πi(s z + )]dz

ξ
g R∫ i                          (3-19) 

If we use the coordinate system shown in Fig. 3-18, where positive x-axis 

is parallel to g, z=v at the center of the particle and the thickness of the foil 

is t, the amplitude diffracted by a column of matrix around the coherent 

particle is  

3
t 0

g 0 g0 2 2 2 3/2g

3Kδr xiπ
A = A exp[-2πi(s z+ )]dz

2Eξ (3K+ )[x +y +(v-z) ]
1+ν

g
∫       (3-20) 
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It can be seen from equation 3-19 that, if x=0 (no lattice displacement 

along x-axis), then g R=0, and the beam intensity distribution 

(Howie-Whelan equations) becomes the same with that for a perfect crystal, 

and a no-contrast line appears under g. Therefore, the condition for the 

appearance of the no-contrast line is that the misfit strain field R does not 

have any component on the lattice plane parallel to the active g vector. In 

other words, if a lattice plane of a particle is perfectly matched with a plane 

of the matrix along x-axis (parallel to g vector), the lattice distortion along 

x-axis will be zero, and a no-contrast line will appear at the position of this 

pair of planes. 
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Fig. 3-17 (a) Schematic figure of a coherent particle in a matrix (the dashed 

blue line corresponds to the plane which is not distorted by the strain field 

of the particle - no contrast line under the g-vector), (b) intensity contours 

from a simulated image of the particle under the g-vector that is shown 

schematically in (a) [50] 

 

 

Fig. 3-18 Coordination system of a particle inside a thin film under TEM 

observation 
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This study was carried out in the following steps. First, bright field images 

from specific grains were taken. Particles in the grains were analyzed by 

EDS and the number of particles was counted. The specimen was tilted by 

different angles to make sure that all particles were visible and counted. 

Second, the grain was tilted to a series of two-beam conditions with 

different active g vectors, and the number of coherent/semi-coherent 

particles in the grain was judged by the “Ashby-Brown” contrast. Third, the 

grain was tilted to such an orientation that the zone axes from both the 

matrix and oxide particles were superimposed. The orientation relationship 

was analyzed using selected area diffraction (SAD) patterns. Dark field (DF) 

images were taken from the diffracted beams from the oxide particles to find 

the particles with the same orientation. Finally, HRTEM images of the 

particles with no-contrast lines in the grain were taken without further tilting 

the sample from the orientation in the third step to study the interface 

structure and orientation relationships with the matrix. Numerous particles 

in more than ten grains were studied using this method. The HRTEM 

images were analyzed by Fast Fourier Transformation (FFT) in a 

DigitalmicrographTM package. HRTEM image simulation was performed 

using “REW” software [51]. 

Fig. 3-19 shows BF TEM images of oxide particles in several different 
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grains taken under g200. Oxide particles are very uniformly distributed in the 

matrix, with particle sizes of 3-5 nm. No-contrast lines perpendicular to the 

g-vector (g200) can be observed in most of oxide particles, indicating that 

they are coherent/semicoherent with the matrix. Several large particles 

(10-20 nm) in Fig. 3-19d do not show no-contrast lines, and may be 

incoherent with the matrix. EDS analyses were performed on numerous 

particles in these images, and it was found that all particles analyzed were 

Y-Ti-O particles. BF TEM images under various active g vectors of the 

matrix, such as (131)g , (331)g  and (420)g , were taken and it was found that 

no-contrast lines could only be observed under g={200} and g={220}. 

Referring to equation 3-19, it is suggested that the perfectly matched planes 

may only exist along <200> and <220> directions, which produce no lattice 

distortion parallel to the active g vectors, g200 and g220. A total number of 

642 particles in 8 different grains were observed under (200)g  and it was 

found that no-contrast lines were present in over 95% of them, indicating 

that most Y-Ti-O particles are coherent/semicoherent with the matrix. 
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Fig. 3-19 BF TEM images taken from several different grains under g200 
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The orientation relationship between Y-Ti-O particles with the austenite 

matrix was investigated by a combination of diffraction contrast techniques 

and HRTEM. Fig. 3-20a shows the BF image of a typical grain in the 

austenitic ODS steel. The grain has a size of ~300 nm and appears to be 

equaxied, which is typical in the austenitic ODS steel, which has a mean 

grain size of ~260 nm. The high density of fine particles (<10 nm) are 

dispersed in the grain, and a few larger particles (10-30 nm in diameter) are 

located on the grain boundaries. EDS analyses indicate that both large and 

fine particles are Y-Ti-O particles. A strong interaction between dislocations 

and fine particles can be readily seen in the grain. The grain was tilted so 

that the [011] zone axis of the grain was parallel to the electron beam. The 

SAD pattern was taken over the grain. A set of very weak patterns, as 

indicated by the dashed lines and circles in Fig. 3-20b, was found in 

addition to the hexagonal pattern from the matrix. The weak pattern was 

compared with simulated patterns from the matrix and all possible Y-Ti-O 

structures, and it fits well with [116] zone axis diffraction from Y2Ti2O7. 

Owing to the extremely small particle size and possible slight difference in 

orientations among particles in the area, the diffracted spots from the 

Y2Ti2O7 particles are rather diffuse. The simulated overlapped diffraction 

pattern from the [011] zone axis of the matrix and [116] zone axis of 
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Y2Ti2O7 is shown in Fig. 3-20d. The orientation relationship between the 

oxide particles and matrix turns to be
2 2 7Y Ti O Matrix(220) //(200) , 

2 2 7Y Ti O Matrix(331) //(022)  and 
2 2 7Y Ti O Matrix[116] //[011] . To investigate which 

particles had this orientation, a DF image was taken from a diffracted beam 

of the Y2Ti2O7 particles, 331. Nearly all particles present in the BF image 

can be found in the DF image (Fig. 3-20c), indicating that these particles 

should have the same orientation relationship with the matrix.  

The intensity of diffraction beams from Y2Ti2O7 particles is much lower 

compared with that of the matrix and can not be clearly seen in the SAD 

pattern. To further confirm the orientation of Y2Ti2O7 particles with the 

matrix, nano-beam electron diffraction (NBED) patterns were taken for 

several particles in this grain. Fig. 3-20e shows a typical NBED pattern 

from a particle with a size of ~7 nm, and Fig. 3-20f shows the corresponding 

pattern calculated from the [116] zone axis of Y2Ti2O7. It can be seen that 

the NBED pattern is in good agreement with the SAD pattern (Fig. 3-20c), 

but shows clearer spots from the Y2Ti2O7 particle. The diffraction spots 

marked by circles are shared by both the matrix and particle, which is 

indicative from the overlapped spot morphology (compared with Fig. 

3-20d). 
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Fig. 3-20 Nano-sized Y2Ti2O7 particles in a typical grain: (a) BF image, (b) 

SAD pattern covering the area of the grain, (c) DF image from 
2 2 7Y Ti O(331) , 

(d) simulated SAD pattern from [116]Y2Ti2O7 and [011]γ-Fe, (e) NBED 

pattern taken from a particle inside the grain, and (f) corresponding pattern 

calculated from [116]Y2Ti2O7 
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Fig. 3-21 shows the images of Y2Ti2O7 particles under a series of active g 

vectors, 200g , 022g , and (111)g , in the area covered by the white square in 

Fig. 3-20a. The enlarged images of particles are inserted to show clear 

contrast of the particles (in white squares). In Fig. 3-21a, no-contrast lines 

run through the images of the particles perpendicular to the active g vector, 

200g . The no-contrast lines thus lie parallel to the (200) plane of the matrix, 

indicating that radial symmetrical displacement field R around the particle 

can be obtained parallel to the (200) plane without a component parallel to 

200g . Taking the lattice constant of the austenite matrix as a=0.36 nm and 

that of the Y2Ti2O7 as a’=10.095 nm [52], the lattice misfit between parallel 

planes of the matrix, (200) and (440), of Y2Ti2O7 is 

2 2 7

2 2 7

Matrix(200) Y Ti O (440)

Matrix(200) Y Ti O (440)

2(d -d ) 2(1.80-1.78)
δ= = /=1.1%

d +d 1.80+1.78
 

Fig. 3-21b was taken under 022g . The no-contrast lines are parallel to the 

undistorted plane (022) of the matrix. More than one no-contrast line 

perpendicular to the g vector can be seen in a particle, showing a lobe-lobe 

morphology. The unstrained misfit between parallel planes, 
2 2 7Y Ti O(662)  

and Matrix(022) , is 

2 2 7

2 2 7

Matrix(022) Y Ti O (662)

Matrix(022) Y Ti O (662)

2(d -d ) 2(1.27-1.16)
δ= = =9.1%

d +d 1.27+1.16
 

The misfit between the 
2 2 7Y Ti O(662)  and Matrix(022)  planes is much larger 
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than that between the 
2 2 7Y Ti O(440)  and Matrix(200)  planes. A larger misfit 

leads to a greater misfit strain around the particles, which causes a stronger 

diffraction of the electron beam and makes the particle images appear 

bigger.  

Fig. 3-21c shows the image taken under (111)g . No no-contrast lines 

perpendicular to the active g vector could be observed; indicating that a 

radial symmetrical displacement field R around the particle cannot be 

obtained parallel to the (111) plane of the matrix. This is consistent with 

the combined SAD pattern in Fig. 3-20d, where it shows that the (220) 

and (331) planes of Y2Ti2O7 particles can be exactly parallel to the (200) 

and (022) planes of the matrix, while 
2 2 7Y Ti O(151)  is slightly tilted from 

Matrix(111) , which leads to a distortion of the lattice planes at the 

oxide/matrix interface and produce a strain component on the lattice plane 

parallel to (111)g . 
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Fig. 3-21 Ashby-Brown contrast of Y2Ti2O7 particles (in the area covered 

by the white square in Fig.3-20) under different two-beam conditions:  

(a) 200g , (b) 022g , and (c) (111)g  
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The orientation relationship and interface structure of the oxide particles 

with the matrix, as well as the lobe-lobe morphologies at different g-vectors, 

can be illustrated by the constructed lattice structures and the combined 

reciprocal lattices from Y2Ti2O7 and the austenitic matrix seen from the [011] 

(thus [116]Y2Ti2O7) zone axis of the matrix in Fig. 3-22. The schematic 

representation of an Y2Ti2O7 particle (3 nm in diameter) embedded in the 

γ-Fe matrix was drawn according to the orientation relationship in this study 

and the relative lattice constants, as shown in Fig. 3-22a. The misfit between 

the parallel planes 
2 2 7Y Ti O(440)  and Matrix(200)  is 1.1%, indicating that a 

misfit dislocation should be formed to release the misfit strain for every 99 

parallel planes. The distance between the misfit dislocations turns out to be 

17.8 nm (99×0.18 nm), which is larger than the size of most Y2Ti2O7 oxide 

particles. Therefore, no misfit dislocation can actually be formed at the 

interface along the (200) planes of the matrix. Owing to the lattice misfit, 

only one common plane (perfectly matched planes across the interface) can 

be formed, beside which the lattice misfit is symmetrical on both sides. The 

perfectly matched planes do not produce a strain component parallel to the 

active g-vector (as illustrated in Fig. 3-22a and Fig. 3-22c). Therefore, 

g•R=0 and a single no-contrast line is shown under g200. For the parallel 

planes 
2 2 7Y Ti O(662)  and Matrix(022) , the lattice misfit is 9.1%, which means 
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that a misfit dislocation should be formed for every 11 planes of Matrix(022) , 

providing that inter-planer spacings of 
2 2 7Y Ti O(662)  and Matrix(022)  planes 

are constant. The distance between misfit dislocations is 11×1.27=14 Å. For 

particles with sizes of 3 nm, 4 nm, and 5 nm, there will be 2, 2, and 3 misfit 

dislocations, respectively, which is evident in Fig. 3-21b, where 2 or 3 

no-contrast lines are present in most particles. 

The formation mechanism of the no-contrast lines under 022g  in an 

Y2Ti2O7 particle with a size of 3 nm is shown in Fig. 3c. When the parallel 

planes, 
2 2 7Y Ti O(662)  and Matrix(022) , are perfectly matched along the 

incident electron beam direction (thus the direction of the zone axis), as 

indicated by dashed green lines, i022g R=0 and the no-contrast lines appear. 

Similar multiple no-contrast lines on the Y2Ti2O7 particles in ferritic ODS 

steel have been revealed using Moiré fringes in a recent study by Ribis et al. 

[53], where it was demonstrated that the spacing between Moiré fringes 

nearly equals that between the interfacial misfit dislocations. Therefore, 

these two explanations lead to the same conclusion.  

The combined reciprocal lattices of the matrix and Y2Ti2O7 according to 

the orientation relationship in this study are shown in Fig. 3-22b. The figure 

shows that parallel planes can only be obtained between 
2 2 7Y Ti O(440)  and 

Matrix(200) , and 
2 2 7Y Ti O(662)  and Matrix(022) . This is consistent with the 
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observation that no-contrast lines can only be observed under 200g  and 

022g , where common planes are present. Even though 
2 2 7Y Ti O(551) and 

Matrix(111)  planes are nearly parallel to each other, there is ~2.5̊ rotation by 

[011]Matrix axis, which will produce a lattice misfit component along 111g  

and no no-contrast line will show. For instance, if we rotate the 
2 2 7Y Ti O(662)  

planes by a small degree by [011]Matrix in Fig. 3-22c, there will always be a 

lattice misfit component along positive X-axis, and no perfectly matched 

planes between Y2Ti2O7 and the matrix can be formed. 
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Fig. 3-22 (a) Schematic lattice structure of a Y2Ti2O7 particle (~3 nm) 

embedded in the γ-Fe matrix and (b) corresponding reciprocal lattice, with 

the orientation given by Fig. 1c, and (c) schematic illustration on the 

formation of double no-contrast lines under 022g  
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From discussion above, it can be found that the inter-spacing between 

no-contrast lines equals that between the corresponding lattice misfit 

dislocations. For images taken under 200g , a single no-contrast line is 

normally present in most Y2Ti2O7 particles, because the inter-spacing 

between no-contrast lines (17.8 nm) is larger than the particle size (3-5 nm). 

For images taken under 022g , multi-no-contrast lines can be observed, due 

to the small inter-spacing (1.4 nm). The number of no-contrast lines 

coincides well with the theoretical analysis. However, it is experimentally 

found that inter-spacings between no-contrast lines are different among 

different particles, which vary from ~1.4 nm to ~2.2 nm. The inter-spacings 

between no-contrast lines of particles in different grains under 022g  were 

measured and the distribution is shown in Fig. 3-23, which indicates a 

maximum value of 2.2 nm and a mean value of 1.8 nm. 

 The difference between the calculated inter-spacing (1.4 nm) and that 

measured from TEM images (e.g., 1.8 nm) can be possibly explained by the 

strained lattice planes (change in inter-planer spacings) of Y2Ti2O7 particles 

and the matrix. Previous analysis has been based on the assumption that 

inter-planer spacings of both Y2Ti2O7 particles and the matrix are constant. 

In reality, however, lattice distortion occurs due to the interface misfit strain 

and segregated elements, such as Cr, which was commonly detected in 
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Y2Ti2O7 particles. Such lattice distortion will reduce the lattice misfit; 

resulting in less misfit dislocations at the oxide/matrix interface. Decrease in 

the number of misfit dislocations leads to the increase of inter-spacing 

between them (equals the inter-spacing between no-contrast lines). A recent 

study showed that the Young’s modulus of Y2Ti2O7 reaches 262 GPa [54], 

which is much higher than that of the γ-Fe (~200 GPa). Therefore, it is 

assumed that the lattice distortion is concentrated in the matrix (near to the 

interface). Because 
2 2 7Y Ti O(662)d (0.11578 nm) is smaller than Matrix(022)d  

(0.12728 nm), misfit dislocations are expected to be formed in Y2Ti2O7 

particles. If the distance between two misfit dislocations contains n 

2 2 7Y Ti O(662)  planes, there will be n-1 Matrix(022)  planes. For an 

inter-spacing of 2.2 nm between no-contrast lines, it corresponds to a 

distance of 
2 2 7662(Y Ti O )19.7 d×  (without lattice distortion), and 

(Matrix)02218.7 d×  (with lattice distortion). The inter-planer spacing between 

Matrix(022)  planes ( Matrix(022)d ) at oxide/matrix interface after lattice 

distortion by misfit strain and segregation comes to be 0.11765 nm (2.2 

nm/18.7). The lattice misfit at the interface thus becomes 1.6%, compared to 

9.1% without lattice distortion. Therefore, a lattice decrease by 7.6% of 

Matrix(022)  planes is expected in the matrix near to the oxide/matrix 

interface. This is confirmed by a careful measurement on a HRTEM image, 
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as shown in Fig. 3-24. Fig. 3-24a shows the TEM image taken under 022g . 

Multi-no-contrast lines are can be seen on most oxide particles. 

Inter-spacings between no-contrast lines on two typical particles are marked 

on the image. A larger particle (~11 nm, covered by the white square) was 

enlarged and shown in Fig. 3-24b. The inter-spacing between no-contrast 

lines on the particle is measured to be 2.2 nm. The sample was then tilted to 

the [011] zone axis of the matrix and a HRTEM image of the particle was 

taken, as shown in Fig. 3-24c. An iFFT image was generated from the 

matrix near to the oxide/matrix interface (marked by the white square in Fig. 

3-24c), and shown in Fig. 3-24d. Matrix(022)d  was measured to be 1.18 Å, 

which has a good agreement with theoretical analysis (1.1765 Å). 

 

 

 

 

 

 

 



 188

 

 

Fig. 3-23 Distribution of inter-spacings between no-contrast lines among 

different particles under 022g  
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Fig. 3-24 (a) TEM image of Y-Ti-O particles taken under 022g , (b) 

inter-spacing between no-contrast lines on an oxide article (~11 nm), (c) 

HRTEM image of the particle taken from the [011]Matrix zone axis, (d) iFFT 

image generated from the area covered by the white square in (c) 
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The lattice distortion in the austenite matrix due to the semi-coherent 

Y2Ti2O7 particles was also detected by XRD analysis. Y2Ti2O7 oxide 

particles are uniformly distributed in the austenite matrix with a high 

number density. The volume fraction of these particles is estimated to be 

~0.6%. If we assume that the distorted matrix layer around oxide particles 

has a thickness of 3 nm (based on Fig. 3-24), the distorted volume of the 

matrix will be ~2%, which should be shown in a XRD pattern. It should be 

noted that the lattice contraction in the austenitic ODS steel is anisotropic, 

owing to the different interface misfits at different directions. As we have 

mentioned before, Matrix(200)  planes have a small misfit (1.1%) with the 

parallel 
2 2 7Y Ti O(440) planes, and thus distortion of (200) planes should be 

very small. On the other hand, Matrix(022)  planes have a large misfit (9.1%) 

with the parallel 
2 2 7Y Ti O(662) planes, and thus distortion of (022) planes 

should be large. Furthermore, {220}Matrix planes contain several planes such 

as (220), (220), (022), (022), (202), and (202). These planes have 

different lattice misfits with their corresponding parallel planes of Y2Ti2O7, 

thus have different distortion. However, they contribute to the same peak 

(220) in a XRD pattern. The same problem exists for {200} and {311} 

planes. This makes illustration by XRD very difficult. Fortunately, all four 

{111} planes, (111), (111), (111), and (111), have the same lattice 
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distortion (all of them parallel to {511}Y2Ti2O7 planes, see Fig. 3-20). 

Therefore, lattice distortion in {111} planes can be illustrated by the (111) 

reflection in a XRD pattern. 

 The sample for XRD analysis was carefully polished until a final mean 

roughness of 0.025 µm, then degreased using acetone and finally 

electropolished to remove the potential polish induced cold-working 

hardened layer. XRD scanning was performed on a Rigaku2000 facility by a 

step size of 0.01˚, using Cu Kα radiation, λ=0.1542 nm. The background in 

the XRD intensity was subtracted by software (Jade). Kα2 was also 

subtracted from peaks, as evident from (200), (220), and (311) peaks in Fig. 

3-25a. It can bee seen that the (111) peak is broadened on the right (Fig. 

3-25b). The main peak corresponds to an inter-planer spacing of 2.079 Å, 

which indicates a lattice constant of 3.60 Å. It can be considered that the 

broadened part on the right of the (111) peak is composed of several small 

peaks, which should be attributed to the distorted matrix layer around 

Y2Ti2O7 particles. The inter-planer spacing (d) ranges from 2.0607 Å to 

~2.0277 Å, corresponding to lattice contraction by 1~2.5% of (111) planes, 

which lead to a lattice contraction by 2-7.5% of (022) and (022) planes 

(111) (022)( d 0.3 )∆ ≈ ∆ . This has a quite good accordance with the lattice 

contraction of (022) planes estimated from inter-spacings of no-contrast 
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lines in Fig. 3-23. Because Y2Ti2O7 oxide particles with sizes ranging from 

3 nm to 5 nm are uniformly distributed in the austenite matrix with a high 

number density, the lattice distorted volume of the matrix may have 

significant influence on the mechanical properties, which needs further 

investigation. Lattice misfit at Y2Ti2O7/matrix interfaces is reduced by 

strong lattice distortion in the matrix, resulting in less misfit dislocations, 

which is consistent with HRTEM observation. 
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Fig. 3-25 (a) XRD pattern taken from the HS sample, (b) broadening of the 

(111) peak 
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Fig. 3-26a shows the HRTEM image of a typical Y2Ti2O7 particle. The 

image was taken on the [011] zone axis of the matrix. The simulated 

HRTEM image of the Y2Ti2O7 from the [116] zone axis and the inverse FFT 

image of the HRTEM image are inserted in Fig. 3-26a. It can be seen that 

the simulated image has a good agreement with the experimental image and 

the inverse FFT image. The interface structure cannot be clearly seen owing 

to the misfit strain around the particle. The combined FFT pattern from the 

particle and the matrix (Fig. 3-26b) coincides well with the SAD pattern in 

Fig. 3-20b. This reaffirms the orientation between the Y2Ti2O7 particles and 

the matrix as demonstrated in Fig. 3-20. Because the interface image is not 

clear, the inverse FFT images were generated from areas away from the 

interface. Fig. 3-26c shows the combined inverse FFT images of the 

Y2Ti2O7 particle and the matrix. It illustrates the possible interface structure 

between the particle and the matrix without a misfit strain. It was found that 

a lattice continuity is obtained between 
2 2 7Y Ti O(220)  and Matrix(200) . 

Because 
2 2 7Y Ti O(220)d  is twice as large as (200)Matrixd , structural ledges are 

suggested at the interface (as illustrated by dashed lines), which is 

recognized to increase the degree of coherency of a heterophase interface, 

and hence lowers the interfacial energy [55]. The red circles show where the 

lattice continuity is obtained across the interface. Fig. 3-26d shows the 
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constructed atomic structure of an Y2Ti2O7 domain in a γ-Fe matrix without 

an interface misfit strain seen from the [116] zone axis of Y2Ti2O7 and [011] 

zone axis of the surrounding γ-Fe matrix. The projection of the crystals was 

rotated to have the same orientation with those in the HRTEM image (Fig. 

3-26a) for a direct comparison. Lattice continuity between the 
2 2 7Y Ti O(220)  

and Matrix(200)  planes is apparent across the interface, owing to the small 

misfit, as marked by the blue lines. It should be noted that a smaller misfit 

decreases the coherency strain energy and reduces the energy needed for 

oxide precipitation. On the other hand, it can be found that the lattice 

continuity can not be obtained between the 
2 2 7Y Ti O(331)  and Matrix(022)  

planes without a large misfit strain, as illustrated by the orange lines. 

Fig. 3-26e shows a HRTEM image of several oxide particles (indexed as 

Y2Ti2O7) in a grain. It can be seen the all these particles in the image may 

have the same orientation relationship, which also gives evidence that 

specific orientation relationship exist between oxide particles and the 

austenite matrix. 
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Fig. 3-26 (a) HRTEM image of a typical Y2Ti2O7 particle, (b) FFT pattern 

generated from the area covering the particle and surrounding matrix, (c) 

constructed possible Y2Ti2O7/austenite interface structure by iFFT images, 

(d) schematic atomic structure of an Y2Ti2O7 particle inside γ-Fe matrix 

with the orientation relationship identified, and (e) HRTEM image of 

several Y2Ti2O7 particles having a same orientation 
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The orientation relationship (OR) between two crystals are normally 

expressed by a pair of parallel planes and a pair of directions perpendicular 

to the parallel planes. It is obvious that an OR can be expressed by 

numerous sets of parallel planes and directions, therefore, the same OR may 

be found to have different expressions (different parallel planes and 

directions). One method to avoid such complication is to use the 

stereograms of two crystal projections. The other method is to get the vector 

transformation vectors. For a given OR between two crystals, the basic 

vectors of the crystals can be correlated by a transformation matrix, by 

which any corresponding parallel planes and directions of the other crystal 

can be obtained for given planes and directions of one of the crystals. Based 

on the orientation relationship identified between Y2Ti2O7 particles and the 

austenitie matrix, the basic vector transformation matrix can be readily 

calculated. The reciprocal lattice axis conversion matrix between the two 

crystals is calculated to be 

1.95 -1.95 0

[N]= -1.0275 -1.0275 2.3375

1.6575 1.6575 1.4425

 
 
 
  

 

The basic vector transformation matrix from austenite to Y2Ti2O7 in real 

space, which transforms a lattice plane of austenite crystal to the parallel 

plane of Y2Ti2O7 crystal, i.e., 
2 2 7

T T
Y Ti O austenite[h,k,l] =[P][H,K,L] , is calculated 
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as 

 1.9500   -1.0275    1.6575

[P]= -1.9500   -1.0275    1.6575

      0        2.3375    1.4425

 
 
 
  

 

 The basic vector transformation matrix from austenite to Y2Ti2O7 in 

reciprocal space, which transforms a crystal direction of austenite to the 

parallel direction of Y2Ti2O7 crystal, i.e., 
2 2 7

T T
Y Ti O austenite[u,v,w] =[D][U,V,W] , 

is calculated to be 

 0.2564   -0.1346    0.2182

[D]= -0.2564   -0.1346    0.2182

 0.0000    0.3094    0.1918

 
 
 
  

 

All parallel lattice directions between Y2Ti2O7 particles and the austenite 

matrix can by calculated by the vector transformation matrix [D]. This is an 

useful information because it can help to find on which zone axis of the 

austenite matrix should the SAD patterns and HRTEM images be taken to 

make sure that both Y2Ti2O7 particles and austenite matrix are on the zone 

axis. Because the lattice constants of Y2Ti2O7 and γ-Fe are far different 

(
2 2 7Y Ti Oa =10.095Å, -Fea =3.660γ Å), no coherent interface can be formed 

between these two phases. To affirm the orientation relationship identified 

by SAD and NBED (Fig. 3-20), another set of low index parallel lattice 

directions between Y2Ti2O7 particles and the austenite matrix was found by 

using the transformation matrix [D], 
2 2 7

T T
Y Ti O austenite[0,4,5] =[D][1,1,2] . Fig. 
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3-27 shows the calculated SAD patterns from [112] of the austenite matrix, 

[045] of Y2Ti2O7 (with different camera lengths) and overlapped pattern 

according to the orientation relationship between the Y2Ti2O7 and the matrix 

in the austenitic ODS steel. The parallel directions of Y2Ti2O7 to several 

other low index zone axis of the austenite matrix were also calculated, such 

as [001], [111], [113], et. al., but the corresponding directions of Y2Ti2O7 are 

high index zone axis, which are not suitable for taking SAD patterns.  
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Fig. 3-27 Calculated SAD patterns from (a)[112] of the austenite matrix, 

(b) [045] of Y2Ti2O7 (with different camera lengths), and (c) overlapped 

pattern from Y2Ti2O7 and the matrix according to the orientation 

relationship identified 
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The calculated overlapped pattern shown in Fig. 3-27c was confirmed by 

the experimental observation. Fig. 3-28a shows the BF image of a grain 

containing an abundant of fine Y-Ti-O particles (affirmed by EDS analysis). 

The particle sizes are comparable to those observed in previous images, 

which range from 3 to 5 nm. The grain was tilted by a double tilt holder so 

that the incident electron beam was parallel to the [112] zone axis of the 

austenite matrix, as shown by the SAD pattern in Fig. 3-28b. A set of weak 

pattern is also present besides the bright pattern from the austenite matrix, 

which should be from Y2Ti2O7 particles. The SAD pattern in Fig. 3-28b is in 

good accordance with that predicted in Fig. 3-27c, which re-confirms the 

orientation relationship identified from Fig. 3-20. It should be noted that 

there are two weak spots at the position of (400) plane diffraction of 

Y2Ti2O7 (as marked by the dashed line circle in Fig. 3-28b). This should be 

attributed to the symmetrical lattice displacement on both sides of misfit 

dislocations. 

A DF image was taken by the diffracted beam marked by the dashed circle 

in Fig. 3-28b, as shown in Fig. 3-28c. It can be found that most particles are 

present in the DF image, compared to the BF image. This indicates that 

most oxide particles have the same orientation in the grain. To investigate 

the coherency relation, two-beam condition images were taken under 111g , 



 202

131g , and 220g . No-contrast lines can only be observed under 220g , as 

marked by the arrows in the inserted enlarged image in Fig. 3-287d, which 

is consistent with previous analysis on the coherency relationship.  

 

  

  

 

Fig. 3-28 (a) BF TEM image of Y-Ti-O particles in a grain, (b) SAD 

pattern taken over the area, (c) DF image taken from the diffracted beam 

marked by the dashed line circle in (b), and (d) two-beam condition image 

taken under 220g  (several no-contrast lines are marked by arrows in the 

inserted image) 
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In this study, it reveals that over 95% of all Y2Ti2O7 particles are 

semi-coherent with the matrix in austenitic ODS steel. The orientation 

relationship between the Y2Ti2O7 particles and the matrix is 

2 2 7Y Ti O Matrix(220) //(200) , 
2 2 7Y Ti O Matrix(331) //(022) , and 

2 2 7Y Ti O Matrix[116] //[011] . 

This orientation relationship was confirmed by taking SAD patterns from 

two different zone axes, [011] and [112] of the austenite matrix. Lattice 

continuity between the 
2 2 7Y Ti O(220)  and Matrix(200)  planes can be obtained 

with a misfit of 2.5%. The misfit between the 
2 2 7Y Ti O(331)  and Matrix(022)  

planes is 11.1%. The different lobe-lobe morphologies of Y2Ti2O7 particles 

under different active g-vectors can be explained by the orientation and 

interfacial lattice misfit between Y2Ti2O7 particles and the austenitic matrix. 
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Summary 

316L based austenitic oxide dispersion strengthened steel exhibited an 

ultra-fine-grained structure, with a bimodal grain size distribution (large 

grains ~1.2 µm; and fine grains ~260 nm). Two groups of oxide particles 

were observed, fine Y2Ti2O7 (~7.7 nm) and coarse Cr2O3 particles (~200 

nm). The tensile test showed yield strength of 890 MPa, which is 4 times 

higher than that of annealed commercial 316L stainless steel.  

Thermal stability of the ultra-fine grained structure of the austenitic ODS 

steel was investigated by annealing at 1150 ˚C for 100 hr. It was found that 

grain growth was nearly inhibited at this temperature. The high thermal 

stability is attributed to the Zener pinning effect of semi-coherent Y2Ti2O7 

particles on grain boundaries. It is notable that dislocation structure is also 

stable during long-term annealing, owing to the strong interaction between 

dislocations and oxide particles. 

It was also revealed that over 95% of the Y2Ti2O7 particles (3-10 nm in 

diameter) are semi-coherent with the austenitic matrix. Lattice continuity is 

obtained across the oxide/matrix interface in two perpendicular planes, (200) 

and (022)  of the matrix, with different lattice misfits, which induce 

different lobe-lobe morphologies (AB contrast) under a series of g-vectors. 

The lattice distortion (strain) near to the oxide/matrix interface was 
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estimated from the inter-spacings between no-contrast lines and compared 

with that from XRD analysis. 
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Chapter 4. Conclusion 

 

In this study, 12Cr ferritic ODS steel and 316L SS based austenitic ODS 

steel were fabricated by mechanical alloying (MA), hot isostatic pressing 

(HIP) and hot rolling processes. Efforts were made to control the 

distribution of oxide particles by controlling the oxygen content. The oxide 

phases, size distribution, thermal stability, and coherency and orientation 

relationship of oxide particles with matrix in the as fabricated ODS steels 

were investigated.  

Two 12Cr ODS steel samples with different oxygen contents were 

fabricated by MA and hot isostatic pressing (HIP). Oxygen content in one 

ODS steel sample was controlled to be about 2500 ppm (sample A) by a 

hydrogen reduction process prior to consolidation, while that in the other 

sample was about 7000 ppm (sample B). The types and size distributions of 

oxide particles were analyzed by TEM and SANS (small angle neutron 

scattering, results not shown in this thesis), which show a good agreement. 

Three types of oxide particles, fine YTaO4 (< 30 nm) and coarse YCrO3, 

Cr-V-O (>100 nm) oxide particles were mainly found in both samples. Fine 

YTaO4 particles in sample A showed a smaller mean particle size (9 nm) 

than those (15 nm) in sample B, while their number density was nearly the 
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same. Coarse Cr-V-O particles in both samples had similar size, while 

sample B revealed a much higher number density than sample A. It provides 

direct evidence that coarse oxide particles are induced by the high excess 

oxygen content. By controlling excess oxygen content in the ODS steel, it is 

promising to avoid the formation of such coarse oxide particles. 

The crystallography of monoclinic YTaO4 particles and the atomic 

structure at the particle/ferrite matrix interface have been examined by 

means of SAD (selected area diffraction) and HRTEM in a 12Cr ODS steel. 

It shows that many YTaO4 particles are semi-coherent with the matrix. The 

habit plane determined in many cases is O M(051) //(011) , where the misfit is 

within 1%. Different orientation relationships such as O M(051) //(011) , 

O M[715] //[111] ; O M(121) //(110) , O M[210] //[001] ; O M(051) //(011) , 

O M[715] //[011]  and O M(051) //(011) , O M[315] //[113]  were observed. 

These orientations provide a very small disorientation between the {110} 

close packed planes of ferrite and the coincident planes of YTaO4 particles, 

and the atomic planes are continuous across the interface. However, it was 

found that no common orientation relationship exists. HRTEM analyses 

were applied on particles ranging from ~4 nm to ~80 nm. It shows that 

lattice continuity exists between planes of YTaO4 particles and {011} planes 

of the matrix for the whole size range observed. 
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Thermal stability of YTaO4 oxide particles in the 12Cr ferritic ODS steel 

sample was evaluated by isothermal annealing at 1250 °C for 500 hr. High 

density YTaO4 particles with a mean size of about 9 nm were observed in 

the as hipped sample. A significant coarsening of the YTaO4 particles was 

observed after hot rolling at 1200 °C. Additional coarsening, as well as 

phase transformation from monoclinic YTaO4 to cubic Y3TaO7 was detected 

after isothermal annealing at 1250 °C, indicating that the Y3TaO7 phase is 

more stable at this temperature. These results imply that heat treatment 

temperatures of the ODS steel during fabrication processes should be 

controlled as low as possible to avoid the undesirable coarsening of oxide 

precipitates.  

Austenitic oxide dispersion strengthened steel exhibited an ultra-fine 

grained structure, with a bimodal grain size distribution (large grains ~1.2 

µm; and fine grains ~260 nm). Two groups of oxide particles were observed, 

fine Y2Ti2O7 (~7.7 nm) and coarse Cr2O3 particles (~200 nm). The tensile 

test showed yield strength of 890 MPa, which is 4 times higher than that of 

annealed commercial 316L stainless steel. Micro-indentation and hardness 

tests indicated even higher yield strength of up to 1200 MPa, which has a 

good agreement with that calculated from fine grain strengthening by 

Hall-Petch relation and dispersion strengthening by Orowan mechanism. A 
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lower strength during the tensile test is attributed to the formation of 

micro-cracks induced by coarse Cr2O3 particles on oxide/matrix interface. It 

is thus suggested that the tensile strength of such ODS steel can be further 

improved by controlling the formation of coarse Cr2O3 particles on grain 

boundaries. 

Thermal stability of the ultra-fine grained structure of the austenitic ODS 

steel was investigated by long-term annealing at 1150 ˚C. It was found that 

grain growth was nearly inhibited at this temperature (after annealing for 

100 hr). This extra-high thermal stability is attributed to the Zener pinning 

effect of semi-coherent Y2Ti2O7 particles on grain boundaries. It is notable 

that dislocation structure is also stable during long-term annealing, owing to 

the strong interaction between dislocations and oxide particles. 

The coherency and orientation relationship of nano-sized Y2Ti2O7 particles 

with an austenitic matrix of oxide dispersion strengthened steel was 

investigated by diffraction contrast techniques and HRTEM. It was revealed 

that over 95% of the Y2Ti2O7 particles (3-10 nm in diameter) are 

semi-coherent with the austenitic matrix. Lattice continuity is obtained 

across the oxide/matrix interface in two perpendicular planes, (200) and 

(022) of the matrix, with different lattice misfits, which induce different 

lobe-lobe morphologies (AB contrast) under a series of g-vectors. The 
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lattice distortion (strain) near to the oxide/matrix interface was estimated 

from the inter-spacings between no-contrast lines and compared with that 

from XRD analysis. 
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Chapter 5. Concluding remarks and future scope 

 

5.1 Concluding remarks 

This study focused on the microstructure characterization of ferritic and 

austenitic ODS steels. Special attention is paid to the effects of oxygen 

content on the microstructure, effects of oxide particles on the 

microstructure and mechanical properties, thermal stability of the ODS 

steels, and coherency of oxide particles with the matrix and its effects on the 

microstructure stability. The results are expected to contribute to the 

improvement of mechanical properties and understanding of the high 

microstructure stability and mechanism of oxide particle evolution in ferritic 

and austenitic ODS steel in following aspects, 

1. It was demonstrated that the microstructure and oxide particle 

distribution can be substantially controlled by the oxygen content through a 

hydrogen reduction process. A reduction in strength and an increase in 

ductility were observed by reducing the oxygen content. It is expected that 

an optimized compromise between strength and ductility of ODS steels can 

be achieved by this method. 

2. Contribution of different strengthening mechanisms, such as dispersion 

strengthening and grain refinement strengthening, was calculated based on 
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the microstructure observation. A yield strength of 1200 MPa was estimated, 

which is higher than that obtained from tensile test. This should be related 

with the formation of Cr2O3 particles. Coarse Cr2O3 particles (100-500 nm 

in diameter) were observed in both ferritic and austenitic ODS steel samples. 

These particles could initiate cracks under the mechanical loading, and 

deteriorate the ductility of the samples. Therefore, it is estimated that higher 

strength could be obtained by suppressing the formation of coarse Cr2O3 

particles. 

3. Ta substituted W as a solution strengthening element in the ferritic ODS 

steel, considering the favorable radioactivity decay behavior of Ta. Ta 

appeared to combine with Y2O3 to form YTaO4 particles. Particle coarsening 

and phase transformation from monoclinic YTaO4 to Y3TaO7 was observed 

during annealing at 1250 ˚C with a significant increase in volume fraction, 

suggesting that some portion of Ta moved from the matrix. It is proposed 

that formation of Y-Ta-O particles should be taken into consideration when 

designing the Ta containing ferritic ODS steel. 

4. Coherency of oxide particles with the matrix was intensively studied. 

Most YTaO4 particles in the ferritic ODS steel were found to be incoherent 

with the ferrite matrix, while Y2Ti2O7 particles appeared to be semi-coherent 

with the austenite matrix. The orientation relationships between oxide 
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particles and matrix were investigated. The coherency relationship leads to 

high thermal stability of the ultra-fine-grained austenitic ODS steel, owing 

to the stronger pinning force by the coherent particles on the grain 

boundaries. The ultra-fine-grained microstructure of the austenitic ODS 

steel was stable up to 0.8 Tm by the nano-sized semi-coherent Y2Ti2O7 

particles, allowing for the higher application temperatures. 

5. Bimodal grain size distribution is a common phenomenon in ODS steels. 

The bimodal grain size distribution was observed in both ferritic and 

austenitic ODS steel samples. It was found that such microstructure is 

highly stable. Nevertheless, the formation mechanism and its effect on the 

mechanical properties and irradiation resistance are not clarified yet. It is 

suspected that bimodal grain size distribution could improve the ductility of 

ODS steel without much loss of strength, similar to that in nanocrystalline 

and ultra-fine-grained alloys with a bimodal grain size distribution. 

 

5.2 On-going studies 

 It is also realized that several issues are not well clarified, and need further 

study. Following experiments are being carried out to further improve the 

properties of ODS steels. 

5.2.1. Thermal stability of the austenitic ODS steel 
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 Thermal stability is of special importance to ODS steels due to the high 

application temperature. For the application as turbine material, the 

application temperature could be as high as 0.65Tm. Present austenitic ODS 

steel has ultra fine grain structure, which could lead to high tendency for 

grain coarsening owing to the high specific grain boundary area. Presence of 

high density of semi-coherent nano-sized Y2Ti2O7 particles can act as 

pinning points for grain boundary migration (Zener pinning), and could 

enhance the thermal stability of the microstructure. As demonstrated in 

section 3.3, the austenitic ODS steel shows a good microstructure stability 

under the long period of annealing at 1150 ˚C. When the particle coarsening 

occurs or the particle coherency is lost, however, a rapid decrease of the 

Zener pinning effect is expected resulting in the fast grain coarsening. 

Therefore, further study on the thermal stability of oxide particles and the 

grain structure to longer time is needed. Thermal stability of the 

microstructure and oxide particles of austenitic ODS steel, as well as their 

inter-relationship will be more investigated through systematic experiments 

with various temperature/time combinations. 

5.2.2. Atomic level structure of nano-oxide particles 

 In this study, we have demonstrated that most nano-sized Y2Ti2O7 were 

semi-coherent with the austenitic matrix, and strong lattice distortion exists 
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at the oxide/matrix interface. Such a feature can have significant influence 

on the formation, coarsening of oxide particles, and the interface structure. 

For example, segregation of Cr atoms at the oxide/matrix interface could 

happen to reduce the interface strain energy, which has been observed as 

Cr-rich layers on the oxide particles by other studies. The distortion of 

interface lattice structure and segregation of minor elements at the interface 

are expected to exert influence on the oxide particle stability and the 

dispersion strengthening. Therefore, the study of atomic level interface 

structure between oxide particles and matrix will be further continued by 

using high resolution scanning transmission electron microscopy 

(HR-STEM) with electron energy loss spectroscopy (EELS) on a 

state-of-the-art TEM, JEOL ARM200F. 

5.2.3. Irradiation resistance of ODS steels 

 Irradiation resistance is an important property for nuclear in-core materials. 

ODS steels are reported to have much better irradiation resistance than 

conventional ferritic steels or low activation steel due to the presence of 

nano-sized oxide particles which act as sinks for irradiation induced defects, 

such as interstitials or vacancies. We will investigate the effects of 

irradiation on the ferritic ODS steel and the austenitic ODS steel samples 

using ion irradiation. H+ ions will be used to investigate the formation of 
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bubbles and swelling. Fe3+ ions will be used to investigate the irradiation 

induced microstructure evolution, especially the lattice structure evolution, 

dislocation loops, and precipitation. 

 

5.3 Suggestions for further study 

 Considering the present status of ODS steel development, I would like to 

suggest that following issues should be further investigated for the better 

understanding of the relationship between microstructure and mechanical 

properties and thermal stability of ODS steel. 

1. Bimodal grain size distribution in ODS steel samples 

- Formation mechanism 

- Effects on mechanical properties and irradiation resistance 

- Control of volume fractions of fine grains and coarse grains 

2. Control of formation of Cr2O3 particles 

- Formation energy of different types of oxide particles (formation sequence 

under heating) 

- Control of oxygen content (from starting elemental powder) 

3. Stability of coherent/incoherent oxide particles 

- Different types of oxide particles in an ODS steel 

- Coherency of different types of oxide particles 
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- Thermal stability of different types of oxide particles  

4. Dispersion strengthening from coherent/incoherent particles 

5. Control of coherency by minor elements, heat treatment, and MA 

parameters 

6. Effects of minor element addition on ODS steels, such as B and Al 

- Microstructure 

- Distribution of oxide particles 

- Grain boundary and oxide/matrix interface 

7. Atomic structure of oxide particles and oxide/matrix interface, for the   

understanding of coherency, formation mechanism, and thermal stability 

8. Texture control 

- By phase transformation for ferritic (FM) ODS steel 

- By grain refinement (reduce the lattice plane sliding and increase grain 

boundary sliding) 
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