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1.1. Backgrounds 

According to the reports of International Energy Outlook 2014 (IEO2014) [1], world 

energy consumption will continue to increase by 2% per year. Non-OECD (Economic 

Cooperation and Development) regions account for virtually all of the increase in demand for 

petroleum and other liquid fuels, as shown in figure 1-1(a) [2]. In particular, non-OECD Asia 

and the Middle East account for 85% of the total increase in world liquid fuels consumption, 

as presented in figure 1-1(b). Fast-paced economic expansion among the non-OECD regions 

drives the increase in demand for fossil fuels, which continue to supply almost 80 percent of 

world energy use through 2040.  

For continuous economic growth, each country has to make efforts to reduce the 

consumption of oil and natural gas. Renewable energy and nuclear power are the world’s 

fastest-growing energy sources, each increasing by 2.5% per year. In this situation, nuclear 

energy is reconsidered to be a possible future energy in the world, because the nuclear power 

can continuously maintain stable energy supplies and play a role as a carbon-free alternative 

to fossil energy. Although new energy sources like solar energy or renewable energy have a 

similar possibility, their economic efficiency and reliability are still insufficient for high 

density electric power generation. However, the technology and economic efficiency of 

nuclear energy have been expected to be able to satisfy the current energy demands. 

 

 

Figure 1-1 OECD and Non-OECD petroleum and other liquid fuels consumption, Reference 

case, 1990-2040 (million barrels per day) [2]. 
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1.2. Nuclear energy systems 

1.2.1. Fission reactors 

Nuclear energy systems are classified by the generation [3], as shown in figure 1-2. The 

basic components of a nuclear reactor are the nuclear fuel, the moderator, the control rods and 

the coolant. Current reactors in operation around the world are generally considered to be the 

Generation II or III systems, while the Generation I systems retired some years ago. There are 

many possible nuclear reactor sizes and configurations, with different fuel compositions, 

moderators, coolants and control mechanisms, all capable of allowing a nuclear chain reaction 

to be sustained and controlled. Many of these configurations have been investigated and 

studied in research programs or as prototype commercial plants, though only a few have been 

developed to the point of industrial maturity. The most successful reactor type is the Light 

Water Reactor (LWR), which uses ordinary water under high pressure as both the coolant and 

the moderator. LWRs come in two design configurations - the Pressurized Water Reactor 

(PWR) and the Boiling Water Reactor (BWR). 

1.2.2. Generations IV reactors 

Many reactor types were considered initially for the Generations IV reactors, and the 

following promising nuclear systems were selected: Gas Cooled Fast Reactor (GFR), Lead 

Cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Sodium Cooled Fast Reactor (SFR), 

Supercritical Water Reactor (SCWR), Very High Temperature Reactor (VHTR).  

Relative to the current nuclear power plant technology, the benefits for Gen IV include: 1) 

Nuclear waste that remains radioactive for a few centuries instead of millennia; 2) 100-300 

times more energy yield from the same amount of nuclear fuel; 3) The ability to consume 

existing nuclear waste in the production of electricity; 4) Improved operating safety. Several 

materials, such as ferritic/martensitic (F/M) stainless steel, oxide dispersion strengthened 

(ODS) steel, nickel-based super alloys, refractory metals and ceramic materials (SiC and ZrC), 

haven been suggested as candidate fuel cladding materials for Generations IV reactors, as 

listed in Table 1.1. 
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Figure 1-2 Generation systems of nuclear energy [3]. 
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1.2.3. Fusion reactors 

Fusion power would provide much more energy for a given weight of fuel than any 

technology currently in use and the fuel itself (primarily deuterium) exists abundantly in the ocean: 

about 1 in 6500 hydrogen atoms in seawater is deuterium. Because nuclear fusion reactions are so 

much more energetic than chemical combustion, and seawater is easier to access and more 

plentiful than fossil fuels, fusion could potentially supply the world’s energy needs for millions of 

years. Despite being technically non-renewable, fusion power has many of the benefits of 

renewable energy sources (such as being a long-term energy supply and emitting no greenhouse 

gases) as well as some of the benefits of the resource-limited energy sources as hydrocarbons and 

nuclear fission (without reprocessing). Like these currently dominant energy sources, fusion could 

provide very high power-generation density and uninterrupted power delivery. 

Among the fusion reactions (1.1-3), the following reaction (1.1) has been considered to be 

most adequate for near-future realization of fusion energy. This fusion reaction occurs between the 

nuclei of the two heavy isotropes of hydrogen-deuterium (D) and Tritium (T) – to form a helium 

nucleus and the release of a neutron and high energy: 

2D1+
3T1→

4He2 (3.5MeV) + 1n0 (14.1MeV)                       (1.1) 

2D1+
2D1→

3T1 (1.01MeV) + p (3.02MeV)                        (1.2) 

2D1+
2D1→

3H2 (0.82MeV) + 1n0 (2.45MeV)                      (1.3) 

Several tokamaks have been built, including the Joint European Torus (JET) and the Mega 

Amp Spherical Tokamak (MAST) in the UK and the tokamak fusion test reactor (TFTR) at 

Princeton in the USA. Although many fusion reactor concepts have been developed, the most 

typical magnetic storage configuration will probably be Tokamak type [5]. For its advance and 

development, the international thermo-nuclear reactor (ITER) was organized by international 

cooperation established by China, the European Union, India, Japan, Korea, Russia, and the 

United States. ITER’s mission is to demonstrate the feasibility of fusion power, and prove that it 

can work without negative impact. The mission did not include a complete set up of blankets for 

energy generation. A part of blankets will be assembled as a test blanket module (TBM). A 

summary of structural materials [6] for fusion blanket and divertor is given in Table 1-2. 

http://en.wikipedia.org/wiki/Deuterium
http://en.wikipedia.org/wiki/Non-renewable_energy
http://en.wikipedia.org/wiki/Greenhouse_gas
http://en.wikipedia.org/wiki/Greenhouse_gas
http://en.wikipedia.org/wiki/Nuclear_reprocessing
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1.3. Materials for advanced fission and fusion reactors 

Generation IV cladding and fusion blanket materials have more stringent requirements, 

such as superior resistance to radiation damage; outstanding dimensional stability against 

thermal (500-1000 °C) and irradiation creep (doses up to 200 dpa); corrosion resistance in the 

working environment. Because of these strict constraints, most materials employed for the 

fuel cladding in current commercial reactors are not suitable. Structural materials represent 

the key for containment of nuclear fuel and fission products as well as reliable and 

thermodynamically efficient production of electrical energy from nuclear reactors. 

The main requirements for the materials to be used in advanced reactor systems are as 

follows [7]: 1) In-core materials need to exhibit excellent dimensional stability under 

irradiation, whether under stress (irradiation creep or relaxation) or without stress (swelling, 

growth). 2) Mechanical properties of all structural materials (tensile strength, ductility, creep 

resistance, fracture toughness, stiffness) have to remain acceptable after aging, and 3) High 

degree of chemical compatibility between the structural materials and the coolant as well as 

with the fuel. In this regard, degradation of toughness caused by thermal aging and irradiation 

are issues of important. These requirements have to be met under normal operating conditions, 

as well as in incidental and accidental conditions. 

1.3.1. Conventional structural materials 

Austenitic stainless steels were considered as the first structural material of fast reactor 

and fusion reactor as well as candidates for the supercritical water cooled reactors (SCWR) 

fuel assemblies and core internals. There is some overlap with the ITER operating 

temperature regime for 316LN at 280-300 ºC, where austenitic stainless steels suffer severe 

irradiation hardening accompanied by a reduction in uniform strain and fracture toughness. 

Irradiation-assisted stress corrosion cracking is of much concern at temperatures below 350 

ºC. For operating temperature above 350 ºC in the SCWR core internals, other irradiation 

effects, such as void swelling and grain boundary segregation as well as helium bubble 

coarsening, become important in the stainless steels. For swelling resistance and higher creep 
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strength, the addition of small amount of Ti, B and P to stainless steels is required; examples 

include Japanese PNC 316 [8], French 15-15Ti alloy [9] and US HT-UPS alloy [10]. However, 

it has been considered that austenitic stainless steels are not suitable for fusion systems 

because of their low thermal conductivity, high creep rate and high susceptibility to grain 

boundaries helium embrittlement. 

To meet the high dose and high helium generation rate conditions projected for fusion 

DEMO systems and beyond, effects are focused on R&D of variants of F/M steels that 

contain 8~9 wt.% Cr [11], which are modified for reduced activation compositions and 

suppression of irradiation embrittlement. These steels are also selected as a candidate material 

for LFR fuel assemblies and core structures as well as core internals for SCWR. As for the 

fission reactor applications, higher strength F/M steels, such as NF616, E911 and HCM 12A, 

are considered as candidate materials for operation at temperatures up to 620 ºC. For 

irradiation temperatures below ~400 ºC, radiation hardening accompanied by reduction of 

uniform strain and flow localization is observed in F/M steels, Additionally, significant 

changes in fracture behavior, such as upward shifts of ductile-brittle transition temperature 

and reduction of upper shelf energy, are also found.  

At temperatures above ~400 ºC, creep, grain boundary segregation, corrosion and helium 

bubble formation are important issues. Since the mid of 1980s, the fusion materials programs 

in Japan, the European Union and the United States of America have been developing F/M 

steels containing high Cr, which would lessen the environmental impact of the irradiated and 

activated steels after service life of a fusion reactor. These conventional F/M steels, which 

contain 9~12 wt.% Cr with about 1% Mo, 0.1~0.2% C and combinations of small amount of 

V, W and Nb, have strength at elevated temperatures and good thermal properties such as 

conductivity and expansion coefficient. Zirconium alloy is prompted the selection for 

cladding material for fission because of low neutron absorption cross-section, high strength 

and good corrosion performance in hot water. However, increased burn-up level is required 

that are very sensitive to the input from the fuel costs. Zircaloy is limited at irradiation growth 

and creep properties in required burn-up levels next generation systems. Also, nickel alloys 

have very low radiation resistance due to their face-centered cubic matrix, which promotes 

radiation embrittlement, swelling and phase instability. 
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1.3.2. Advanced structural materials 

The higher operating temperatures are required for improved efficiency and safety in 

fusion and fission reactors. Possible materials under investigation include mechanically 

alloyed ferritic and F/M steels [12], refractory metal alloys and SiC/SiC composites [13]. 

Application of reduced activation F/M steels for fusion DEMO plants are limited to maximum 

operating temperatures of ~550 °C. An approach to elevate the limit service temperature of 

the ferritic steels, which has higher thermal conductivity and lower swelling than austenitic 

steels, is to disperse oxide particles in the ferritic steels. A key strategy for designing 

high-performance radiation-resistant materials is based on the introduction of a high, uniform 

density of nano-scale particles that simultaneously provide good high temperature strength 

and neutron radiation damage resistance.  

1.3.2.1. History of ODS steels 

In 1916, the tungsten filament dispersed with thorium oxide (ThO2) was produced in 

Germany. In 1946, sintered aluminum powders (SAP) were developed to increase heat 

resistance of Al alloys. In 1962, ODS-Ni alloy with ThO2 (TD-Ni) was developed for 

application to turbine. After the development of mechanical alloying method by J.S. Benjamin, 

INCO, in 1970, the study on dispersion strengthened alloy processing made a great progress, 

and resultantly, dispersion strengthening coupled with solid solution hardening was achieved 

in so-called high temperature alloys. The fundamental deformation properties of metals are 

determined by the behavior of dislocations, which are systematic line shape distortions 

introduced into the crystalline lattice. When the material is under stress, these dislocations can 

move to cause macroscopic strain. The dislocation motion can be impeded by irregularities of 

strain field in the crystal, such as in the form of grain boundaries, or in the form of impurities, 

which can act as “pinning centers” or “sinks” for the dislocations.  

ODS alloys typically consist of a high temperature metal matrix - such as iron aluminide, 

iron chromium, iron-chromium-aluminium, with small (5-50nm) oxide particles of alumina 

(Al2O3) or yttria (Y2O3) dispersed within it. In order to make the second phase be uniformly 

distributed in the matrix metal, ODS steels are usually fabricated by powder metallurgy 
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method. Dispersion strengthening is one of the strengthening methods to introduce high 

number density of obstacles to dislocation motion. When the obstacles like compounds are 

distributed in the fine grains, the matrix of the alloys can be significantly improved in the 

strength and hardness, which may be accompanied by a slight loss of plasticity and toughness. 

When the particles become smaller and higher in the size and number density, respectively, 

the performance of the ODS alloys becomes better. Generally, the following requirements 

have been imposed for dispersion strengthened particles: particles size should be as small as 

possible (less than 10 nm), particle spacing to achieve enough performance is in the range of 

several tens nm. In addition, the particle should be stable under high temperature and 

irradiation without mutual agglomeration. 

1.3.2.2. Development of ODS steels for advanced nuclear systems 

ODS F/M steels containing 9-12 wt.% chromium have been developed as the fuel 

cladding material of sodium-cooled fast reactor (SFR) [15, 16]. Recent irradiation 

experiments clearly showed that the F/M ODS steels were rather highly resistant to neutron 

irradiation embrittlement at temperatures ranging from 300 to 500 °C up to 15 dpa [17, 18]. 

The ODS steels showed irradiation hardening accompanied by no-loss-of-ductility. However, 

the application of F/M ODS steels to the cladding of SCWR and LFR is limited because of 

their insufficient corrosion resistance.  

For high Cr ODS ferritic steels, the most critical issue for the application to SCWR and 

LFR is to improve their corrosion resistance. Figure 1-3 shows the weight gain after corrosion 

tests in SCPW (510 °C, 25MPa) up to 1800 h. The weight gain of 9Cr-ODS steel is much 

larger than 16Cr-ODS steel, indicating that 9Cr-ODS steel is not adequate for application to 

SCWR. An EPMA and XRD analysis revealed that a thick Fe3O4 film was formed on the 

surface of 9Cr-ODS steel but not detected in the high-Cr ODS steels. It should be noted that 

the weight gain is much larger in SUS430 (16Cr) than in 16Cr-ODS steel. This clearly 

indicates that the oxide particles dispersion plays an effective role in the high corrosion 

resistance of ODS steels, since the corrosion resistance in water environment is mainly 

controlled by Cr concentration.  
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Figure 1-3 Weight gain after corrosion tests in SCPW (510 °C, 25 MPa) up to 1800 h. 

The corrosion resistance of ODS steels increases with increasing chromium 

concentration. The effect of Al on corrosion resistance depends on Cr concentration. In 

19Cr-ODS steel, the addition of 4 wt. % Al did not remarkable influence the corrosion 

resistance [19]. However, in 16Cr-ODS steel, the addition of Al improved corrosion resistance. 

The suppression of corrosion by Al addition in 16Cr-ODS steel is due to formation of very 

thin alumina film on the surface [20]. Most serious problem of Al addition is a loss of strength. 

In the Al added steel, the average diameter of the oxide particles was about 7 nm but less than 

3 nm in the Al free ODS steel [21]. The number density of the oxide particles was reduced by 

almost one order of magnitude. 

Although alumina and yttria are well known as thermally stable oxides, the possible 

other sort of fine oxide particles are searched for their application to strengthening of the ODS 

steels with Al and Y. The addition of small amount of Hf and Zr is very effective to increase 

the strength at 700 °C [22, 23]. TEM observation revealed that the addition of Hf and Zr 

reduced and increased the size and the number density of oxide particles, respectively [23]. 

Furthermore, the number density of grain boundary precipitates, such as carbides and oxides 

were increased remarkably by addition of Hf or Zr. Grain boundary precipitates are well 
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known as obstacles for grain boundary sliding that is a typical deformation mode at elevated 

temperatures. This effect also resulted in a significant increase in long term creep properties 

of the ODS alloy at 700 °C. 

The stability of nano-sized oxide particles under irradiation is essential for the 

application of ODS steels to nuclear power plants. In our previous research [7], ion irradiation 

experiments of 19Cr-4.5Al ODS steel were performed at 300, 500 and 700 °C up to 20 dpa as 

a reference of high-Cr ODS steels. Microstructure observations revealed that a number of 

small dislocation loops were observed after irradiation at 300 °C, although no significant 

change was found for the other defects such as voids and precipitates. Furthermore, at 500 °C, 

no significant effects such as formation of dislocation loops, voids and secondary phases were 

observed. While, at 700 °C, the irradiation caused a change of the precipitation behavior, 

showing that carbides precipitated both in grains and on grain boundaries.  

The application of advanced micro-analytical methods has shown the existence of 

remarkably stable dispersions of nano-sized clusters of oxygen atoms stabilized by elements 

such as Y and Ti in both commercial and experimental alloys [14]. The most promising 

performance of the ODS steels is attributed to finely dispersion of nano-sized yttria oxides 

with size ranging from 1 to 5 nm. They show rather high resistance to neutron irradiation up 

to 15 dpa at temperatures varied from 300 to 500 °C. 

1.3.2.3. Issues of development of high-Cr ODS ferritic steels 

For 9-12%Cr ODS ferritic steels, the most critical issue for application to SCWR and 

LFR is to improve their corrosion resistance. A project to develop corrosion resistant ODS 

steels started at Kyoto University, where surveillance tests have been carried out for “Super 

ODS steels [24]” to evaluate irradiation effects, corrosion resistance and stress corrosion 

cracking (SCC) susceptibility. It is demonstrated that high-Cr ODS steels, which have a high 

strength at elevated temperature and high-resistance to corrosion and irradiation 

embrittlement, are very promising for fuel cladding materials for SCWR and LFR as well as 

SFR. While long-term experiments, such as neutron irradiation experiments, creep tests, 

corrosion and aging tests, are necessary to assess the performance of high-Cr ODS steels as 
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fuel cladding of advanced nuclear systems with high efficiency and high burn-up. 

 A “trade-off” between corrosion resistance and aging embrittlement caused by 

increasing Cr content is one of the critical issues for high-Cr ODS steels [24]. Therefore, it is 

very important to investigate the effect of aging on high-Cr ODS steels. 

1.4. Literature survey 

Fe-Cr based steels are regarded as good candidates for the design of various structural 

components in advanced nuclear energy installations such as Generation IV and fusion 

reactors. However, binary Fe-Cr alloys and ferritic & F/M steels undergo Fe/Cr (α/α′) phase 

separation if the Cr content xCr exceeds ~ 9% in the region of temperatures potentially 

important for technological applications (>300 °C) [25-28]. The formation of nano-sized 

Cr-rich precipitates in the bulk during operation has long known to be the cause of the 

hardening and embrittlement of ferritic &F/M steels with xCr > 14% after thermal aging, as 

well as under irradiation, which is found to accelerate the phase-separation process at even 

lower temperature and Cr content [29-32]. This embrittlement, known for decades as 475 ºC 

embrittlment, is related to the microstructural evolution occurring in the ferrite or martensite 

of Fe-Cr based alloys. After long-term service, loss of impact toughness and ductility is often 

observed, which may lead to the ruin of the component.  

1.4.1. Aging effect on high-Cr ferritic alloys 

Two phenomena, having their origin in the crystallographic phase diagram of the Fe-Cr 

systems, viz. (1) the phase decomposition (or phase separation) into the Fe-rich (α) and the 

Cr-rich (α′) phases at T < 500 ºC leads to the so-called miscibility gap, and (2) the 

precipitation of the σ phase that at T > 500 ºC occur [33]. Both phenomena cause an 

enhancement of embrittlement, hence a severe deterioration of the mechanical materials 

properties. An interest in (1) is fourfold: (a) underlying mechanisms, (b) borders of the 

miscibility gap i.e. the composition of α and α′ phases, (c) kinetics of the decomposition, and 

(d) short-range ordering (SRO). Concerning (a), two different mechanisms viz. nucleation and 

growth (NG) and spinodal decomposition (SD) have been proposed [34].  
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Figure 1-4 Miscibility gap of Fe-Cr systems. 

 

 

Figure 1-5 Nucleation rates pre unit volume for classical nucleation theory (black) and local 

depletion (gray) cases as a function of solute concentration in the matrix (cm) at 300, 500 and 

700 K. 
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According to calculations, the spinodal decomposition should be responsible for the 

decomposition of the alloys with Cr content, x, within the inner part of the miscibility gap viz. 

0.2-0.3 <x <0.75-0.8, while the nucleation and growth for those with x < 0.2-0.3 and x > 

0.75-0.8. The existence of the miscibility gap, as shown in figure 1-4, has been 

experimentally confirmed by using different techniques among which small-angle neutron 

scattering (SANS), Mössbauer spectroscopy [35] and atom probe analysis played the key role 

[36]. Yet, there is no unique evidence in favor of the exact position of the spinodal lines and 

the upper temperature limit of its existence. The borders of the miscibility gap are still not 

known with a good enough precision. 

The phase separation process in Fe-rich Fe-Cr alloys was studied by means of the aging 

of a diffusion-couple formed between Fe and Fe-40 at% Cr [37]. Diffusion-couples were 

solution treated at 1050 ºC for 3.6 ks and subsequently aged at 500 ºC for 3.6-3600 ks. The 

EDS-SEM analysis of solution treated, water-quenched and then aged diffusion-couple 

permitted to obtain the equilibrium composition of miscibility gap at 500 ºC to be 14 at% Cr. 

The high resolution (HR)-TEM analysis of the aged diffusion-couple showed that the change 

in size of Cr precipitates decreased with the increase in Cr content as expected by the 

Gibbs-Thomson effect [38]. 

The rate of 475 ºC embrittlement increases with increasing Cr content and appears to 

decrease with increasing purity. D. Schwen [39] presented a calculation of the critical sizes 

and nucleation rates for the nucleation of α′ precipitates in a Fe-Cr alloy. The resulting 

nucleation rates as a function of solute concentration in the matrix, cm, are given in figure 1-5. 

At certain temperature, with increasing cm, nucleation rates increase; while critical nucleus 

sizes decrease. 

Embrittlement at 475 ºC was mapped by S. Kobayashi [40] in ferritic ternary alloys with 

a wide composition range of Fe-(10-30) Cr-(0-20) Al (at. %) using a diffusion multiple 

technique. In this work, a diffusion multiple sample was fabricated by coupling pieces of Fe, 

Fe-Cr binary alloy and Fe-Al binary alloy. Results showed that a large solid solution of Al 

suppresses the 475 ºC embrittlement, while a small solid solution of Al (less than 2 at. %) 

promotes embrittlement. It was shown that the age-hardening was negligible when the Al 

content was greater than 10 and 11 at. % and the Cr content was 12.5 and 15.0 at. %. TEM 
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observations on aged samples suggest that suppression of the embrittlement due to Al addition 

can be attributed to the suppression of phase separation of the ferrite phase into α and α′ 

phases. 

T. Angeliu et al. [41] have investigated the long-term (up to 50k h) aging embrittlement 

of Fe-12Cr steels below 500 ºC. Results showed that, after aging at 450 ºC, conventional 

M152 contained large quantities of α′ phase in addition to Cr-rich M23C6 carbides and 

complex Cr-Fe-Mo-Ni-Si-rich precipitates. The degradation in the toughness of M152 is 

primarily due to the combination of α′ phase formation and Sn segregation. They concluded 

that improvements in the long-term aging embrittlement resistance required ultralow levels of 

harmful elements, especially Sn, and a reduction of Cr content to prevent α′ phase formation. 

Atomistic simulations [42] were carried out by D.A. Terentyev to study the interaction of 

dislocation with Cr precipitate in body-centered cubic (BCC) Fe and Fe-10%Cr at 0 K. 

Generally, precipitation strengthening is the consequence of dislocations being pinned by a 

row of precipitates. Models based on the assumption of different mechanisms, namely size 

misfit strengthening (SMS), chemical strengthening (CS) and modulus misfit strengthening 

(MMS), are of use in the case of pure, coherent precipitates. Neither of the above models 

accounts for the important effect of self-interaction between the two dislocation arms that 

emerge from the precipitate, if the critical angle is close to zero, while an expression derived 

from continuum model simulation by Scattergood and Bacon (SB) accounts for this effect. 

For large precipitates (with diameter above 3 nm), there is a good agreement with the 

atomistic data using the SB model. It is shown that solute hardening (in Fe-Cr matrix) and 

precipitate hardening can be considered, as a good approximation, to be additive effects.  

1.4.2. Aging effect on high-Cr ODS ferritic steels 

One of the common key issues for the use of high ODS ferritic steels as structural 

material for advanced fission and fusion nuclear systems, is to improve its fracture toughness, 

as it is lower than conventional ferritic steels. Until now, there are few reports [43-48] about 

thermal aging effect on high-Cr ODS steels, particularly for the range of compositions (<20 

wt. % Cr). 
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Effect of α-α′ phase separation on notch impact behavior of ODS Fe20Cr5Al alloy has 

been studied by J. Chao [43], who showed that a significant increase in ductile-brittle 

transition temperature (DBTT) and decrease in upper shelf energy (USE) were recorded due 

to α-α′ phase separation with an apparent activation energy measured in the range of 214-240 

KJ/mol. The aging embrittlement is associated generally with intergranular failure that arises 

from the grain boundary segregation and precipitation of arrays of coarse yttrium-alluminum 

garnets (YAGs) along the extrusion direction and the consequent loss of grain boundary 

cohesion. These arrays of oxides shift the DBTT to higher temperatures and play an important 

role in the non-hardening embrittlement. They reported that the morphology of brittle features 

in the ODS ferritic steels depended on not only oxide morphology and distribution, but also 

microstructural factors, such as microtexture, effective grain size, and plastic anisotropy.  

Effect of aging on DBTT behavior of recrystallized high-Cr ODS ferritic steels were 

investigated using small-punch test [44]. ODS steels were recrystallized and cold rolled to 

reduce the anisotropy. The ODS steel without Al hardly recrystallized at 1200 ºC for 90 min, 

while the ODS steel with Al significantly recrystallized. Aging at 450 ºC for 1440 h degraded 

the impact properties of ODS steel with Al, while no degradation occurred for the ODS steel 

without Al. 

Further studies [45] by atom probe tomography (APT) showed that the age-hardening of 

PM2000 ODS alloy was found to be linear dependent on the chromium content of the α′ 

regions, as shown in figure 1-6. The APT has been shown to be an effective technique to 

study the ultrafine scale phase separation because it provides both atomic scale microstructure 

and micro-chemical analysis of the observed phases. The APT results revealed that both the 

scale and concentration amplitude of the α′ regions increase with aging time. The aluminium 

and titanium were found to be preferential partition to the iron-rich α phase, as shown in 

figure 1-7. The hardness values reach a plateau at ~1000 h for PM2000; the time to reach 

maximum hardness was significantly shorter than that observed during the isothermal 

annealing of an Fe-30% Cr binary alloy at 470 ºC [46]. However, APT can only reveal quite 

small fraction of the material and is often hard to illustrate the microstructure changes. 
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Figure 1-6 A linear relationship between hardness and the size and chromium content of the α′ 

phase and composition amplitude, ΔC. 

 

 

Figure 1-7 Atoms map of PM 2000TM after aging at 748 K showing the evolution of the 

Cr-enriched and Al-depleted α′ phase and a Ti- and Al-enriched phase. 

 

The effects of thermal aging treatment on the microstructural stability and mechanical 

property changes of ODS steels, which were produced by varying Cr contents from 14 to 22 

wt.% but keeping yittria contents within 0.36-0.38 wt.%, were investigated by using 

microhardness and small punch (SP) tests [47]. Results showed that SP-ductile to brittle 
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transition temperature and microhardness were significantly increased as a function of Cr 

contents, aging time and temperature, as presented in figure 1-8.  

The generalized hardening formula (1.4) as a function of Cr, aging temperature and time 

was obtained as follow: 

ΔHv = (23.7Cr - 3.02) × T (20+logt) × 10-3 - (34.8Cr - 31.5)                       (1.4) 

where T is the aging temperature [K] (703 ≤ T ≤ 748), t is the aging time [hour] (5 ≤ t ≤ 1000), 

and Cr is the weight percent of chromium (14 ≤ T ≤ 22). 

 

 

Figure 1-8 Effects of thermal aging treatment on the specific SP energy of the ODS steels as a 

function of test temperature, for samples thermally aged at 437 °C for 322 h. 

 

Influence of recrystallization on phase separation kinetics of Al added ODS alloy was 

investigated by C. Capedvila [48] using APT and thermo-electric power (TEP) measurements. 

A low volume fraction (below 10%) of coarse, incoherent precipitates has a negligible 

influence on the TEP, whereas coherent and semi-coherent precipitates, such as the α′ phase, 

may have a strong intrinsic effect on the TEP of the alloy. The results revealed that the high 
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recrystallization temperature necessary to produce a coarse grained microstructure in Fe-base 

ODS alloys affects the randomness of Cr-atom distributions and defect density, which 

consequently affect the phase separation kinetics at low annealing temperatures.  

Figure 1-9 shows TEM micrographs of 19Cr-ODS steel observed before and after aging 

at 500 °C for 1000 h [19]. At as-received condition, fine oxide particles were observed in the 

matrix, while many larger structures as well as oxide particles were observed after the aging. 

Since the diffraction patterns of the aged samples did not show any extra spots besides oxide 

particles, the structures were estimated to be Cr-rich phases which had BCC structure with 

almost similar lattice parameter to iron. However, it’s an issue to characterize Cr-rich phases 

in ODS steels.  

 

 

Figure 1-9 TEM micrographs of 19Cr-ODS steel observed before and after aging at 500 °C 

for 1000 h [19]. 
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1.5. Objectives of this research 

As described above, ODS ferritic steels are candidate structural materials for advanced 

GEN-IV fission and fusion reactors. The high-Cr ODS steels have good performances, such 

as high resistance to irradiation embrittlement and hydrogen embrittlement, high resistance to 

corrosion in supercritical pressurized water, and high strength at elevated temperature. Since 

ODS steels have been developed for the use of high temperature applications in the range 

from ~400 to 700 ºC, they will inevitably experience thermal aging related problems at 

prolonged service times.  

475 ºC aging embrittlement is critical for the application of high-Cr ODS steels for 

advanced nuclear systems. It is well known that thermal aging of high Cr ferritic steels can 

result in the formation of Cr-rich phases, which harden the steels and make them brittle at 

room temperature and unsuitable for many engineering applications. Therefore, long-term 

aging tests are necessary to assess the performance of high-Cr ODS steels as fuel cladding of 

advanced nuclear systems with high efficiency and high burn-up. 

Until now, few studies provide the microstructure evolution of Cr-rich phase and 

quantitative research of Fe/Cr phase decomposition on age-hardening in high Cr ferritic alloys 

with Cr content below 18 wt. %, especially in ODS ferritic steels. In addition, there has been 

few reports about the effects of alloying elements, such as C, Si, Mn and Ni on the 

age-hardening of high Cr ferritic steels. Nevertheless, no research has been done to 

investigate the roles of oxide particles in age-hardening behavior of ODS ferritic steel. 

Detailed information concerning the change in tensile strength and microstructure, especially 

Cr-rich phases, and factors affecting age-hardening in high-Cr ODS steels are still unclear. 

In this research, therefore, the effects of long-term thermal aging on microstructure and 

mechanical properties of high Cr ODS ferritic steels are investigated with focusing on the 

Fe/Cr phase decomposition characteristic, alloying elements effect and roles of oxide particles 

in the age-hardening/embrittlement behavior.  
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Chapter 2 

Effects of Alloying Elements on Age-hardening Behavior of 

Fe-15Cr Alloys 

 

 

 

 

 

 

 



28 

 

2.1. Introduction 

The 475 °C embrittlement is well known to occur in ferritic, dual phase and ferritic/ 

martensitic stainless steels with chromium contents higher than ~12wt.% [1-3]. Aging 

embrittlement is always attributed to the phase decomposition of ferrite to iron-rich ferrite (α) 

and chromium-rich ferrite (α′) phases [4, 5]. While, the effects of alloying elements on the 

embrittlement of high-Cr ferrite steels are still unclear. 

There are some reports on alloying effect on aging embrittlement of high-Cr ferritic 

steels. According to Mueller [6], who investigated the effect of varying carbon contents on the 

impact energy of Fe-17wt.% Cr alloys, and they reported that there was a small increase in 

DBTT and significant decrease in upper shelf energy as the carbon content increased. The 

embrittling effect of interstitials may be controlled by the addition of stabilizing elements, 

such as titanium, niobium, zirconium and tantalum. Grobner [2] believes that the addition of 

stabilizers (e.g. Ti and Nb) slow down the aging process, while Courtnall and Pickering [7] 

reported that Ti and Nb also increased the rate of α′ precipitation. The amount of stabilizer 

added is critical, since above a certain level they will cause the toughness to decrease [8, 9].  

Trindade and Vilar [10] reported that the ferrite decomposition was more pronounced 

after aging at 475 °C with the addition of 2-4 wt.% Ni to Fe-25Cr and Fe-45Cr. Solomon and 

Levinson [11] studied a series of duplex and single phase ferritic alloys to investigate the 

effects of Ni, Cu, Si, Mn and Mo on the phase separation via Mössbauer spectroscopy and 

transmission electron microscopy. They found that both Ni and Cu promote phase separation, 

but no effects of Mn, Si, and Mo on the phase separation kinetics could be found. Cortnall and 

Pickering [12], however, did report that the addition of 0.96 wt.% Mo to a ferritic steel with 

25 wt.% Cr did increase the rate of phase separation. 

However, the effect of simultaneous additions of carbon and alloying elements on the 

475 °C embrittlement is still not thoroughly understood. Limited data are available for the 

thermal aging effect on mechanical properties and the microstructural changes of Fe-15wt.% 

Cr alloys with focusing on the impurity and alloying effects. In this study, the effects of both 

alloying elements and carbon on age-hardening behavior of Fe-15Cr alloys have been 

investigated. 
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2.2. Experimental 

2.2.1. Materials 

The materials used in this study were three kinds of Fe-15Cr alloys, named Fe-15Cr, 

Fe-15Cr-C and Fe-15Cr-Xs, where Xs refers to Si, Mn and Ni to simulate a ferritic steel. The 

fabrication process of arc-melted Fe-15Cr alloys is shown in figure 2-1. High purity Fe and 

Cr metals (>99.99%) were first melted in an arc-melting furnace at a high vacuum (~8×104 

Pa). To homogenize the distribution of alloying elements, the normalizing treatment was 

performed at 1100 °C for 72 h, and then the button ingots were cold rolled with an area 

reduction of 80%. The cold-worked specimens were annealed at 900 °C for 2h followed by 

ice water quenching. According to ideal Fe-Cr phase diagram, as shown in figure 2-2, we can 

get a single α phase after the above fabrication process. While for Fe-15Cr-C alloy, one more 

process was to prepare Fe-C pre-alloy by arc-melting because controlling carbon content is 

quite difficult. After analyzed the carbon content, the Fe-C alloy together with other metals 

were arc-melted using the same fabrication process, as presented in figure 2-1. The final 

compositions of these alloys are shown in Table 2-1. 

 

Figure 2-1 Fabrication process of Fe-15Cr alloys prepared by vacuum arc-melting. 
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Figure 2-2 Fe-Cr phase diagram in ideal condition. 

 

Table 2-1 Chemical compositions of Fe-15Cr alloys (wt.%). 

 

 

 

Figure 2-3 Electron backscattering diffraction pattern (EBSD) system. 

Material Cr C Mn Si Ni Fe 

Fe-15Cr 14.55 0.001 - - - Bal. 

Fe-15Cr-C 14.83 0.022 - - - Bal. 

Fe-15Cr-Xs 14.96 0.002 0.83 0.51 0.49 Bal. 
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2.2.2. Microstructural observation 

Specimens for microstructural observation were mechanically polished with a wet 

grinder using 800, 1200 and 2400 emery SiC papers. And then they were buff-polished with 

diamond paste in order of 6, 3, 1 and 0.25 µm diameters. Finally, colloidal silica (0.04 µm) 

polishing was performed [13]. 

The grain morphology was examined by the optical microscopy (BX51M, OLYMPUS 

OPTICAL co., Japan). Before optical microscopy (OM) observation, the samples were etched 

with a metallographic erosion liquid (CH3COOH : HNO3 : HCl = 1 : 1 : 3) for 10~12 seconds. 

Disk-type specimens of 3 mm diameter for transmission electron microscopy (TEM) 

observation were punched out from a 0.3 mm thick plate and mechanically grounded to about 

100 µm in thickness. Final TEM specimens were prepared by electrolytic polishing with 

HClO4 and CH3OH (1:9) using a twin-jet polisher at a voltage of 20 V at room temperature. 

Before TEM observation the oxide layer was removed by the argon ion beam milling using a 

Gentle milling machine. The grain boundaries and precipitates were by examined by the TEM 

(JEM 2010, JEOL co., Japan) and FE-TEM (JEM 2200FS, JEOL co., Japan) with an 

acceleration voltage of 200 kV. 

The ruptured surface after tensile testing was observed by the scanning electron 

microscope (SEM) (VE-9800, KEYENCE co., Japan). Electron backscattering diffraction 

pattern (EBSD, Ultra-55, Zeiss co., Germany) technique was employed to analyze the rupture 

manner and phase characterization. EBSD is known as an electron backscatter diffraction 

method for lattice structure determination using the Kikuchi pattern induced by back-scattered 

X-ray. To collect these patterns, the same sample is tilted in SEM to approximately 70° as 

presented in figure 2-3. The observed surface is TD-RD surface, where the orientation of 

tensile specimens is defined as: RD (rolling direction), TD (transverse direction) and ND 

(normal direction). The collected data was analyzed by TEL OIM software. 
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2.2.3. Hardness measurements and tensile tests 

The hardness measurements were performed using a Micro Vickers Hardness tester 

(HM-102, Akashi co. Japan), which has a square-based diamond-pyramid indenter with an 

included angle of 136° between opposite faced. The load range is usually between 1~50 kgf, 

meanwhile, it is between 0.05~1000 gf in the case of micro Vickers hardness measurement. 

Due to the shape of the indenter, an impression on the surface of the specimen will be a 

square. The Vickers hardness, Hv, can be expressed as: 

Hv = (2P/d2) sin (θ/2) = 1.8544 P/d2                         (2.1) 

In current study, micro Vickers hardness was measured with a load of 1kgf for 10 

seconds. At least ten measurements were obtained and averaged. The surface of samples for 

hardness measurements was finally polished with a diamond paste of 1µm. 

Miniaturized tensile tests were performed at room temperature using a tensile test 

machine (205XK-KC, INTESCO co. Japan). Tensile samples were punched from a 0.3 mm 

thick plate paralleling to cold-rolling direction and mechanically ground to about 0.25 mm in 

thickness. The surface of specimens for tensile tests was finally polished using a 2400 emery 

SiC paper. The dimensions of tensile specimens are 16 mm length×4 mm width×0.25 mm 

thickness, as shown in figure 2-4. 

 

Figure 2-4 Specimen geometries for miniaturized tensile tests. 
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2.2.4. Thermal aging condition 

Figure 2-5 shows the sketch map of thermal aging experimental details and process. All 

the samples were punched from TD-RD plane. Some specimens for thermal aging 

experiments were sealed in ampoules in high vacuum conditions (10-4 Pa) and isothermally 

aged at 475 °C for up to 10,000 h. 475 °C is chosed as aging temperature because 

age-hardening will be most remarkable at this temperature [2]. After thermal aging, samples 

were took out from isothermal furnace and quenched immediately into iced water. Before and 

after aging, microstructure and mechanical properties, such as microhardness and room 

temperature tensile properties, were evaluated to investigate the effect of alloying elements on 

age-hardening behavior of Fe-15Cr alloys. 

 

 

Figure 2-5 Sketch map of thermal aging experimental details and process. 
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2.3. Results 

2.3.1. Microstructural changes 

2.3.1.1. Alloying effect 

Figure 2-6 provides the metallographic microstructures of Fe-15Cr alloys fabricated by 

arc-melting. For the pure Fe-15Cr alloy, the average grain size is about 200 µm. With the 

addition of carbon, the average grain size becomes much smaller (~30 µm). With the addition 

of Mn, Si and Ni, grain refining can also be observed; while, other than ferritic phase, there 

are some other phases along grain boundaries and in matrix of Fe-15Cr-Xs. 

TEM was used to examine grain boundaries and precipitates as well as phase structure. 

There is almost no precipitates in un-aged Fe-15Cr and Fe-15Cr-C, as presented in figures 

2-7(a) and 2-7(b). In contrast, the addition of Mn, Si and Ni leads to some lath shaped 

structures in the ferrite matrix of Fe-15Cr-Xs, as shown in figure 2-7(c). In addition, a large 

number of dislocation can be observed in these structures or along their interfaces with ferrite. 

 

 

Figure 2-6 Metallographic microstructures of Fe-15Cr alloys fabricated by arc-melting. 

 

Figure 2-7 Transmission electron microscopy bright field images of (a) Fe-15Cr, (b) 

Fe-15Cr-C, and (c) Fe-15Cr-Xs, before thermal aging. 
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2.3.1.2. Thermal aging effect 

Figures 2-8(a-i) provide the microstructural evolution of Fe-15Cr alloys during aging at 

475 °C. After aging, many different precipitates can be observed both in the matrix and on the 

grain boundaries of each alloy after aging. The precipitation morphology, such as, the size and 

number density depends on the aging period, and the TEM observation results are 

summarized in Table 2-2.  

 

Table 2-2. Summary of the TEM microstructural observation results. 

 

Material 

Aging at 475 °C for 500 h Aging at 475 °C for 2000 h 

Carbides α′ Carbides α′ G phase 

Fe-15Cr Less Fe2C, M23C6 quite few M23C6 yes no 

Fe-15Cr-C Fe2C, M23C6 yes M23C6 yes no 

Fe-15Cr-Xs Less M23C6 yes M23C6 yes less 

 

For pure Fe-15Cr, even a trace amount of carbon (~0.001wt. %) can lead to some 

needle-like precipitates formed nearby grain boundaries and large precipitates on grain 

boundaries after aged for 500 h, as shown in figure 2-8(a).  

To know the composition information about the precipitates, TEM energy dispersive 

X-ray (EDX) line analyses were used. Figure 2-9(a) and 2-9(b) provide the EDX line analysis 

of one grain boundaries (GB) precipitate in Fe-15Cr aged for 2000 h and the chemical 

components of the precipitate and the nearby matrix. Three points analysis was performed to 

obtain relative compositions of the precipitates. Results indicate that these precipitates on 

grain boundaries are Cr enriched M23C6 carbides. The needle-like precipitates are expected to 

be ε-Fe2C carbides [14], which become coarsening after aging for 2000 h, as shown in figure 

2-8(g).  

In addition, after aging for 2000 h, there is a uniform distribution of spherical-shaped 

precipitates, of which the wavelength of decomposition is ~5-8 nm, in the matrix of Fe-15Cr. 

H. Peter and. B. Saeed [15] investigated the Fe/Cr phase decomposition in the binary Fe-Cr 

system and they found a modulated structure in Fe-25 wt. % Cr alloy after 1000 h of aging. 
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Therefore, it seems like that these spherical-shaped precipitates in Fe-15Cr alloy are Cr-rich 

(α′) phase caused by Fe/Cr phase decomposition. However, the formation of α′ phase in 

Fe-15Cr alloy during aging at 475 °C seems via nucleation and growth of α′ particles, other 

than spinodal decomposition. Figure 2-8(b) shows the microstructure of the sample 

Fe-15Cr-C aged for 500 h. A large amount of needle-like ε carbides are seen nearby grain 

boundaries with a number density of ~1021 m-3. In addition, M23C6 carbides are also observed 

on grain boundaries. There are a few of α′ particles in the matrix, as shown in figure 2-8(e). 

After aging for 2000 h, ε carbides cannot be observed anymore. The matrix seems to be free 

of carbides. The aggregation and coarsening of M23C6 carbides are limited on grain 

boundaries, as presented in figure 2-8(h). 

 

 

Figure 2-8 TEM microstructural evolution of Fe-15Cr alloys during aging at 475 °C. 
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It seems that the addition of alloying elements, such as Si, Mn and Ni, accelerates the 

formation of α′ phase, as shown in figure 2-8(c); there are a number of α′ particles in the 

matrix and nearby the grain boundaries of Fe-15Cr-Xs after aged for 500 h. And after 2000h 

aging, a large number of α′ particles are presented in the matrix (figure 2-8(i)). The 

wavelength of decomposition is about ~7-10 nm, which is larger relative to Xs free alloys. 

Most of precipitates on grain boundaries of Fe-15Cr-Xs are identified as M23C6, as shown in 

figure 2-10. 

A few large precipitates, with size around 100-150 nm, were also observed on grain 

boundaries of Fe-15Cr-Xs alloy after aged for 2000 h. Figure 2-11 shows the result of TEM 

EDX line analyses of one large precipitate and the nearby matrix, which indicate that this 

precipitate is Mn-Si-Ni rich G phase. Recent aging experiments showed that the ferrite-phase 

decomposition was often accompanied by the precipitation of an intermetallic compound that 

is known as G phase [16-18]. The chemical composition of the G phase is based on Ni16Si7Ti6, 

where iron, chromium, manganese and molybdenum may substitute to nickel and titanium 

[19]. For Fe-15Cr-Xs, only few G phases are observed on grain boundaries after aging for 

2000 h. 

 

 

Figure 2-9 (a) TEM bright field image of Fe-15Cr aged for 2000 h, and (b) EDX line analysis 

result showing the difference in chemical components of GB precipitates and the nearby 

matrix (LG1 and LG2). 
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Figure 2-10 (a) TEM bright field image of Fe-15Cr-Xs aged for 2000 h showing EDX line 

analysis process, and (b) relative components of the GB precipitate and the nearby matrix. 

 

 

 

Figure 2-11 TEM EDX line analyses of one large GB precipitate and the nearby matrix 

showing the relative compositions of Si, Mn and Ni the precipitate. 
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2.3.2. Mechanical property changes 

2.3.2.1. Vickers hardness evolution 

Figure 2-12 shows the evolution of Vickers hardness (HV) and increment in Vickers 

hardness (ΔHV=HV-HV0, HV0 is the hardness before aging) during aging at 475 °C. Before 

aging, the Vickers hardness of the alloy increases with increasing alloying elements as 

expected. For example, Vickers hardness of Fe-15Cr-C is about 12 HV higher than Fe-15Cr. 

The alloy hardening can be sum of each effect of carbon or the other alloying elements. As 

aging time increases up to 5000 h, the Vickers hardness values increase abruptly after an 

incubation period for all the materials. In order to know the alloying effect on hardening, it’s 

better to divide the aging time to several parts. The difference between the alloys added with 

alloying elements and pure Fe-15Cr alloy is marked in the gray area in figure 2-11. For aging 

times up to 2000 h, larger hardness increase values are observed in Fe-15Cr-C and Fe-Cr-Xs 

than Fe-15Cr, with the largest difference (about 40 HV) at an aging time of around 1000 h. 

 

Figure 2-12 Vickers hardness (HV) and increment in Vickers hardness (ΔHV=HV-HV0, HV0 

is the hardness before aging) as a function of aging time during aging at 475 °C. 
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2.3.2.2 Tensile property changes 

Figure 2-13 shows the change in yield stress (YS), ultimate tensile stress (UTS) and total 

elongation as a function of aging time. Thermal aging leads to a significant increase in yield 

stress and ultimate tensile stress with a remarkable reduction of total elongation. For example, 

for Fe-15Cr, aging for 5000 h results in about 200 MPa increase in yield stress with a 

reduction of total elongation form 30 % to 11 %. As aging time increases to 5000 h, yield 

stresses also increase after an incubation period for all the materials. While after aging for 

10,000 h, the yield stresses decrease slightly as compared to the peak values. This result 

agrees with hardness measurements, which may indicate that over-aging may occur.  

 

 

Figure 2-13 Evolution of yield stress (YS), ultimate tensile stress (UTS) and total elongation 

during aging at 475°C. 
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To know the effect of age-hardening on ductility loss, figure 2-14 is summarized to show 

the relations between the change in yield stress, Δσy (Δσy = σy-σy0, Δσy0 is the yield stress 

before aging), and the change in total elongation, Δε (Δε = ε-ε0, ε0 is the total elongation 

before aging), of each alloy during aging for different times. There is a linearity between Δσy 

and –Δε for all the alloys. This means age-hardening is main reason for ductility loss. 

However, there is a little difference of the slopes of the plots, Δσy/–Δε of each alloy, which 

can be classified into two groups, one is Fe-15Cr and Fe-15Cr-C and the other is Fe-15Cr-Xs. 

It is considered that the ductility loss of Fe-15Cr-Xs needs a larger age-hardening than 

Fe-15Cr and Fe-15Cr-C. 

 

 

Fig. 2-14 Linear relations between the change in yield stress, Δσy, and the change in total 

elongation, –Δε, of each alloy. 

2.3.3. Rupture manners 

Figure 2-15 shows the ruptured surfaces of the model alloys deformed at room 

temperature before and after aging at 475 °C for 10,000 h. Before and after aging, all the 

alloys rupture in a ductile manner, indicating that the DBTTs of all the specimens are below 

room temperature even after aging up to 10,000 h. While there are some differences in the 
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ruptured surfaces between the alloys added with alloying elements and pure Fe-15Cr alloy. As 

shown in figure 2-15(d), the ruptured surface of Fe-15Cr-C alloy after aged for 10,000 is 

observed with some delamination structures, which should be attribute to the formation of 

coarsened carbides along grain boundaries. While for Fe-15Cr-Xs alloy aged for 10,000, there 

is some brittle ruptured surface observed, as presented in figure 2-15(f). 

 

 

Figure 2-15 Ruptured surfaces of (a) Fe-15Cr, unaged; b) Fe-15Cr, aged for 10,000 h; c) 

Fe-15Cr-C, unaged; d) Fe-15Cr-C, aged for 10,000 h; e) Fe-15Cr-Xs, unaged; f) Fe-15Cr-Xs, 

aged for 10,000 h. 
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Figure 2-16 Fe-15Cr-Xs alloy after aging for 5000 h: (a) grain morphology of the ruptured 

region; (b) phase characterization, ferrite (red color) and martensite (yellow). 

 

Figure 2-17 TEM bright field images of Fe-15Cr-Xs alloy after aging for 5000 h, showing 

that the Fe/Cr phase decomposition is observed in ferrite phase but not in martensite phase. 

EBSD technique is attractive for showing grain morphologies and strain field. Therefore 

after tensile testing of Fe-15Cr-Xs alloy aged for 5000 h, the grain morphology and ruptured 

region were examined by EBSD, as presented in Figure 2-16. The EBSD maps were acquired 

from the side surface paralleling to RD&TD plane by removing 0.1 mm thickness. 
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Transgranular ruptures can be found in Fe-15Cr-Xs alloy after RT tensile testing, as shown in 

the marked areas in Figure 2-16(a). In contrast, this kind of transgranular ruptures were not 

observed in Fe-15Cr and Fe-15Cr-C alloys. Some phases in ferrite matrix are characteristic of 

tempered martensite, as presented in figure 2-16(b). But EBSD is not a good technique for 

characterizing martensitic phase.  

Detailed observation by TEM is necessary to know the mechanism why transgranular 

ruptures occurred only in Fe-15Cr-Xs alloy. Figure 2-17 shows the TEM images of 

Fe-15Cr-Xs alloy after aging for 5000 h. A lot of large Cr enriched M23C6 carbides and few G 

phases can be observed on the grain boundaries of ferrite. Based on OM, EBSD and TEM, the 

structure with very small grains and many carbides should be martensite. Usually, chromium 

is a ferrite-stabilizing element and as the chromium level is increased, the tendency to form 

martensite is reduced. In current study, however, it is possible that these martensitic structures 

were formed due to the inhomogeneous fabrication process. The α′ precipitates are finely 

dispersed in the matrix, but martensite phases show no α/α′ phase decomposition structure, 

which is a big difference with the ferrite matrix.  

 

2.4. Discussion 

Both of hardness measurements and tensile tests are in good agreement with 

microstructure observation. Hardness measurements together with TEM microstructural 

observation suggest that the early stage of age-hardening of Fe-15Cr-C and Fe-15Cr-Xs is 

attributed to the addition alloying elements. For example, after aging for 500 h, a large 

number of Fe2C-ε carbides are found nearby grain boundaries of Fe-15Cr-C alloy, showing 

additional hardening relative to Fe-15Cr alloy.  

The formation of carbides on or nearby grain boundaries may influence the stability of 

ferrite by increasing the probabilities of nucleation and growth of α′ phase. And the addition 

of alloying elements, such as Mn, Si and Ni, may increase the number of possible phase 

separation paths leading to the equilibrium state of the solid solution. The effect of nickel on 

the aging behavior of Fe-Cr alloys has been investigated by J.E. Brown [20], who showed that 

the addition of nickel increases the rate of spinodal decomposition upon aging in the 
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temperature range of 300-450 °C.  

However, when aging time increases to 5000 h, the ∆HV of each alloy became similar 

with an average increment about 120 HV. This result indicates that the addition of alloying 

elements has a small effect on the total age-hardening. Therefore, although the addition of 

alloying elements seems to accelerate age-hardening, while the main age-hardening 

mechanism is due to α/α′ phase decomposition. These results are in agreement with those of 

Grobner [2], who reported that Cr was much detrimental to the embrittlement of high-Cr 

ferritic alloys due to α′ formation than the other alloying elements. The results of current 

research also show that age-hardening of Fe-15Cr alloys is attributed primarily to the 

formation of α′ phase and the segregation of alloying elements. 

The loss of elongation during aging is mainly due to α/α′ phase decomposition. Thus, the 

reason why Fe-15Cr-Xs alloy shows smaller ductility loss than other alloys can be attributed 

to the formation of martensitic phase, in which α/α′ phase decomposition is not observed. 

TEM EDX analysis shows that the Cr content in martensite is lower than 12 wt. %, which is 

around the solution limitation of Cr in the Fe enriched matrix. This result can explain why 

there is no α/α′ phase decomposition occurred in martensite. The formation of Cr enriched 

carbides along the interfaces of martensite and ferrite can reduce the Cr concentration in 

matensite. However, along the interface of ferrite and martensitic phase, there are some 

carbides and few Si-Cr-Mn enriched G phases, which can increase the embrittlement of the 

material. It is considered that the transgranular frature characterized by EBSD is due to the 

formation of Cr rich α′ precipitates as well as carbides and G phases in Fe-15Cr-Xs alloy.  

Another issue beyond 10,000 h is the continuous effect of G-phase precipitation. The 

investigations of F. Danoix [21] demonstrated that G-phase precipitation was induced by the 

spinodal decomposition of the ferrite phase. F. Danoix’s study [21] indicated that the 

precipitation rate of G phase mainly depended on the nickel, and possibly silicon, content of 

the material. Since Figure 2-13 indicates that the reduction of strength after 5000 h is a little 

bit smaller in Fe-15Cr-Xs alloy than the others, it can be expected that G-phase precipitation 

starts to contribute to the hardening. The alloys without Ni, Mn and Si additions only show 

so-called Ostwald ripening of Cr rich phases. Further longer aging period is necessary to 

confirm the effect of G-phase precipitation on the age- hardening. 

http://www.sciencedirect.com/science/article/pii/003960289291047F
http://www.sciencedirect.com/science/article/pii/003960289291047F
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2.5 Summary 

The effects of long-term isothermal aging (up to 10,000 h, at 475°C) on microstructure 

and mechanical property changes in Fe-15Cr alloys have been investigated. The main results 

are summarized as follows:  

(1) Thermal aging at 475 C for 5000 h resulted in a significant increase in the hardness and 

tensile strength accompanied by a remarkable decrease in total elongation of Fe-15Cr 

alloys. Even after 10,000 h aging, all the materials still rupture in a ductile manner at 

room temperature. 

(2) TEM observation revealed that the addition of carbon and other alloying elements, such 

as Si, Mn and Ni, caused the formation of some M23C6 carbides and few Mn-Si-Ni 

enriched G phases on or nearby grain boundaries. 

(3) The formation of isolated Cr-rich precipitates and M23C6 carbides as well as G phases, 

contributes to the significant age-hardening accompanied by α/α′ phase decomposition in 

Fe-15Cr alloys. 

(4) Age-hardening is mainly caused by Fe/Cr phase decomposition, while alloying elements 

play a small role in the total age-hardening. 
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Chapter 3 

Correlation of Fe/Cr Phase Decomposition Process and 

Age-hardening in Fe-15Cr Alloy 
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3.1. Introduction 

One of the critical issues in the use of the ferritic steels is the 475 ºC aging embrittlement, 

which is caused by the decomposition of the ferrite phase to α and α′ phases in the 

temperature range of 300–550 ºC [1-3]. The α′ precipitation leads to a progressive hardening 

and deterioration of fracture toughness. Williams [4] carried out Mössbauer measurements on 

the effect of 475 ºC aging in a series of iron-chromium binary alloys with a varying the 

chromium content, and concluded that the alloys with chromium content 12–30 at.% 

decomposed via nucleation and growth mechanisms. An atomistic study [5] on the hardening 

behavior of iron-chromium alloys under thermal aging has been done by G. Bonny et al. 

showing the different stages of α/α′ unmixing, but this technique provides no information 

about the morphology of precipitates in real space.  

Quantitative study of the α/α′ phase decomposition is of interest recently, while no study 

have been done to discuss the α′ size dependence of strengthening factor for evaluation of the 

age-hardening. In this study, strengthening factor of the α′ precipitates and the evolution of 

microstructure of α/α′ phase decomposition have been investigated. 

 

3.2. Experimental 

The material used in this work is pure Fe-15wt. % Cr alloy. The fabrication process of 

Fe-15Cr alloy has been introduced in Chapter 2. Chemical compositions of Fe-15Cr alloy is 

shown in Table 3-1. Miniaturized tensile tests were performed at room temperature. Tensile 

samples were punched from a 0.3 mm thick plate parallel to the cold-rolling direction and 

mechanically ground to about 0.25 mm in thickness. The dimensions of tensile specimens are 

16 mm length×4 mm width×0.25 mm thickness. At least three tensile tests were carried out 

and the averaged values were obtained.  

Disk-type TEM specimens of 3 mm diameter were punched out from a 0.3 mm thick 

plate and mechanically grounded to about 100 μm in thickness. Final thin foils for TEM 

observation were prepared by electrolytic polishing with HClO4 and CH3OH (1:9) using a 

twin-jet polisher at a voltage of 20 V at room temperature. The thickness of thin foils was 
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measured using convergent-beam techniques. Convergent beam electron diffraction (CBED) 

is a diffraction technique in which the electron beam is converged in to a small probe on the 

specimen, rather than using parallel illumination as for selected area diffraction [6]. CBED is 

a good method for navigating reciprocal space while tilting the specimen and aligning on 

zone axes, by way of the strong Kikuchi lines present in the off-axis CBED pattern. The 

on-axis CBED pattern consists of diffraction disks analogous to the spots in a SAD pattern 

(with the size of those discs determined by the convergence angle of the beam). The size and 

number density of α′ particles were measured to investigate the effect of α′ phase on the 

age-hardening behavior.  

The chemical compositions of precipitates were measured using a TEM JEM-2200FS 

equipped with an energy-dispersive X-ray (EDX) spectroscopy system.  

Some specimens were sealed in ampoules in high vacuum conditions (10-4 Pa) and 

isothermally aged at 475 °C for up to 10,000 h. 

 

Table 3-1 Chemical compositions of Fe-15Cr alloy (wt.%). 

 

 

 

 

 

 

 

 

 

Material Cr C Fe 

Fe-15Cr 14.55 0.001 Bal. 
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3.3. Results 

3.3.1. Age-hardening behavior 

The yield stress was measured to characterize the age-hardening behavior of Fe-15Cr 

alloy. The evolution of yield stress, YS, and the increment in yield stress, ΔYS=YS-YS0, 

during aging at 475 °C is shown in figure 3-1, where YS0 is the YS before aging. The 

evolution of age-hardening, namely the increment in yield stress, experiences three stages: (1) 

incubation (<500 h), (2) strengthening (500-5000 h), and (3) softening (5000-10,000h). As 

aging time increases up to 5000 h, the yield stress value increases abruptly after an incubation 

period. After aging for 10,000 h, however, there is a slight decrease in yield stress as 

compared to the peak value. It seems that 5000 h is a turning period of under-aging and 

over-aging caused by thermal aging. 

 

 

Figure 3-1 Yield stress, YS, and the increment in yield stress, ΔYS=YS-YS0, as a function of 

aging time during aging at 475 °C. 
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3.3.2. Microstructure changes 

TEM observations were performed to show the microstructure changes corresponding to 

each age-hardening period. Phase decomposition of the ferrite to α′ and α phases is also 

identified by TEM EDX line analysis, as shown in figure 3-2, which shows the composition 

fluctuation of Cr in the matrix.  

As is shown in figure 3-2, finely-dispersed, nanometer size α′ particles can be observed 

after 5000 h aging. The fluctuation amplitude of α′ particles is about 8 wt.%, with a minimum 

value of 11 wt.% and maximum 19 wt.%, although the EDX analyses can only provide an 

average component of a region [7], thus the result cannot be used as real component of α′ 

particles. 

 

 

Figure 3-2 FE-TEM EDX line analysis of Fe and Cr in Fe-15Cr alloy after aging for 5000 h, 

and bright field images showing finely-dispersed, nanometer size α′ particles in matrix. 

 

 



54 

 

Figure 3-3 presents the evolution of α′ precipitates observed by TEM in this research and 

simulated results by the other researcher [8]. The TEM bright field images were obtained 

when aging time reaches 0 h, 500 h, 2000 h, and 5000 h. The simulation results were provided 

by I. Dopico [8], who was interested in our work and used a computational model to 

reproduce the α/α′ phase decomposition behavior of the Fe-15Cr alloy. The bright field TEM 

images show a good agreement with the simulation results, which are based on density 

functional theory (DFT), provided by I. Dopico.  

The Cr-rich α′ precipitates, which have a lattice parameter αCr= 0.288 nm, are found to 

be coherent body-centered cubic (bcc) particles [9]. The strain field of the interfaces between 

α′ precipitates and the Fe-rich matrix is quite low due to the similar lattice parameter of Cr 

and Fe. Therefore, there is a difficulty to observe the early stage of α/α′ phase decomposition 

by conventional TEM. 

From the TEM images, only a few α′ particles are found after aging for 500 h, while 

larger size and higher number density of α′ particles are observed as aging time increases. The 

underlying α/α′ phase decomposition process of Fe-15Cr alloy is via nucleation and growth of 

α′ precipitates. This mechanism agrees with a Mëssbauer spectroscopy study by S.M. Dubiel 

[10], who reported that nucleation and growth mechanism worked in Fe-15 at.% Cr alloy 

during annealing at 415 °C. They also calculated the activation energy of the phase 

decomposition in Fe-14Cr alloy, which is about 122 kJ mol−1 [11]. The nucleation of α′ 

particle, thus, requires a certain thermal aging time to gain enough nucleation energy. This 

agrees with the present results of tensile tests because there is almost no change of yield stress 

until aging for 500 h. 

The simulation work provided additional information about the process of nucleation and 

growth, as well as the composition information of α′ precipitates. As shown in the marked 

areas, some α′ precipitates grow to larger size, while some small α′ precipitates disappear. 

This indicate that the precipitation process occurs via nucleation, growth and coarsening. The 

color bar on the right side of simulation maps refers to the real chemical component of α′ 

precipitates. With increasing aging time, the concentration of Cr in α′ precipitates increases.  
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Figure 3-3 Bright field TEM images (left) and simulation results (right), showing a 

microstructure evolution of Fe-15Cr alloy after aging for (a) 0 h, (b) 500 h, (c) 2000 h, and (d) 

5000 h, black dots indicate Cr-rich α′ particles. 
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3.4. Discussion 

3.4.1. Phase decomposition characteristic 

Phase decomposition process can be described in terms of the average diameter, d, and 

number density, N, of α′ particles. Figure 3-4 shows the average diameter and number density 

of α′ particles as a function of aging time, which were estimated from TEM observations. 

There is a linear relation of the size of α′ particles with thermal aging time. With increasing 

aging time, the average diameter of α′ particles becomes larger, while the number density of α′ 

particles experiences a rapid growth followed by a progressively decrease.  

There are quite few α′ particles in Fe-15Cr alloy after aging for 500 h. Thermal aging for 

2000 h results in formation of quite a large number of α′ particles in matrix, with an average 

diameter of 5.2 nm and a number density of 4.9×1022 m-3. After aging for 5000 h, however, 

the α′ precipitates coarsen to an average diameter of 8.3 nm, and the number density of α′ 

particles decreases, to a number density of 3.8×1022 m-3. When aging time reaches up to 

10,000 h, the averaged diameter of α′ precipitates increases to about 11 nm with a number 

density decreasing to 1.2×1022 m-3. 

 

Figure 3-4 Average diameter and number density of α′ particles as a function of aging time in 

Fe-15Cr alloy. 
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Figure 3-5 Particle size distribution (PSD) of α′ precipitates in Fe-15Cr alloy after aging for 

2000 h, 5000 h and 10, 000 h. 
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Figure 3-5 provides the particle size distribution (PSD) of α′ precipitates in Fe-15Cr 

alloy after aging for 2000 h. The narrow distribution observed after 2000 h becomes wider 

after 5000 h. The evolution of the PSD seems to point out that a non-steady-state of 

coarsening occurs up to aging for 10, 000 h. This results agree with an atomic scale study by 

S. Novy [12], who reported that a thermally aged (500 ºC) Fe-20Cr alloy showed a transient 

coarsening regime with an overlap between nucleation, growth and coarsening. This overlap 

mechanism is proposed by Robson [13] with his modified version of numerical precipitation 

model based on the initial Langer-Schwartz model [14]. Indeed, if the initial super-saturation 

is large enough, a significant nucleation rate is retained even when a substantial proportion of 

the solute have been removed from the matrix, thus leading to an increase in the critical 

particle size, below which all particles are dissolved. Then, whereas some α′ precipitates are 

yet appearing, coarsening causes dissolving the smallest particles, and consequently leading 

to a reduction in the number density. 

Figure 3-6 shows the phase diagram of Fe-Cr systems with a miscibility gap [15]. When 

an alloy of composition X0 is homogenized at T1 and then quenched to T2, originally it has 

uniform chemical composition and its Gibbs energy is equal to G0 on the diagram in figure 

3-6(b). This alloy is unstable at T2 because composition fluctuations, creating regions rich in 

A and rich in B, lead to a decrease in total Gibbs energy of the system.  

Subsequently uphill diffusion occurs and continues until a two phase structure with 

equilibrium compositions of X1 and X2 is achieved, as shown in figure 3-7(a). Such 

transformation occurs at any composition for which free energy-composition curve has 

negative curvature, mathematically 𝑑2𝐺/𝑑𝑥𝐶𝑟
2 < 0. Therefore the composition should lie 

between the inflection points of the Gibbs energy-composition curve. Loci of these points on 

the phase diagram are called the chemical spinodal. When the alloy composition lies outside 

the spinodal, infinitesimal fluctuations in chemical composition result in an increase in the 

total Gibbs energy, hence the system would become metastable. In this case reduction in 

Gibbs energy of the system is possible only when the nuclei composition is very different 

from that of the matrix. Therefore outside the spinodal, transformation must be conducted 

through nucleation and growth, as shown in figure 3-7 (b). 

In this study, the Cr concentration in Fe-15Cr alloy is 15wt.%, where 𝑑2𝐺/𝑑𝑥𝐶𝑟
2 > 0. 
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This means that Fe-15Cr alloy is out the spinodal line and follows a nucleation and growth 

model. TEM observation shows good agreement with phase transformation model provided 

by D.A. Porter and K.E. Easterling [16]. 

 

Figure 3-6 (a) The bold line designates the (incoherent) miscibility gap and the dashed line 

the (chemical) spinodal regions, (b) Gibbs energy-composition curves at T2. 

 

 

Figure 3-7 Schematic plot of composition-distance at different aging times in alloy (a) inside 

the spinodal and (b) outside the spinodal. 
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3.4.2. Age-hardening mechanism 

3.4.2.1. Strengthening stage 

With increasing aging time, yield stress increase due to the α/α′ phase decomposition. 

Age-hardening is due to the formation of Cr-rich precipitates. Figure 3-8 shows a schematic 

diagram of a moving dislocation cutting through Cr-rich precipitates, which were a weak 

barriers to dislocation motion. Before cutting, there are Cr-Cr bonds inside the Cr-rich 

precipitate and Fe-Fe bonds outside it. After cutting, Fe-Cr bonds appear in the hatched area 

in the figure 3-8. The energy needed for the formation of one Fe-Cr bond from Fe-Fe and 

Cr-Cr bonds [17], W, is expressed as follows: 

W=EFe-Cr - (EFe-Fe + ECr-Cr)/2                         (3.1) 

where E is the bonding energy.  

 

Figure 3-8 Schematic diagram of Cr-rich precipitate cutting process by edge dislocation. 

 

Although Eq. (3.1) may provide the origin of strengthening caused by Cr-rich 

precipitates, further quantitative research based on the current data is necessary to clear the 

age hardening mechanism in Fe-15Cr alloy. The increase in yield stress can be given by the 

following equations as a function of the diameter and number density of α′ particles: 

𝜎𝑦 = 𝑀𝛼𝐺𝑏(𝑁𝑑)1/2                                                              (3.2) 

𝜎𝑦 = 𝛼𝑀𝐺𝑏(𝑁)2/3𝑑                                                              (3.3) 

Eq. (3.2) is based on the dispersed barrier hardening model [18] and Eq. (3.3) is on the 
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Friedel-Kroupa-Hirsch (FKH) model [19]. In the two equations, 𝜎𝑦 is the increment in 

yield stress, M is the Taylor factor (3.06), α is the strengthening factor, G is the shear modulus 

(75.3 GPa), b is the Burgers vector (0.248 nm). In Eq. (3.2), α is assumed to be varying from 

0.11 to 1 depending on barrier type [18]. In Eq. (3.3), α is assumed to be 4/5 for strong 

obstacles and 1/8 for small dislocation loops [20]. Both models can be applied for weak 

barriers. Another model for impenetrable obstacles is an expression derived from continuum 

model simulations by Scattergood and Bacon (SB) [21]: 

𝜎𝑦 =
𝜇𝑏

2𝜋𝐿
[ln (

1

𝑅1
𝐿

+
𝑅1
𝑑

) + 0.7]                                                  (3.4) 

where R1 is cut-off radius of the dislocation core (taken to be equal to b) and L is the free 

passage distance (𝐿 = 𝐿𝑦 − 2𝑅𝑃𝑅𝑃 , 𝑅𝑃𝑅𝑃 is radius of precipitates). However, Eq. (3.4) should 

be only applied for reaction satisfying the Orowan bypass model (the presence of a screw 

dislocation dipole drawn out from the obstacle). 

As for the strength factor, α, of obstacles, a molecular dynamics (MD) simulation work 

[22] provided those values of the coherent Cr precipitate of 2 nm diameter, dislocation loops 

and voids as a function of temperature in bcc Fe, and the obtained values were in the range 

0.17-0.37 at room temperature. In this research, the strength factor α of Cr precipitates at 

room temperature is assumed to be 0.2 that is similar to the estimated value of Cr precipitates 

estimated in the resent MD work [22].  

The relationships between the calculated increment in yield stress,  σ𝑦
𝑐𝑎𝑙. and the 

measured increment in yield stress, σ𝑦
𝑚𝑒𝑎., are shown in figure 3-5. Precipitation hardening 

was often interpreted in terms of the Orowan type dispersed barrier hardening model, 

although no dislocation loop was left surrounding precipitates. In this work, however, Orowan 

type model does not reproduce the monotonic increase in the hardness with increasing aging 

time. The same trend is observed for the FKH model, which is considered to be applied to 

rather weak obstacles for dislocation motion. Although no linear relationship is observed for 

any of the models, both Orowan type model and SB model can be applied to explain the 

age-hardening caused by α/α′ phase separation after a longer aging time (~5000 h). More 

detailed experimental works are necessary to clear the hardening mechanism.  
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Figure 3-9 Relationships between the calculated increment in yield stress 𝜎𝑦
𝑐𝑎𝑙.

 
and the 

measured increment in yield stress σ𝑦
𝑚𝑒𝑎. in Fe-15Cr alloy. 

 

3.4.2.2. Softening stage 

Figure 3-10 provides the evolution of α/α′ phase decomposition in Fe-15Cr alloy after 

aging for 5000 h, 8000 h and 10, 000 h. As increasing aging time, the α′ precipitates continue 

coarsening with a decrease of number density. Because of the lower strain field of the 

interface of Cr-rich phase and Fe-rich matrix, TEM observation must be at under focus 

condition. It seems that there is no orientation dependence of the contrast of α′ precipitates. 

Figure 3-10(c) shows the TEM bright field images of Fe-15Cr alloy with g = [112̅] after 

aging for 10, 000 h; the average diameter of α′ precipitates grows to 11 nm with a density 

decreased to 1.6×1022 m-3. This result indicates that the strength decreases slightly, although α′ 

precipitates continue to grow up. 
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Figure 3-10 TEM bright field images showing microstructure evolution of Fe-15Cr alloy after 

aged for (a) 5000 h, (b) 8000 h, and (c) 10, 000 h. 
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When aging time reaches 10,000 h, thermal aging undergoes an over-aging, which leads 

to a decreasing strength. The coarsening of the precipitates is usually accompanied by a loss 

of coherency in the matrix and an increase in the interfacial energy is expected [23]. This 

increase goes from a lower value for small coherent particles to a higher value for larger 

coherent particles. Figure 3-11 shows a sketch map of precipitation strengthening curve of 

Fe-15Cr alloys. We may define the critical particle size as dc, then: 

(1) when d < dc, coherency strengthening increases with increasing particle size; 

(2) when d > dc, coherency strengthening decreases with increasing particle size. 

At small sizes, the dislocation cuts through the particle at a lower stress than the Orowan 

bowing stress. While, large particles need higher cutting stresses. At large sizes, the 

dislocation bows around the particle more easily than it cuts through it. 

Such a relationship between strengthening effect and particle size gives a maximum 

strengthening at a critical particle size dc. According to the current data, the critical dc for 

Fe-15Cr alloy is about 8 nm. It is considered that dislocation looping can take place whenever 

the precipitates is too big/strong for dislocation to cut through, regardless of the coherency 

nature of the interface between the precipitate and matrix. 

 

 

Figure 3-11 Age-hardening curve and sketch diagram for precipitation hardening mechanism. 

 

 



65 

 

3.5. Summary 

Quantitative evaluation research on the correlation of age-hardening and α/α′ phase 

decomposition process has been carried for Fe-15Cr alloys. The following results have been 

obtained: 

(1) Based on the TEM observation, the age-hardening is mainly due to the formation of 

isolated Cr-rich α′ precipitates. TEM observations of evolution of α′ precipitates show a 

good agreement with the density functional theory (DFT) calculation results. 

(2) The formation of α′ precipitates in Fe-15Cr alloys during 475 ºC is via nucleation and 

growth. The growth of α′ precipitates is characterized as non-steady-state of coarsening, 

where the overlap of nucleation, growth and dissolution processes of α′ particles is 

observed by TEM. 

(3) As aging time increases, the mean size of α′ precipitates increases linearly with the aging 

time. The number density of α′ precipitates shows a rapid increase followed by a 

progressive decrease. 

(4) The age-hardening in strengthening period is interpreted in terms of the dispersed barrier 

strengthening models with α′ precipitates. The strengthening factor of α′ precipitates is 

assumed to be 0.2 at room temperature. Both the Orowan type dispersed strengthening 

model and the Scattergood and Bacon (SB) continuum model can be applied to explain 

the age-hardening caused by α/α′ phase decomposition after a longer aging time.  

(5) Age-hardening shows two stages, increasing (strengthening) and decreasing (over aging), 

showing a peak in the strength with increasing aging period. The over aging after aging 

beyond 5000 h is associated with the reduction of number density and the increase in the 

size of α′ precipitates. The critical size of α′ precipitates for the transient form 

strengthening to softening is around 8 nm. 
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Chapter 4 

Age-hardening Susceptibility of High-Cr ODS Ferritic Steels 

and SUS430 Ferritic Steel 
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4.1. Introduction 

Oxide dispersion strengthened (ODS) steels are developed as advanced structural 

materials for advanced fission and fusion power systems to apply for high operation 

temperatures [1-3]. For high-Cr ODS ferritic steels, the most critical issue for the application 

to Supercritical Water Reactor (SCWR) and Lead Cooled Fast Reactor (LFR) is to improve 

their corrosion resistance [4-6]. The corrosion resistance of ODS steels increases with 

increasing chromium concentration [7].  

However, a “trade-off” corrosion resistance and aging embrittlement is an issue for the 

practical application of high-Cr ODS ferritic steels. The formation of nano-sized Cr-rich 

precipitates in the bulk during operation has been known to be the cause of hardening and 

embrittlement after thermal aging [8-10]. As discussed in Chapter 1, there have been some 

researches on the effects of aging on high-Cr ODS steels, but still limited data is available for 

long-term aging effects on high-Cr ODS steels, especially on the correlation of mechanical 

property changes and microstructures. 

In this study, the age-hardening susceptibility of 15Cr-ODS ferritc steel was compared 

with a conventional SUS430 ferritic steel as well as 12Cr-ODS ferritic steel with focusing on 

the α/α′ phase decomposition behavior, by using TEM observation, tensile and small-punch 

tests.  

 

4.2. Experimental 

4.2.1. Materials 

The materials used in this study were 12 wt.% Cr-ODS, 15 wt.% Cr-ODS and SUS430 

ferritic steels (16 wt.% Cr). The SUS430 steel was commercially manufactured by the Nilaco 

Corporation. The fabrication process of ODS steels is represented in figure 4-1. In argon 

atmosphere, the elemental powders with a particle size of less than 10 μm were first 

mechanically alloyed with pre-alloyed Y2O3 power of 2 μm mean diameter. During the 

mechanical alloying, pure titanium was also added to form finer dispersoids in the matrix. The 
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milling was operated at a 250 rpm rotation speed for 48 hr. The mechanically alloyed powers 

were then canned and degassed at a temperature of 400 °C in a 10-3 Pa vacuum for 3 hr. 

Hot-extrusion was conducted at 1150 °C to fabricate cylindrical rods of 30 mm diameter. 

Finally a homogenization heat treatment was performed at 1150 °C for 1hr.  

Table 4-1 shows the chemical compositions of SUS430 ferritic steel, and high-Cr ODS 

ferritic steels produced by mechanical alloying and hot-extrusion. 

 

Figure 4-1 Fabrication process of the high-Cr ODS ferritic steels. 

 

Table 4-1 Chemical compositions of the investigated steels (wt.%). 

Material 12Cr-ODS 15Cr-ODS SUS430 

C 0.035 0.02 0.018 

Cr 11.7 14.9 16 

W 1.92 1.92 - 

Ti 0.29 0.29 - 

Si - - 0.15 

Mn - - 0.74 

Ni - - 0.28 

Y2O3 0.23 0.34 - 

Fe Bal. Bal. Bal. 
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4.2.2. Mechanical property tests 

Hardness measurements were performed after aging for different periods. The surface of 

the specimen was mechanically polished with emery SiC papers until #4000, and followed by 

buff-polished with diamond paste until 1 µm diameter. Tensile tests with miniaturized 

specimens were performed at room temperature. Tensile specimens were punched from a 0.6 

mm thick plate parallel to the cold-rolling direction and mechanically ground to about 0.5 mm 

in thickness. The dimensions of tensile specimens are 16 mm length×4 mm width×0.5 mm 

thickness. 

In order to draw a ductile-brittle transition curve, small-punch (SP) test [12, 13] was 

performed by a fracture and toughness testing machine (Instron8562 type). The specimen 

geometry selected for this work was a 3 mm diameter, 0.3 mm thick disc. Figure 4-2 shows 

the sketch map of SP test. The specimens were loaded via a centrally located pushing rod and 

a steel ball. A new ball was used for each punch test. The load was measured using a 50 kN 

load cell mounted in the loading trains, and the displacement was obtained from a pair of clip 

gauges attached to the pushing load. The tests were carried out quasi-statically in 

displacement control at a cross head speed of 0.2 mm/min. Tests at low temperatures were 

performed by immersing the punch test dies in an insulated bath of liquid nitrogen. A thermal 

couple was inserted into the die 5 mm away from the specimen to monitor the temperature to 

an accuracy of ±2 °C. Punch tests were conducted over the temperature range +20 °C to 

-196 °C in order to generate ductile-brittle transition curve. The fracture energy of the 

small-punch test was determined by the area under the load-deflection curve per unit 

thickness of the given specimen. 

 

Figure 4-2 Sketch map of small-punch test. 
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4.2.3. Microstructural observation 

Disk-type specimens of 3 mm diameter for TEM observation were punched out from a 

0.3 mm thick plate and mechanically grounded to about 50 µm in thickness. And then they 

were electrolytic polished using a twin-jet polisher. The grain boundaries and precipitates 

were by examined by the TEM with an acceleration voltage of 200 kV. An FE-TEM (JEOL, 

2200FS) was used to obtain high-resolution TEM images of the precipitates. The ruptured 

surfaces before and after tensile tests were observed by SEM. 

 

4.2.4. Thermal aging condition 

Figure 4-3 shows the schematic view of thermal aging experimental details and process. 

For SUS430 ferritic steel, all the samples were punched from TD-RD plane. For ODS steels, 

all the specimens were punched from RD-ND plane. The tensile and small punch specimens 

were sampled from the extruded bar, so that the longitude direction of the specimens is 

parallel to the extrusion direction. Some of specimens were sealed in ampoules in high 

vacuum conditions (10-4 Pa) and isothermally aged at 475 °C for up to 10,000 hr. After 

thermal aging, samples were took out from isothermal furnace and quenched immediately into 

iced water. 

 

 

Figure 4-3 Schematic view of thermal aging experimental details and process. 
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4.3. Results 

4.3.1. Mechanical property changes 

4.3.1.1. Vickers hardness evolution 

Figure 4-4 provides the evolution of Vickers hardness (HV) and the increment in Vickers 

hardness (ΔHV) of 15Cr-ODS, 12Cr-ODS and SUS430 ferritic steels during aging at 475 °C 

for up to 10,000 h. Thermal aging leads to an increase of hardness in the order of SUS430, 

15Cr-ODS and 12Cr-ODS. Both of SUS430 and 15Cr-ODS show obvious hardness increase, 

while 12Cr-ODS only shows a small change of hardness. When aging time increases to 10, 

000 h, the age-hardening of SUS430 seems to be saturated because of almost no hardness 

change as compared to the peak value. It can be said that there is slight hardness decrease for 

15Cr-ODS, which indicates over-aging may occur. 

 

 

Figure 4-4 Vickers hardness (HV) and the increment in Vickers hardness (ΔHV) of each 

material as a function of aging time during aging at 475 °C. 
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4.3.1.2. Tensile property changes 

The effects of thermal aging up to 10,000 h on tensile stress-strain curves and tensile 

property changes are presented in figure 4-5. Before aging, as expected, ODS ferritic steels 

show excellent strength as relative to SUS430 ferritic steel. As aging time increases to 1000 h, 

a significant increase in yield stress and a decrease in total elongation can be observed in 

SUS430, while the change in yield stress is not so remarkable in 15Cr-ODS and there is 

almost no yield stress change for 12Cr-ODS. The evolutions of yield stress and ultimate 

tensile stress are in good agreement with micro-hardness measurements results. However, a 

characteristic of ODS steels is that age-hardening is not accompanied by a significant 

decrease in total elongation observed in SUS430. For example, as aging time increases to 

5000 h, thermal aging of SUS430 results in 315 MPa yield stress increase with total 

elongation decreasing from 37% to 22%. In contrast, for 15Cr-ODS, aging for 5000 h results 

in smaller yield stress increase (131MPa) for 15Cr-ODS with only a very small reduction of 

total elongation.  

Age-hardening ratio is defined as: Δσy/σ0, the ratio of increment in yield stress (Δσy) and 

initial value of yield stress, σ0. Figure 4-6 shows the evolution of age-hardening ratio for each 

material. Although the Cr concentration is not so different between SUS430 (16 wt.%) and 

15Cr-ODS, SUS430 shows a remarkable age-hardening, while 15Cr-ODS shows a small 

age-hardening. For example, after aging for 5000 h, the yield stress of SUS430 is about twice 

larger than the initial value. While there is only about 10% change of yield stress of 

15Cr-ODS after the same aging time. For 12Cr-ODS, there is almost no change in the yield 

stress. This means both of 15Cr-ODS and 12Cr-ODS are very resistant to hardening caused 

by thermal aging. It seems that the difference in age-hardening ratio is due to the different Cr 

concentration in matrix. 

In order to know the relationship between the age-hardening and the loss of ductility, 

Δσy/σ0 as a function of ductility loss ratio, Δε/ε0, of each material is shown in figure 4-7. A 

significant increase in age-hardening with a remarkable decrease in ductility loss can be 

observed for SUS430 steel. A linear relation can be drawn for SUS430, which suggests that 

age-hardening is the main reason for the ductility loss. However, there is no this kind of 
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relation for both of 15Cr-ODS and 12Cr-ODS.  

 

Figure 4-6 Evolution of age-hardening ratio, Δσy/σ0, of each materials. 

 

Figure 4-7 Age-hardening ratio, Δσy/σ0, as a function of ductility loss ratio, Δε/ε0 of each 

material. 

 

4.3.1.3. Small punch (SP) tests 

In order to know the effect of thermal aging on toughness, small-punch tests were 

performed. The load-defection curves of SUS430 and 15Cr-ODS before and after aging for 

2000 h are presented in figure 4-8. During the test, the deformation mode of the specimen 
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changes successively. The deformation mode can be described by four stages: (a) elastic 

bending, (b) plastic bending, (c) plastic membrane stretching, and (d) plastic instability 

development stages. In addition, when testing temperature decreases, the maximum loads at 

first increase followed by a decrease for all the material 

In order to evaluate the ductile-brittle transition temperature, the absorbed energies of 

small-punch tests were calculated as an area below the SP curve. The obsorbed energy is 

calculated as: 

                  E = A + B ∙ tanh((T-T0) / C)                     (4.1) 

where E is the absorbed small punch energy; A, B, C are parameters; A + B is upper shelf 

energy; T is test temperature; T0 is ductile-brittle transition temperature (DBTT). 

 

 

Figure 4-8 Small punch load-defection curves of 15Cr-ODS and SUS430 before and after 

aging for 2000 h. 
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Figure 4-9 shows the ductile-brittle transition curves of SUS430 and 15Cr-ODS at 

different conditions: unaged and aged at 475 °C for 2000 h. The ductile-brittle transition 

curves show the same general trends. Firstly, the SP-DBTT was similar between two steels: 

-174 °C for SUS430 and -175 °C for 15Cr-ODS. Secondly, both of them show aging effects: 

an increase in SP-DBTT but no or very small reduction in upper shelf energy. 

The aged materials show a few differences compared with the unaged materials. Firstly, 

there is a larger increase of SP-DBTT in aged SUS430. The shifts of SP-DBTT are 62 °C in 

SUS430 and 40 °C in 15Cr-ODS, respectively. Secondly, the temperature range of ductile to 

brittle transition in aged 15Cr-ODS appears to be larger than that in aged SUS430. 

 

 

Figure 4-9 Small-punch (SP) absorbed energy as a function of testing temperature showing 

the ductile-brittle transition curves of SUS430 and 15Cr-ODS before and after aging for 2000 

h. 
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4.3.2. Microstructures 

4.3.2.1. TEM microstructures 

In order to know the reason why age-hardening occurred in SUS430 and 15Cr-ODS, 

TEM was used to observe the corresponding microstructural changes. Figure 4-10(a-f) 

provide the TEM bright field images of SUS430 and 15Cr-ODS before and after aging for 

5000 h. Figure 4-10(a) shows the microstructure of as-received SUS430, which contains 

almost no precipitates and large grain size. In contrast, as-received 15Cr-ODS presents very 

fine elongated grains and finely dispersed nano-sized oxide particles, as shown in figures 

4-10(d) and 4-10(e). 15Cr-ODS has an average grain size of 0.5 μm with shorter grain size 

0.2 μm and longer grain size 0.8 μm. As shown in figure 4-10(b), after aging for 2000 h, 

SUS430 presents a large number of α′ precipitates and some amout of dislocations. When 

aging time increases to 5000 h, the size of α′ precipitates becomes larger, with an average size 

of 10.5 nm and a number density of 6.1×1022 m-3, as presented in figure 4-10(c). Some large 

precipitates were analysed by TEM-EDX showing that they are mainly Cr-Mn-Si rich G 

phases, as presented in figure 4-11, while most of the precipitates are α′ phases; the volume 

fraction of G phases is quite low with a number density ~1018 m-3. 

Before aging, 15Cr-ODS contains a finely dispersed oxide particles with an average size 

of 4.2 nm and a number density of 1.3×1023 m-3. Most of the oxide particles in 15Cr-ODS are 

identified as Y-Ti-O rich particles, as illustrated in figure 4-12, which provides the EDX 

spectrum of one oxide particle. After aging for 5000 h, a complex precipitation structure can 

be observed in 15Cr-ODS, as shown in figure 4-10(f). It is considered that oxide particles are 

quite stable during aging at 475 °C [14].  

Figure 4-13 shows the particle distribution in 15Cr-ODS before and after aging for 5000 

h. After aging, particle distribution map shows a bio-model distribution in the PSD, which is 

due to the formation of α′ precipitates. The average size and number density of α′ precipitates 

are calculated as 8.1 nm and 1.6×1022 m-3, respectively. In addition, there are very few M23C6 

carbides in matrix and some carbides on grain boundaries, as shown in figure 4-10(f). These 

carbides might form during the early stage of thermal aging. 
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Figure 4-10 TEM bright field images of (a) SUS430, as received; (b) SUS430, aged for 2000 

h; (c) SUS430, aged for 5000 h; (d) 15Cr-ODS, as received; (e) 15Cr-ODS, as received 

showing the dispersion of oxide particles; (f) 15Cr-ODS, aged for 5000 h. 

 

 

Figure 4-11 TEM EDX point analyses showing chemical components of precipitates in 

SUS430 after aging for 5000 h. 
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Figure 4-12 TEM EDX spectrum showing Y-Ti-O enriched oxide particle in as-received 

15Cr-ODS. 

 

 

Figure 4-13 Particles size distribution (PSD) in 15Cr-ODS before and after aging for 5000 h. 
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4.3.2.2. High-resolution TEM images 

The α′-rich clusters have a b.c.c. structure with a lattice parameter aCr=2.88 Å. This 

structure is close to the α-Fe b.c.c. structure with a lattice parameter aFe=2.87 Å. Thus, a 

misfitting coherent relationship between these two phases is expected. A high-resolution 

image of a α′ precipitate embedded in α matrix is presented in figure 4-14(a-c). There is a 

cube-on cube orientation relation (<111>Cr // <111>Fe, {111}Cr // {111}Fe) between the 

α-Fe lattice and the α′-Cr lattice. The schema represented in figure 4-14(d) shows the strained 

interface structure between the α′ and α phases and highlights the misfit dislocations 

accommodating the strain due to lattice parameter difference. Thus α′-Cr clusters are 

semi-coherent at current aging time. 

 

Figure 4-14 (a) and (b) showing high-resolution TEM images of SUS430 after aging for 

10,000 h; (c) HR-TEM of the interface between the α matrix and the α′ particle; (d) 

corresponding schema of the interface. 
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4.3.2.3. Rupture surfaces 

To investigate the rupture behavior, SEM observations of the ruptured surface of tensile 

specimens after RT testing were carried out. Figure 4-15 presents the ruptured surfaces and 

reduction in area (RA) of 12Cr-ODS, 15Cr-ODS and SUS430 before and after aging for 5000 

h. All the steels still show a ductile rupture manner even after aging for 5000 h; a typical 

dimple rupture surface can be observed for all the materials. The difference between SUS430 

and ODS steels is the RA and the change in RA. Before aging, the RA of SUS430 is about 

82 %, which is quite larger than that of 12-ODS (68%) and 15Cr-ODS (62%). In contrast, 

thermal aging results in the change in the RA in the order of SUS430, 15Cr-ODS and 

12Cr-ODS, where the reduction is 13%, 8% and 4%, respectively. These results are in good 

agreement with the change in hardness and yield stress, which also change in the same order. 

While the change in total elongation does not represent the change in age-hardening. It seems 

that the change in RA is more sensitive to age-hardening than the change in total elongation.  

 

4.3.2.4. SP Fracture surfaces 

The toughness of 15Cr-ODS and SUS430 has been successfully evaluated by 

small-punch tests. In order to investigate the effect of thermal aging on the fracture behavior, 

SEM was used to observe the fracture surfaces of 15Cr-ODS and SUS430 tested at different 

temperatures, which are shown in figure 4-16. There is no big difference in the fracture 

manner of 15Cr-ODS and SUS430; both of them show a manner of ductile fracture at room 

temperature and a manner of brittle fracture at liquid nitrogen temperature. However, detailed 

observations of the fracture surfaces revealed that a delamination fracture was observed in 

as-received 15Cr-ODS when tested at 100 K. In the crack-arrester mode, the delamination is 

thought to relax the triaxial stress condition and to blunt the crack tip. In addition, big crack 

can be observed in the disc sample of as-received 15Cr-ODS when test temperature decreases 

to 78 K. And the temperature required for the occurrence of cracking increases to 103 K for 

15Cr-ODS after aged for 2000 h. The reason why delamination and crack are produced 

parallel to rolling direction might be related to the strong texture in hot-extruded and rolled 

15Cr-ODS steel. 
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4.4. Discussion 

4.4.1. Correlation of age-hardening with microstructure evolution 

Thermal aging leads to a significant increase in hardness and strength in SUS430 and 

15Cr-ODS, while 12Cr-ODS shows almost no age-hardening. TEM microstructure 

observations reveals that there are a large amount of α′ precipitates formed in SUS430 and 

15Cr-ODS. Detailed TEM-EDX analyses suggest that there are few G phases in SUS430 after 

aging for 5000 h; while the volume of G phases is quite lower than α′ precipitates. 15Cr-ODS 

contains very few amount of carbides, which are expected to have a limitted contribution to 

the age-hardening [15]. Therefore, age-hardening in SUS430 and 15Cr-ODS is mainly due to 

α/α′ phase decompositon. 

After aging for 5000 h, SUS430 shows almost twice larger increase in yield stress than 

15Cr-ODS. This means SUS430 has a higher age-hardening susceptibility than 15Cr-ODS. 

There are two factors that may affect the age-hardening behaviors: one is Cr concentration in 

matrix before aging, the other is trapping effect of oxide particles. As for the first factor, the 

effect of Cr concentration on nucleation rate of α′ precipitates has been studied by D. Schwen 

[16], who showed that nucleation rates depended on matrix concentration of Cr and thermal 

aging temperature. In this study, SUS430 has a little higher Cr concentration (16 wt.%) than 

15Cr-ODS (15 wt.%), but the influence of this difference in Cr content is not significant. As 

for the second factor, oxide particles can act as trapping site for defects and may influence 

Fe/Cr phase decomposition.  

 

4.4.2. Nucleation rate 

P.J. Grobner’s [17] study indicated that 475 ºC embrittlement was evidently determined 

by the kinetics of α′ formation, and the nucleation process was more important of the two 

processes (nucleation and growth) with respect to the effect on age-hardening. The nucleation 

process in solid solutions has been studied by many investigators.  

According to Becker’s theory [18], nucleation rate, J is: 
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𝐽 = 𝐶 exp − (
𝑄 + 𝐹0

𝑅𝑇
)                                                                (4.2) 

where C is constant, R is the gas constant, T is the absolute temperature. Q is the activation 

energy of diffusion of chromium (81kJ mol-1 [19]), F0 is the energy to form a nucleus of 

critical size. 

𝐹0 =  
4𝐹2

3

27𝐹1
2                                                                                    (4.3) 

𝐹2 = 𝐴(𝑁𝑠 − 𝑁𝑝)
2

η                                                                    (4.4) 

F1 is the driving force of the precipitation of the α′ phase and can be derived graphically from 

a free energy diagram, as demonstrated in figure 4-17. The free energy of the precipitating 

phase in equilibrium at a given temperature is determined by a common tangent to the free 

energy-composition curve (point Gp at Np). F2 [20] is proportional to the surface of the 

nucleus, and representative of the surface energy. A is binding energy in the crystal of the 

solid solution temperature independent (1.07 kJ mol-1). Ns is the atomic fraction of the initial 

solid solution, Np is the atomic fraction corresponding to the precipitating phase, η is shape 

factor (3).  

 

Figure 4-17 Free energy diagram of the Fe-Cr system at 475 ºC [21]. 

The nucleation rate defines the number of nuclei causing embrittlement: 

𝐽 =  
𝑛𝑐

𝑡𝑐
                                                                               (4.5) 
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The time for embrittlement can be defined as: 

𝑡𝑐 =  
𝑛𝑐

𝐶
exp

𝑄 + 𝐹0

𝑅𝑇
                                                        (4.6) 

Table 4-2 shows the calculation result of the nucleation rate of α′ phase in each material. 

SUS430 has a higher driving force energy and a lower surface energy of nucleus than the 

ODS steels. The calculation results can only reveal an ideal case without considering other 

factors that affect α/α′ phase decomposition. Thermal aging at 475 ºC leads to a nucleation 

rate in the order of SUS430, 15Cr-ODS and 12Cr-ODS, which shows a good agreement with 

age-hardening level of the materials. And the time required for embrittlement follows an 

opposite order of 12Cr-ODS, 15Cr-ODS and SUS430. This means that 12Cr-ODS needs the 

longest time to become brittle.  

 

Table 4-2. Calculation of the nucleation rate of α′ phase of each material. 

Materials 
Np Ns (Ns-Np)2 F1, J F2, J F0, J exp −

𝑄 + 𝐹0

𝑅𝑇
 exp

𝑄 + 𝐹0

𝑅𝑇
 

12Cr-ODS 0.88 0.13 0.56 749 5.05×103 3.40×104 3.85×10-19 2.60×1018 

15Cr-ODS 0.88 0.16 0.52 950 4.76×103 1.77×104 5.21×10-18 1.92×1017 

SUS430 0.88 0.17 0.50 1017 4.62×103 1.42×104 9.17×10-18 1.09×1017 

 

4.4.3. Age-hardening mechanism 

The change in yield stress (Δσy) can be interpreted in terms of Orowan-type obstacle 

mechanism, and it is estimated from a dispersed hardening model [22, 23]: 

Δσy=MαGb (Nd) 1/2                                   (4.7) 

where M is the Taylor factor (3.06), α is the strength factor (0.2 [23, 24] for Cr precipitates, at 

room temperature), G is the shear modulus, b is the Burgers vector (0.248 nm), N and d is the 

number density and the average diameter of α′ particles, respectively. 

Table 4-3 summarizes the values of estimated increment in yield stress (Δσy
e) and Δσy

m, 

the measured increment in yield stress. 15Cr-ODS shows larger average dislocation passage 

distance than SUS430. The free dislocation passage distance is defined as L= (Nd)-1/2. For the 
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increment in yield stress, the estimated results agree with measured results, which indicates 

age-hardening is mainly due to α/α′ phase decomposition. 

Oxide particles may work as trapping sites for point defects because defect formation 

energy is lower at interfaces than that in the bulk [25]. It is considered that finely dispersed 

nano-sized oxide particles in ODS steels can influence the diffusion rate of Cr by trapping 

vacancies caused by thermal aging. To some extent, oxide particles may influence the α/α′ 

phase decomposition kinetics. Both of phase decomposition evaluation and tensile test results 

indicate that 15Cr-ODS steel shows a lower age-hardening susceptibility than SUS430. Oxide 

particles play a role in retarding α/α′ phase decomposition process and suppressing the 

ductility loss. 

 

Table 4-3 Estimated and measured values of increment in yield stress. 

Materials 
Parameter Estimated Measured 

G, MPa L, nm Δσy
e, MPa Δσy

m, MPa 

15Cr-ODS 75.3×103 85 122 131 

SUS430 77.2×103 39.5 290 315 

 

4.4.4. Mechanism of no-loss-of-elongation 

The other characteristic feature than the small age hardening observed in ODS steel is no 

loss of tensile elongation, as shown in figure 4-5. In the case of ferritic steel, the reduction of 

total elongation is proportional to the amount of age-hardening, that is, age-hardening is 

accompanied by aging embrittlement. However, the fracture mode is still ductile mode 

showing many dimples on the fractured surfaces with an enough reduction in area. In general, 

hardened materials exhibit less work hardening behavior and result in so-called necking with 

a localized slip. Consequently, total elongation is reduced by age hardening.  

However, in ODS steel, age hardening is not accompanied by loss of total elongation. 

This is interpreted in terms of continuous dislocation source activation model as follows. In 

poly crystals, triple point of grain boundaries can be the dislocation source because the grain 

strains are accumulated at the point. ODS steel consists of fine grains less than 0.5 m, 
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indicating that the steel has a number of dislocation sources which are activated continuously 

and resultantly homogeneous deformation occurs even after age hardening. Thus, in ODS 

steel, sub-micron sized grains suppress the localized slip that reduces total elongation by 

offering a number of dislocation sources. 

 

4.5. Summary 

The age-hardening susceptibility of 15Cr-ODS steel has been compared with the 

conventional SUS430 steel and 12Cr-ODS steel after isothermal aging at 475 °C up to 10,000 

h. The obtained results are as follows: 

(1) After thermal aging, SUS430 steel shows a larger increase in hardness and strength than 

15Cr-ODS steel, while there is almost no hardening for 12Cr-ODS steel. A characteristic 

of the ODS steels is that the hardening is not accompanied by a remarkable ductility loss 

that is observed in SUS430 steel.  

(2) The results of small punch test suggest that SUS430 surfers a larger DBTT shift to higher 

temperature than that for 15Cr-ODS, which is agree with the tensile test results. No 

remarkable change in fracture mode was observed after aging for 10,000 h, and all the 

materials still present ductile fracture at room temperature.  

(3) TEM EDX analyses indicate that thermally aged SUS430 contains quite small amount of 

G phases enriched with Cr-Mn-Si. Very few M23C6 carbides are observed in 15Cr-ODS. 

After 10,000 h aging, the Cr precipitates are found to be semi-coherent particles and have 

a partial cube-on-cube orientation with the Fe matrix. 

(4) The main difference of age-hardening behavior in SUS430 and ODS steels may be 

interpreted in terms of a nucleation rate controlling theory based on Grobner’s theory. 

Results indicate that thermal aging results in the appearance of age-hardening in the 

order of SUS430, 15Cr-ODS and 12Cr-ODS, which shows a good agreement with the 

amount of age-hardening of the materials. 

(5) The correlation of age-hardening and α/α′ phase decomposition is interpreted in terms of 

the Orowan type strengthening model, which indicates 15Cr-ODS has a lower 

age-hardening susceptibility than SUS430. 
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Chapter 5 

Characteristic age-hardening behavior of  

15Cr-ODS Ferritic Steel 
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5.1. Introduction 

Understanding Fe/Cr (α/α′) phase decomposition behavior is important for high-Cr ODS 

steels for application to cladding of GEN IV systems and also structural material of fusion 

blanket. As shown in Chapter 3 and Chapter 4, there are several factors affecting age 

hardening behavior in high-Cr ferritic steels, such as Cr concentration in the matrix, alloying 

elements and aging time. However, the α/α′ phase decomposition behavior in high-Cr ODS 

steels remains unclear.  

Helium ion-irradiation experiments of ODS ferritic steels clearly showed that the helium 

bubbles were formed at the interface of nano-scaled oxide particles and the matrix, indicating 

that helium and vacancies were easily trapped at the interface [1, 2]. It is expected that 

nano-scaled oxide particles may contribute to affect the α/α′ phase decomposition through 

affecting vacancy motion that control Fe and Cr diffusion. No research, however, was 

conducted to investigate the effect of nano-sized oxide particles on the age-hardening 

behavior, that is, α/α′ decomposition during thermal aging. 

Because Cr-rich precipitates are coherent with matrix, there is difficulty in using 

conventional transmission electron microscopy (TEM) to characterize the early stages of α/α′ 

phase decomposition [2]. Energy-filtered TEM (EFTEM) can efficiently reveal element 

distribution [3, 4], which provides pathway for imaging of nano-sized Cr precipitates and 

distinguishing Cr precipitates from oxide particles. 

The goal of this work was to investigate the effect of oxide particles on α/α′ phase 

decomposition behavior. Both conventional TEM and EFTEM were used to identify the 

microstructural characteristic of 15Cr-ODS steel during thermal aging. Micro-hardness and 

tensile tests were performed to reveal the age-hardening behavior. Fe-15Cr model alloys were 

compared with 15Cr-ODS steel to investigate the role of oxide particles in age-hardening. 

 

5.2. Experimental 

The materials used in this study were 15Cr-ODS steel, Fe-15Cr and Fe-15Cr-C model 

alloys, named 15Cr-ODS, Fe-15Cr and Fe-15Cr-C, hereinafter. The chemical compositions in % 
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weight are shown in Table 5-1. 15Cr-ODS was produced by mechanical alloying where the 

Fe-15Cr powders were mixed with the Y2O3 powders by a high-energy attritor in an argon 

atmosphere. The resultant powders were subsequently consolidated by hot extrusion and 

forged at 1150 °C, then annealed at 1200 °C for 1 hr. Fe-15 Cr model alloys were fabricated 

by arc melting methods using high purity base metals (>99.995%). The processing details are 

described in Chapter 2 and Chapter 4. The effect of carbon on age-hardening was also 

investigated for an ODS steel with addition of carbon, which cannot be easily removed during 

fabrication process of ODS steels.  

Some specimens were sealed in ampoules in a high vacuum condition (10-4 Pa) and 

isothermally aged at 475 °C for up to 10, 000 hrs. Specimens for hardness measurements were 

mechanically grinded and polished with a grinder using SiC paper and finally with a polishing 

buffer using 1 μm diamond paste. Vickers hardness was measured with a 1 kg load. At least 

ten measurements were made and averaged. Tensile specimens, which had a dimension of 16 

mm length ×4 mm width ×0.5 mm thickness, were fabricated parallel to the rolling direction. 

Tensile test were carried out by an INTESCO tensile machine at a cross head speed of 0.2 

mm/min at room temperature. Three tensile tests were made and averaged. Disk-type 

specimens of 3mm diameter were punched out from a 0.3 mm thick plate and mechanically 

grounded to about 50 μm in thickness. Final TEM specimens were prepared by electrolytic 

polishing in a 10 vol. % perchloric acid and 90 vol. % acetic acid using a twin-jet polisher at a 

voltage of 20 V at room temperature.  

TEM has been performed using a JEOL 2200FS operating at 200 kV equipped with a 

Gatan Imaging Filter (GIF) for EFTEM. The EFTEM images are processed by selecting a 

small range of inelastically scattered electrons with an energy-selecting slit in the GIF filter.  

 

Table 5-1 Chemical composition of the investigated alloys (wt. %). 

Materials Cr C W Ti Y2O3 Fe 

15Cr-ODS 14.9 0.035 1.92 0.29 0.34 Bal. 

Fe-15Cr 14.55 0.001 - - - Bal. 

Fe-15Cr-C 14.83 0.022 - - - Bal. 
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Figure 5-1 Sketch map showing energy-filtered TEM (EFTEM) using an energy selecting slit 

to allow only a narrow band of energies to form the final image [5]. 

 

The three-window method was used to exhibit an inverse power-law behavior [5], as 

presented in figure 5-2. The two images recorded before the ionization edge corresponding to 

the chemical element of interest were used to produce an extrapolated background image. 

Then, the last image was subtracted from the post-edge image to obtain an elemental map. For 

the chromium M2,3 edge elemental map, the two pre-edge energies were 32 eV and 36 eV; 

while the post-edge energy is 52 eV. Figure 5-3 shows the electron energy loss spectroscopy 

(EELS) spectrum of Cr M2,3 edge [6]. For the titanium L2,3 edge elemental map the two 

pre-edge energies were 406 eV and 441 eV, while the post-edge energy is 476 eV. For the Y 

M4,5 edge elemental map the two pre-edge energies were 109 eV and 139 eV; while the 

post-edge energy is 172 eV. The chemical compositions of precipitates were measured using 

the TEM 2200FS equipped with an energy-dispersive X-ray (EDX) spectroscopy system. To 

quantify the number densities, the thickness of the TEM foils was measured with the aid of 

EELS by determining the mean free path for energy loss [7, 8]. 
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Figure 5-2 A typical EFTEM method called three-window mapping using two pre-edge 

images to calculate the background in a third post-edge image [5]. 

 

 

Figure 5-3 Electron energy loss spectroscopy showing Cr M2,3 edge spectrum [6]. 
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5.3. Results 

5.3.1. Microhardness measurement 

The microhardness was measured to characterize the age-hardening behavior of 

15Cr-ODS and its model alloys. The evolution of Vickers hardness, HV, and the increment in 

HV, ΔHV=HV-HV0, during aging at 475 C of each material is shown in figure 5-4, where 

HV0 is the HV before aging. All of the materials show an increase of hardness after aging. 

Generally, hardness evolution experiences three different stages, which depend on aging time: 

Stage-1(ST-1), incubation period (≤100 h); Stage-2 (ST-2), under-aging (100-5000 h); 

Stage-3 (ST-3), over-aging (5000-10,000 h). It seems that 5000 h is a turning period for aging 

and over-aging caused by thermal aging. In ST-1 and ST-2, the hardness values increase 

exponentially after an incubation period for all the materials. As aging time reaches 10,000 h, 

the hardness values decrease slightly as compared to the peak values.  

 

Figure 5-4 Vickers hardness, HV, the increment in hardness, ΔHV=HV-HV0, and the ratio 

ΔHV/HV0 of each material as a function of aging time at 475 °C. HV0 is the HV before aging. 
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Fe-15Cr-C shows a faster hardening rate than Fe-15Cr before aging time approaches 

~1000 h. In our previous research [9], we have reported that the addition of carbon can lead to 

the formation of Fe2C and M23C6 carbides nearby grain boundaries, which may contribute to 

the early stage of hardening. Thus, it can be expected that, for 15Cr-ODS, the early stage of 

hardening is also caused by the formation of carbides. It can be said that 15Cr-ODS shows a 

smaller hardening than its model alloys up to aging for 5000 h.  

The ratio, ΔHV/HV0, of each material is defined as the hardening ratio, as is also shown 

in figure 5-4. 15Cr-ODS shows a smaller hardening ratio as compared to Fe-15Cr and 

Fe-15Cr-C, which indicates that the ODS steel is more resistant to age-hardening than 

non-ODS alloys. 

 

5.3.2. Tensile properties 

As summarized in figure 5-5, the evolution of yield stress, YS, during aging at 475 °C 

agrees with that of the results of microhardness measurements: the hardening ratio expressed 

by ΔYS/YS0 is in good agreement with ΔHV/HV0. The changes in total elongation of the 

materials are shown in figure 5-6. Thermal aging usually causes hardening accompanied by 

reduction in total elongation. For Fe-15Cr, the aging for 5000 h results in a hardening of about 

200 MPa of yield stress with a remarkable reduction of total elongation from 30% to 11%. In 

contrast, 15Cr-ODS shows a smaller hardening accompanied by almost no reduction of total 

elongation even after aging for 10,000 h. 

The relation between ΔYS and Δε is presented in figure 5-7(a). The same amount of 

hardening results in almost no-loss-of-ductility in 15Cr-ODS but significant ductility loss in 

Fe-15Cr alloys. A characteristic of 15Cr-ODS is that the hardening is not accompanied by 

significant ductility loss observed in Fe-15Cr alloys. Figure 5-7(b) shows the relationship 

between the ductility loss ratio and the hardening ratio of the materials. It is clear that 

15Cr-ODS shows a slight change of ΔYS/YS0, while Fe-15Cr alloys present a significant 

increase in the ratio. For Fe-15Cr alloys, a linear relationship of ΔYS/YS0 and Δε/ε0 can be 

found in Fig. 5b. In contrast, 15Cr-ODS does not show this, indicating that 15Cr-ODS is more 

resistant to ductility loss caused by age hardening.  
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Figure 5-5 Yield stress, YS, the increment in YS, ΔYS=YS-YS0, and the ratio ΔYS/YS0 of 

each material as a function of aging time at 748K. YS0 is the YS before aging. 

 

Figure 5-6. Total elongation, ε, the change in ε, Δε=ε-ε0, and the ratio Δε/ε0 of each material as 

a function of aging time at 748K. ε0 is the ε before aging. 
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Figure 5-7 The relation between (a) ΔYS and Δε, and (b) the hardening ratio, ΔYS/YS0, and 

the ductility loss ratio, Δε/ε0, of the materials after each aging condition at 748K. 

 

5.3.3. Microstructure changes 

It is well known that Cr concentration is the main contribution factor for thermal 

age-hardening behavior at 475 °C [10, 11]. Although the Cr concentration is the same, 

15Cr-ODS steel and Fe-15Cr alloys show obvious difference in the age-hardening behavior. 

Understanding this behavior needs TEM microstructural observations.  

Figure 5-8 provides EFTEM Cr M2,3 elemental maps of Fe-15Cr alloy. White areas 

correspond to the area rich in Cr atoms. After aging for 2000 h, the roughly spherical Cr-rich 

(α′) particles are isolated and they appear to grow after aging for 5000 h. Thermal aging at 

475 °C leads to nucleation and growth of α′ precipitates in Fe-15Cr alloys [12, 13]. 

Furthermore, with increasing aging time, the size of α′ precipitates increases and the density 
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decreases. In addition, the evolution of the particle size is a non-steady-state of coarsening 

[14]. The Cr concentration and particle size of the α′ phase increase gradually [11]. 

 

 

Figure 5-8 Energy-filtered TEM chromium M map showing finely dispersed Cr-rich (α′) 

precipitates in Fe-15Cr alloy after aging at 475 °C for (a) 2000 h, (b) 5000 h. 

 

Figure 5-9 TEM Bright field images of 15Cr-ODS showing (a) as-received, grain 

morphology; (b) as-received, finely dispersed oxide particles; (c) precipitates, after aging for 

5000 h. 
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As presented in figure 5-9(a) and 5-9(b), as-received 15Cr-ODS steel consists of very 

fine elongated grains because of hot extrusion and forging and a large number density of 

finely dispersed oxide particles, which contribute to the excellent strength, as illustrated in 

figure 5-5. After aging for 5000 h, complicated precipitation structures are observed, as 

shown in figure 5-9(c), where it is difficult to distinguish between pre-existing oxide particles 

and α′ phases produced by α-α′ phase separation caused by aging.  

For 15Cr-ODS, EFTEM can efficiently characterize the chemistry of precipitates and 

distinguish Cr-rich precipitates with oxide particles. Figure 5-10(a-d) present EFTEM 

elemental mapping of 15Cr-ODS after aged for 10, 000 h. Figure 5-10(a) and 5-10(b) show 

the first pre-edge (32 eV) image of Cr distribution and the final Cr M2,3 elemental map. As 

presented in figure 5-10(b), the α′ precipitates can be finely characterized by EFTEM, while 

other particles can be distinguished by figure 5-10(a). Figure 5-10(c) and 5-10(d) provide 

EFTEM Ti L2,3 and Y L4,5 elemental maps. Although no Y map was acquired from the same 

region, most of the oxide particles in 15Cr-ODS are identified as Y-Ti-O rich particles, as 

illustrated in figure 5-11, which provides the EDX spectrum of one oxide particle. 

Figure 5-12 provide the EFTEM Cr M2,3 map, showing that some oxide particles are 

surrounded by Cr shells in 15Cr-ODS after aged for 10, 000 h. As shown in the sketch map 

(Fig. 5-12(b)), the oxide particle appears to have a shell structure on its peripheral, which 

mainly contains Cr atoms. Before thermal aging, Cr is homogenously distributed in the 

Fe-rich matrix; no Cr-rich clusters were found around oxide particles. The formation of 

Cr-rich shell structures must be due to the diffusion of Cr to the interfaces of oxide particles 

and the matrix, where the Cr atoms are trapped because of lowering the interface energy 

between the particles and matrix [15, 16]. 

Similar Cr shell structure has been reported in an irradiation study of MA957 ODS alloy 

by J. Ribis [17]. Because the bonding energies of Yi-O and Ti-O are quite higher than Cr-O, it 

is considered that the Cr shell structure can work as a transition state, where the Gibbs free 

energy of Cr clusters is lower than that of oxide particles and higher than that of the Fe 

Matrix. 

In order to know the α/α′ phase decomposition behaviors, the size and number density of 

α′ precipitates should be statistically analyzed. The stability of oxide particle is also an issue 
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during thermal aging. Figure 5-13 provides the particle size distribution (PSD) in 15Cr-ODS 

and Fe-15Cr before and after aging for different times. Before thermal aging, oxide particles 

are finely dispersed in the matrix of 15Cr-ODS with an average size of 4.0 nm and number 

density 1.4×1023 m-3. After aging for 5000 h, the PSD shows a bi-model distribution. 

Since it has been reported [17] that there are almost no change in the distribution of 

Y-Ti-O oxide particles after neutron irradiation at ~430 °C up to 75 dpa, it is expected that 

oxide particles could be quite stable during thermal aging at ~475 °C. The TEM images 

together with EFTEM suggest that these newly formed precipitates in 15Cr-ODS after aging 

for 5000 h are α′ precipitates with an average size of 8.1 nm and number density 1.6×1022 m-3. 

Table 5-2 summarizes the calculation results of particle size and number density in 

15Cr-ODS and Fe-15Cr before and after aging. Results show that Fe-15Cr contains a higher 

number density of α′ precipitates than 15Cr-ODS at the same aging conditions. 

 

 

Figure 5-10 EFTEM elemental mapping of 15Cr-ODS after aging for 10, 000 h: (a) Cr M 

edge, first pre-edge image (32eV), (b) elemental map of Cr M edge, (c) elemental map of Ti 

L2,3 edge, and (d) elemental map of Y L4,5. 
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Figure 5-11 TEM energy-dispersive X-ray (EDX) spectrum of one Y-Ti-O oxide particle in 

15Cr-ODS. 

 

 

Figure 5-12 (a) EFTEM Cr M edge map of 15Cr-ODS after aging for 10, 000 h, and (b) 

sketch map showing oxide particle surrounded by Cr shell structure. 
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Figure 5-13 The precipitate size distribution (PSD) in 15Cr-ODS and Fe-15Cr before and 

after aging for different periods. 

 

Table 5-2 Calculation results based on TEM observation. 

Materials 
Aging time 

(h) 

Number density (m-3) Average diameter (nm) 

Cr precipitate Oxide particle Cr precipitate Oxide particle 

15Cr-ODS 

0 - 1.4×1023 - 4.0 

5000 1.6×1022 1.3×1023 8.1 4.2 

10000 0.8×1022 1.3×1023 9.1 4.3 

Fe-15Cr 
5000 3.8×1022 - 8.3 - 

10000 1.7×1022 - 11 - 
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5.4. Discussion 

5.4.1. Age-hardening mechanism 

With increasing aging time, Vickers hardness and yield stress are increased due to α/α′ 

phase decomposition. The change in yield stress can be interpreted in terms of the Orowan 

type dispersion strengthening model [22]: 

𝜎𝑦 = 𝑀𝛼μ𝑏(𝑁𝑑)
1
2                                                                        (5.1) 

where 𝜎𝑦 is the increment in yield stress, M is the Taylor factor (3.06), α is the strength 

factor (0.2 [23, 24]), μ is the shear modulus (75.3 GPa), b is the Burgers vector (0.248nm), N 

and d are the number density and the average diameter of α′ particles. 

Figure 5-14 shows the relation of estimated and measured 𝜎𝑦 for 15Cr-ODS and 

Fe-15Cr. The estimated values, Δσy
e are consistent with the measured vales, Δσy

m. This result 

indicates age-hardening is mainly due to α/α′ phase decomposition.  

 

Figure 5-14 Estimated and measured increase in yield stress (𝜎𝑦) for 15Cr-ODS and 

Fe-15Cr alloy after aging for 5000 and 10, 000 h. 
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The age-hardening mechanism in 15Cr-ODS steel is quite complicated due to the 

coexistence of oxide particles and α′ precipitates, which have different strength factors. This 

estimation is based on an assumption that there is no interaction of oxide particles and α′ 

precipitates on age-hardening. As for 15Cr-ODS aged for 5000 h, there is a small difference 

between Δσy
e and Δσy

m. One possible reason is the formation of carbides, which lead to 

additional hardening. Carbides are also strong obstacles for dislocation [25-27]; More work is 

necessary to confirm the effect of carbides on age-hardening in 15Cr-ODS. 

Based on the comparison of experimental data and estimation data, it is summarized that 

the hardening caused by α/α′ phase decomposition in 15Cr-ODS is lower than that in Fe-15Cr 

alloys. 

 

5.4.2. Precipitation modeling 

Robson [18] developed a numerical model that can be implicated in the interpretation of 

nucleation and growth of Cr-rich precipitates. The Robson model requires some simplifying 

assumptions as follows: 1) Nucleation of precipitates is homogeneous within the matrix; 2) 

The growth and the coarsening of precipitates are diffusion-controlled processes. Additionally, 

for 15Cr-ODS steel it is assumed that there are no interactions between oxide particles and 

Cr-rich precipitates on age hardening. 

 

5.4.2.1. Nucleation 

The steady-state nucleation rate J during thermal aging, neglecting the incubation 

period, is calculated by [19] 

J = 𝑁0 ∙
𝑘𝑇

ℎ
∙ EXP (−

𝐺∗ + 𝑄

𝑘𝑇
)                                                      (5.2) 

where 𝑁0 is the number of nucleation sites per unit volume, h is the Planck constant. In the 

case of homogeneous nucleation, the parameter 𝑁0 is computed as the number of chromium 

atoms per unit volume. The activation energy 𝐺∗ [18] required for the nucleation of new 

particles of the critical radius 𝑟∗ is computed according to [20] 

𝐺∗ =
4

3
 𝜋𝑟∗2 ∙ 𝜎                                                                                   (5.3) 
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𝑟∗ =
2𝜎𝑉𝛼

𝑘𝑇𝑙𝑛
𝑐

𝑐∞
𝛼

                                                                                       (5.4) 

where 𝜎 is the interfacial energy between the Fe matrix and the Cr precipitates, 𝑉𝛼 is the 

atomic volume of Cr, 𝑘 is the Boltzmann constant, 𝑇 is the aging temperature, 𝑐 is the 

instantaneous concentration of Cr in the matrix, and 𝑐∞
𝛼  is the concentration of Cr in the 

matrix in equilibrium with Cr precipitates assuming a planar interface. 

It can be inferred that the driving force for the nucleation process is the instantaneous 

concentration of Cr in the matrix. This stage of the precipitation process is consequently 

exhausted when the concentration of chromium 𝑐 is close to the equilibrium concentration 

𝑐∞
𝛼  at the corresponding temperature. 

5.4.2.2. Growth 

In the case of diffusion controlled growth of spherical Cr-rich precipitates, the growth 

rate is given by [20, 21] 

𝑑𝑟

𝑑𝑡
=

𝐷

𝑟
 

𝑐 − 𝑐𝑟
𝛼

𝑐𝛼′
− 𝑐𝑟

𝛼
                                                                                  (5.5) 

where 𝐷 is the diffusion coefficient of Cr in Fe at a defined temperature, 𝑟 is the discrete 

precipitate radius, 𝑐𝑟
𝛼 is the concentration of Cr in the matrix at the interface and 𝑐𝛼′ is the 

concentration of Cr in the Cr precipitate.  

The parameter 𝑐𝑟
𝛼  is calculated for every particle radius for the generalized 

Gibbs-Thomson equation: 

𝑐𝑟
𝛼 = 𝑐∞

𝛼 ∙ exp (
2𝜎𝑉𝛼

𝑘𝑇
∙

1

𝑟
)                                                                        (5.6) 

The dependence of the diffusion parameter 𝐷 on the aging temperature 𝑇 is expressed 

according to the Arrhenius-type equation: 

𝐷 = 𝐷0 ∙ exp (−
𝑄

𝑅𝑇
)                                                                                (5.7) 

It can be deduced that the thermal stability of Cr precipitates depends on the changes in 

temperature during the aging process. Therefore, in the case of a non-isothermal aging 

process, an increase in temperature leads to the dissolution of existing precipitates. However, 

this phenomena does not occur in current work because a single step aging at constant 



111 

 

temperature was used. 

The governing driving force for coarsening is the difference between the matrix 

concentration in the vicinity of small and large particles, which leads to diffusion flux of the 

solute atoms from smaller particles to larger ones. This phenomenon is caused by the 

Gibbs-Thomson effect included in the precipitation model, which changes the phase 

equilibrium between the precipitates and the matrix and also increases the solute 

concentration around small particles due to the interfacial curvature.  

For Fe-15Cr alloy, coarsening of Cr precipitates arises naturally as interpreted by the 

Robson model, while in the case of 15Cr-ODS steel, Cr clusters were found at the interfaces 

of oxide particles and the matrix, as shown in figure 5-12. This means oxide particles can 

work as trapping sites for Cr atoms, which could decrease the Cr concentration in the matrix. 

As the fraction of Cr solution in the matrix decreases during precipitation, the driving force 

for nucleation and growth of Cr precipitates decreases. The Robson precipitation model 

agrees with our calculation results, which show that 15Cr-ODS steel contains a lower number 

density of Cr-rich precipitates than Fe-15Cr at the same aging conditions. 

 

5.4.3. Roles of oxide particles 

Although the Cr concentration in matrix before thermal aging is almost the same, 

15Cr-ODS and Fe-15Cr alloys show a difference in α/α′ phase decomposition behavior. Both 

15Cr-ODS and Fe-15Cr show a peak in the age-hardening showing so-called over-aging 

around 5000 h, suggesting that the kinetics of age hardening were not influenced by the 

existence of oxide particles. It is noticeable that the peak value of age hardening of 15Cr-ODS 

is smaller than that of Fe-15Cr. This can be interpreted in terms of trapping Cr atoms at 

nano-scaled oxide particles, which are semi-coherent with the matrix. Trapping Cr atoms at 

oxide particles may reduce the number density of α′ precipitates, and the trapped Cr atoms 

form a Cr-shell structure, as shown in figure 5-12. The TEM observation results clearly show 

that the number density of α′ precipitates are more than two times smaller in 15Cr-ODS than 

Fe-15Cr. Equation (5-1) indicates that the smaller age hardening of the ODS steel is due to the 

smaller number density of α′ precipitates. It is also considered that the strength factor, α, of 



112 

 

oxide particles is not significantly influenced by the formation of Cr-shell structure. 

The most important result obtained in this research is that it is not the phase separation 

kinetics but the precipitation morphology of α′ precipitates that is affected by nano-sized 

oxide particles, which results in a lower susceptibility to age hardening of 15Cr-ODS steel 

than Fe-15Cr model alloys. Nevertheless, this result can also provide important implications 

for the design of high-Cr steel for nuclear power application. 

5.5. Summary 

The effects of thermal aging at 475 °C up to 10,000 h on α/α′ phase decomposition 

behavior in 15Cr-ODS steel and its Fe-15Cr model alloys have been investigated. The 

obtained results are summarized as follows: 

(1) A smaller age hardening is observed in 15Cr-ODS in comparison to Fe-15Cr alloys. A 

characteristic feature of the hardening in the ODS steel is that the hardening is not 

accompanied by significant ductility loss that is observed in Fe-15Cr alloys at the same aging 

condition.  

(2) Energy-filtered TEM can effectively characterize the distribution of Cr precipitates 

caused by α/α′ phase decomposition, especially in steel containing nano-scaled oxide particles. 

A Cr shell structure is observed on the interfaces of oxide particles and the matrix, where 

defect formation energy is considered to be lower than that in the matrix. 

(3) The age hardening is correlated with α/α′ phase decomposition by the Orowan type 

strengthening model, which indicates that the smaller age hardening of 15Cr-ODS steel is due 

to the smaller number density of α′ precipitates than Fe-15Cr alloy. 

(4) Oxide particles play a role as trapping sites for Cr atoms, which leads to a decrease in the 

number density of α′ precipitates. Not the phase separation kinetics but the precipitation 

morphology of α′ precipitates is affected by nano-sized oxide particles, which results in a 

lower susceptibility to age-hardening of 15Cr-ODS steel than Fe-15Cr alloys. 
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Chapter 1 is the introduction and objectives of this research. Structural material R&D is 

essential for the realization of Generation IV fission nuclear reactors as well as fusion DEMO 

reactors and beyond because the materials requirements are so high that there is no adequate 

material to meet the requirements. It has been demonstrated that high-chromium oxide 

dispersion strengthened (ODS) ferritic steels, which contain nano-clusters enriched with Y, Ti 

and O, show excellent high-temperature tensile and creep strength, high corrosion and 

oxidation resistance in supercritical pressurized water and high resistance to irradiation. 

Therefore, high-Cr ODS ferritic steels have been considered to be a candidate advanced 

structural material for Generation IV nuclear systems with higher thermal efficiency, such as 

supercritical pressurized water reactors (SCWR) and lead cooled fast reactor (LFR), as well 

as sodium cooled fast reactor (SFR). However, a “trade-off” between corrosion resistance and 

aging embrittlement caused by increasing Cr content is one of the critical issues for the 

practical use of high-Cr ODS steels. Long-term aging tests are necessary to assess the 

performance of high-Cr ODS ferritic steels as structural material of advanced nuclear systems 

with high thermal efficiency and of high burn-up operation. 

In this research, the iron/chromium (Fe/Cr) phase decomposition behavior of high-Cr 

ODS steels is investigated to understand the effect of oxide particles on the phase 

decomposition behavior and to know the age-hardening mechanism of ODS ferritic steels.  

For comparison, those of conventional SUS430 ferritic steel and Fe-15Cr alloys were 

also investigated after the long-term isothermal aging at 475 °C for up to 10,000 hr. Both 

conventional transmission electron microscopy (TEM) and energy-filtered TEM were used to 

characterize the Cr-rich precipitates caused by thermal aging and Fe/Cr (α/α′) phase 

decomposition behavior. The age-hardening was evaluated by microhardness measurement, 

miniaturized tensile tests and small-punch (SP) tests. In addition, the correlation of Fe/Cr 

phase decomposition and age-hardening behavior was interpreted in terms of dispersed 

strengthening models.  

In Chapter 2, as a basic research on aging effect in high-Cr alloys, the effect of alloying 

elements on age-hardening in Fe-15Cr alloys were investigated and the following results were 

obtained: 
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(1) Thermal aging at 475 C for 5000 h resulted in a significant increase in the hardness and 

tensile strength accompanied by a remarkable decrease in total elongation of Fe-15Cr 

alloys. 

(2) TEM observation revealed that the addition of carbon and other alloying elements, such 

as Si, Mn and Ni, caused the formation of some M23C6 carbides and few Mn-Si-Ni 

enriched G phases on or nearby grain boundaries. 

(3) The formation of isolated Cr-rich precipitates and M23C6 carbides as well as G phases, 

contributes to the significant age-hardening accompanied by α/α′ phase decomposition in 

Fe-15Cr alloys. 

(4) Age-hardening is mainly caused by Fe/Cr phase decomposition, while alloying elements 

play a small role in the total age-hardening. 

 In Chapter 3, the age-hardening was correlated with the Fe/Cr phase decomposition in 

Fe-15Cr alloy: 

(1) The isolated α′ precipitates were formed during aging at 475 ºC via nucleation, growth 

and coarsening processes in Fe-15Cr alloys. As aging time increases, the mean size of α′ 

precipitates increases linearly with the aging time. The number density of α′ precipitates 

experiences a rapid increase followed by a progressive decrease. 

(2) TEM observations of evolution of α′ precipitates show a good agreement with the density 

functional theory (DFT) calculation results, which indicate that the later stage of Fe/Cr 

phase decomposition in Fe-15Cr alloy is a non-steady-state of coarsening, with an 

overlap of nucleation, growth and dissolution of small α′ particles. The component of α′ 

precipitates is mainly chromium. 

(3) Age-hardening shows two stages: increasing (strengthening) and decreasing (over aging), 

showing a peak in the strength with increasing aging period.  

(4) The age-hardening in strengthening period is interpreted in terms of the dispersed barrier 

strengthening models with α′ precipitates. The strengthening factor of α′ precipitates is 

assumed to be 0.2 at room temperature. Both the Orowan type dispersed strengthening 

model and the Scattergood and Bacon (SB) continuum model can be applied to explain 

the age-hardening caused by α/α′ phase decomposition after a longer aging time.  
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(5) The over aging after aging beyond 5000 h is associated with the reduction of number 

density and the increase in the size of α′ precipitates. The critical size of α′ precipitates 

for strengthening and softening is around 8 nm. 

 In Chapter 4, age-hardening susceptibility and mechanism of high-Cr ODS ferritic steels 

and SUS430 ferritic steel were investigated and the following results were obtained: 

(1) After thermal aging, SUS430 steel shows a larger increase in hardness and strength than 

15Cr-ODS steel, while there is almost no hardening for 12Cr-ODS steel. A characteristic 

of the ODS steels is that the hardening is not accompanied by a remarkable ductility loss 

that is observed in SUS430 steel. It is considered that in ODS steel, sub-micron sized 

grains suppress the localized slip that reduces total elongation by offering a number of 

dislocation sources. 

(2) The results of small punch test suggest that SUS430 surfers a larger DBTT shift to higher 

temperature than that for 15Cr-ODS, which is consistant with tensile test results. No 

remarkable change in fracture mode was observed after aging for 10,000 h, and all the 

materials still present ductile fracture at room temperature.  

(3) TEM EDX analyses indicate that thermally aged SUS430 contains quite small amount of 

G phases enriched with Cr-Mn-Si. Very few M23C6 carbides are observed in 15Cr-ODS. 

After 10,000 h aging, the Cr precipitates are found to be semi-coherent particles and 

have a partial cube-on-cube orientation with Fe matrix. 

(4) The main difference of age-hardening behavior in SUS430 and ODS steels may be 

interpreted in terms of a nucleation rate controlling theory based on Grobner’s theory. 

Results indicate that thermal aging results in the appearance of age-hardening in the 

order of SUS430, 15Cr-ODS and 12Cr-ODS, which shows a good agreement with 

age-hardening level of the materials. 

(5) The correlation of age-hardening and α/α′ phase decomposition is interpreted by the 

Orowan type strengthening model, which indicates 15Cr-ODS has a lower age-hardening 

susceptibility than SUS430.  
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 In Chapter 5, the roles of nano-sized oxide particles in α/α′ phase decomposition 

behavior of 15Cr-ODS ferritic steel were investigated and the following results were 

obtained: 

(1) Thermal aging causes a smaller age-hardening in 15Cr-ODS steel in comparison to 

Fe-15Cr alloys. A characteristic of ODS steel is that the hardening is not accompanied by 

significant ductility loss that is observed in Fe-15Cr alloys at the same aging conditions.  

(2) Energy-filtering EFTEM analysis can efficiently characterize the distribution of Cr 

precipitates caused by α/α′ phase decomposition, especially in steel containing 

nano-scaled oxide particles. A Cr shell structure is observed on the interfaces of oxide 

particles and the matrix, where defect formation energy is considered to be lower than 

that in the matrix. 

(3) The Robson’s model is used to interpret the nucleation and growth process of α′ 

precipitates in ODS steel. Oxide particles play a role as trapping sites for Cr atoms, 

which leads to a decrease in the number density of α′ precipitates. Not the phase 

decomposition kinetics but the precipitation morphology of α′ precipitates is affected by 

nano-scaled oxide particles. 

(4) The age-hardening is correlated with the α/α′ phase decomposition by the Orowan type 

strengthening model, which indicates that the smaller age hardening of 15Cr-ODS 

steel is due to the smaller number density of α′ precipitates than Fe-15Cr alloys. 

In conclusion, nano-sized oxide particles affect Fe/Cr phase decomposition behavior, 

namely, aging effects in high Cr steels. 
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