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After the Fukushima nuclear accident, the development of new accident-tolerant fuel cladding materials has

become a research hotspot around the world. Due to its outstanding corrosion resistance, radiation resistance, and

creep properties at elevated temperatures, the oxide dispersion strengthened (ODS) FeCrAl alloy, as one of the

most promising candidate materials for accident-tolerant fuel cladding, has been extensively studied during the

past decade. In particular, the reasonable/optimized content of Cr is explained from the aspects of oxidation

resistance, radiation resistance, and thermal stability. The essential role of the Al element in oxidation resistance,

high-temperature stability, and workability was reviewed in detail. The roles of oxide-forming elements, i.e., Y

(Y O ), Ti, and Zr, and the solid solution strengthening element, i.e., W.

ODS FeCrAl  accident-tolerant fuel cladding  oxidation resistance

1. Introduction

Since the beginning of the new century, with the continuous growth of global power demand and the dual

challenges of energy shortage and environmental protection, countries all over the world have paid more attention

to nuclear energy compared with fossil energy. As the most promising alternative to fossil energy, nuclear energy is

considered a clean energy source with low carbon emissions and high efficiency. Nuclear power generation has a

history of more than 60 years. However, due to the deep negative impact of nuclear accidents on human beings

and the environment, the safety of nuclear energy has become the focus of attention around the world. For

example, in the 1990s, after the accidents at the Three Mile Island and Chernobyl nuclear power plants, the United

States, Europe, Japan, and other countries researched and tackled key issues actively for the development of the

derived third generation reactors to prevent and mitigate serious accidents. Compared to the second-generation

nuclear power units where the Fukushima nuclear accident in Japan (11 March 2011) occurred, the safety and

economy of the current mainstream third-generation nuclear power units have been significantly improved. One of

the measures is to adopt a material combination different from the existing zircaloy-clad-UO  fuel system but

possessing the same operating performance (burnup, power grade, abundance) as it, which aims to improve

accident tolerance by transitioning from a zirconium-based fuel cladding to an excellent oxidation-resistant cladding

material in the light water reactor (LWR). Although the course of the accident in LWR is controlled by the reaction of

the entire (cladding-fuel) system during the accident, the accident-tolerant cladding material can significantly

influence the rate of the process and consequences of the accident, which is very important to minimize the burden

on the safety systems and maximize the response time. In this case, the safety margin of the nuclear power

system can be improved . In addition, the development of the accident-tolerant cladding is also a key issue for

the high burnup operation of IV generation nuclear power system, such as the Supercritical Pressurized Water
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Reactor (SPWR) and the Lead Bismuth-Budding Fast Reactor (LFR). In particular, after the severe accident at

Fukushima Nuclear Power Plant, nuclear reactor designers realized the importance of improving safety margins in

severe accidents, and the U.S. Department of Energy started a research project on accident-tolerant fuels (fuels

and fuel claddings) .

It is well understood from this extensive field of research that optimal oxidation resistance is usually achieved by

forming Cr O , Al O , or SiO  layers above 600 °C in air on the surface of structural materials or coatings

containing Cr, Al, and Si elements . Therefore, coated zirconium-based cladding, ferritic alumina-forming alloy

cladding, and silicon carbide fiber-reinforced silicon carbide matrix composite cladding are considered to be the

main candidates for cladding materials for accident-tolerant fuel claddings . According to the research results of

dry air exposed for longer than 1000 h, Cr O  can provide protection up to 1000 °C, Al O  up to 1400 °C, and SiO

up to 1700 °C (the exact upper limit temperature depends on multiple factors, such as component thickness,

exposure conditions, and expected life). However, under severe accident conditions, the environment inside the

reactor core may consist of steam or a mixture of steam and hydrogen. In the elevated temperature environment

with steam, the Cr O  and SiO  oxide scales can form volatile hydroxides, which can reduce their service limit at

high temperatures by several hundred degrees compared with the temperature limit in dry air . The oxidation

resistance of SiC-based materials and stainless steel supplemented with high chromium and/or aluminum was

tested at temperatures ranging from 800 °C to 1200 °C in a high-pressure steam environment. The results showed

that the FeCrAl alloys exhibited very low reaction kinetics up to 1200 °C; however, the Fe–Cr alloys with 15–20

wt.% Cr were corroded at a relatively high rate . Thus, from the viewpoint of corrosion resistance at ultra-high

temperatures (T > 1000 °C), FeCrAl-based alloys are considered to be the most desirable candidates as accident-

tolerant fuel cladding in light-water nuclear reactors.

The fuel cladding is the shell to seal the nuclear fuel, serving as the most important safety barrier for nuclear power

plants. Its main function is to prevent the escape of fission products, prevent the fuel from being corroded by

coolant, and effectively export thermal energy. Due to the extreme service conditions of nuclear reactors, the fuel

cladding is confronted with extremely high burn-up temperatures, strong radiation doses, and compatibility issues

with the coolant. The fuel cladding material needs to have excellent comprehensive performance to overcome

challenges such as:

High thermal conductivity, low coefficient of thermal expansion;

Small neutron absorption cross-section, low induced radioactivity, short radioactive half-life, and good radiation

resistance;

Good compatibility between the fuel and the coolant (strong corrosion resistance);

High strength, good plasticity, and toughness at elevated temperatures.

Therefore, the design of chemical composition is one of the key measures for alloys to meet the service

requirements of nuclear reactors.

[2][3][4][5][6][7][8][9]
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Oxide dispersion strengthened (ODS) alloys have a strong pinning effect on the movement of dislocations and

grain boundaries due to the ultra-high density dispersed nanosized oxides , which can significantly

improve the high-temperature strength of the material . High-density nanosized oxides can also promote the

recombination of point defects caused by irradiation, including the recombination of vacancies and self-interstitial

atoms, reducing radiation damage . Due to their excellent radiation resistance and excellent high-temperature

strength, ODS alloys are considered candidate materials for fast reactor fuel cladding and the first wall/cladding of

a fusion reactor.

The ODS FeCrAl alloy combines the prime mechanical properties at elevated temperatures  and the radiation

resistance  of the ODS Fe–Cr alloy with the optimized corrosion resistance of the FeCrAl alloy. Thus,

it is considered a very promising candidate for solving the issue of accident-tolerance structural materials applied in

nuclear energy systems, especially for the II and III generations of Lightwater Reactors (LWRs), the IV generation

of Supercritical Pressurized Water Reactors (SCPWs), and Lead-Cooled Fast Reactors (LFR, using liquid lead

alloy as coolant) .

The roles of matrix elements (Cr/Al), oxide–forming elements (Y O /Ti/Zr), and solid solution strengthening

element (W) in the ODS FeCrAl alloy were discussed. The effects of Cr on corrosion resistance, irradiation

resistance, thermal stability, microstructure, and mechanical properties were summarized. The critical roles of Al in

corrosion resistance at different conditions were reviewed in more detail. The effect of Al on the strength and

workability of the ODS FeCrAl alloy were discussed in an independent section. Moreover, the upper limits of their

contents were also explained on the basis of the several constraints above. The typical types of oxide, i.e., Y–Ti–O

phase, Y–Al–O phase, and Y–Zr–O phase, and their formation mechanisms in alloy systems were introduced in

detail. All aspects mentioned above are of reference significance for understanding the development of the ODS

FeCrAl alloy for the tolerance of accidents in nuclear applications from the perspective of composition design.

Figure 1 displays the frame diagram, which briefly outlines the considerations of chemical composition design.

Figure 1. Frame diagram of composition design.

2. Effect of Chemical Elements on the Properties and
Microstructure of ODS FeCrAl

Alloying composition or content design depends on multiple constraints in nuclear applications, such as radiation

resistance, corrosion resistance, high-temperature strength requirements, processing feasibility, etc. Thus, taking
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measures of balancing and adjustment in the aspect of chemical composition design has always been an important

part of the research and development of nuclear-level ODS FeCrAl. The effects of chemical elements such as Cr,

Al, Y O , Ti, Zr, and W are discussed in the following content. Particularly, considering that the cladding material

operates in the actual environment of SCW and LBE fission reactors with radiation and corrosive medium for the

long term, it should be emphasized that Cr and Al content are determined mainly according to the results of

corrosion and radiation tests .

2.1. The Influence of Cr

For Al-free ODS Fe–Cr alloys, increasing the content of Cr can improve their corrosion resistance, according to the

experimental results. Pint et al.  compared the corrosion resistance of four ODS 13–14 at.% Cr iron base alloys

in air and 10 vol.% water vapors for 10,000 h at 700–1100 °C. The results showed that the reaction rates of all

ODS alloys are lower than those of stainless steel (type 347 stainless steel (18 wt.% Cr), type 310 stainless steel

(25 wt.% Cr), and NF709 (Fe–20Cr–25Ni–Nb) at 700–800 °C. However, the limit temperature of alloys with a low

Cr content in air is 900 °C. However, studies on ODS alloys containing 21 wt.% Cr (high content) showed that they

have good oxidation resistance up to 1100 °C due to the formation of a coherent and Cr-rich oxide film . Studies

that refer to increasing Cr content as improving the corrosion resistance of alloys in the SCPW (783 K, 25 MPa)

environment were also reported . For example, Kimura et al.  concluded that in SCPW, an increase in Cr

concentration to 16 wt.% significantly increases the corrosion resistance of ODS ferritic steels. Cho et al. 

demonstrated that the higher the Cr concentration, the fewer Fe–Cr-rich corrosion products there are and the

better the corrosion resistance of ODS steel when exposed to high–Cr ODS alloys in SCPW. However, the service

temperature in the nuclear reactor ranges from 300 to 650 °C, and cladding material with a Cr element of 14–22

wt.% undergoes aging hardening during long thermal aging, which is called “475 °C embrittlement” .

Lee et al.  studied the effect of thermal aging (for 1000 h at 430–475 °C) on the microstructure and mechanical

properties of ODS alloys with a high Cr content ranging from 14 to 22 wt.% by TEM, microhardness, and small

punching (SP) tests. The SP-ductile to brittle transition temperature (SP-DBTT) and microhardness of ODS steel

after aging increased significantly with changes in Cr content, aging time, and temperature due to the formation of

the Cr–α′ rich phase.

In terms of irradiation stability, Field et al.  and Briggs et al.  reported that high Cr alloys could produce

irradiation-induced harmful and embittered Cr–α′ rich phases at 300–350 °C. Therefore, commercial high-Cr ODS

alloys, such as PM2000 and MA956, are not classified as nuclear-grade alloys due to aging and irradiation-induced

embrittlement, although they were manifested to have satisfactory corrosion resistance. However, under moderate

temperature irradiation, the reduction of Cr content hinders the formation of an embittered Cr–α′ rich phase, which

can avoid damage to mechanical properties due to α′–α in the corresponding service environment .

Fortunately, the change in Cr content has no significant effect on the mechanical properties . For example, Li

et al.  compared three kinds of ODS alloys containing different Cr contents, i.e., Fe–12Cr–0.5Ti–1.0W (Alloy A),

Fe–16Cr–0.5Ti–1.0W (Alloy B), and Fe–18Cr–0.5Ti–1.0W (Alloy C) alloys (all in wt.%). Regarding the important

mechanical properties, such as tensile strength, hardness, and impact toughness, it was found that there was no

linear proportional relationship between Cr content and mechanical properties on the ODS Fe–Cr alloys, as shown
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in Figure 2. Noh et al.  also concluded that Cr was the most important element in determining the matrix phase

and that there was no significant influence on the tensile properties of ODS steel at 700 °C. Therefore, it is feasible

to adjust the content of Cr to not only maintain the bcc matrix phase but also to avoid the emergence of a harmful

brittle phase without damaging the mechanical properties.

Figure 2. A comparison of tensile strength and elongation of different specimens at RT and 700 °C: (a) Low

magnification image, (b) High magnification image.

As summarized above, too high a Cr content has led to many unfriendly trends in the performance of the ODS

alloy, as shown in Figure 3. Therefore, reduction of Cr content is an essential measure based on the

considerations of high-temperature irradiation in nuclear reactor applications , and an Al element is added

to the ODS Fe–Cr alloy to compensate for the lack of corrosion resistance of the alloy.

Figure 3. Schematic diagram of the trend of properties changing with Cr content.

2.2. The Influence of Al
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In order to balance the weakening of corrosion resistance caused by the reduction of Cr content and considering

that Al O  scales can withstand high temperatures up to 1400 °C to protect the underlying matrix effectively, an

appropriate amount of Al addition was added to ODS Fe–Cr alloys to produce an Al–rich oxide film (Al O ) with

better performance than Cr–rich oxide film in the case of an accident. In addition, the Cr element can assist in the

formation of the Al O  scale, that is, the third element effect. For example, Niu et al.  systematically studied the

oxidation behavior of Fe–x Cr–3 at.% Al alloy (x = 2, 3, 5, and 10 at.%) at 1000 °C. It was found that the presence

of a third element, Cr, promoted the formation of an Al O  oxide layer  in alloys with low Al concentrations.

Meanwhile, the synergy effect between Cr and Al is also reflected with respect to the suppression of 475 °C

embrittlement by Al addition. In terms of previous experimental observations, Kobayashi and Takasugi 

discovered that the suppression of 475 °C embrittlement due to Al addition could be attributed to the inhibition of

the nucleation of α′ phase. Regarding the simulation calculation, Li et al.  studied the effect of Al addition on the

formation energy of the α–α′ interfaces in Fe–Cr alloy systems by utilizing the first-principles theory and suggested

that Al reduced the stability and affected the formation energies of the α′ phase, resulting in suppression of phase

separation in Fe–Cr alloy systems by adding Al. Theoretically, the Fe–Cr–Al ternary diagram  can be used as a

guiding basis to prevent the generation of α′ phase with respect to chemical composition design. Figure 4 shows

the Fe–Cr–Al alloy system, when the content of Cr is fixed, increasing the content of Al can effectively inhibit the

generation of α′ phase.

Figure 4. Fe–Cr–Al ternary diagram: black spots and triangles represent the compositions of the ODS steels

investigated in the presented work and the commercial steels, respectively. The Al O  formation zone at 1100 °C is

bounded by a broken line. The zones of Fe Al and Cr-enriched α phases at 475 °C are bounded by a dotted line

and a solid line, respectively.

Recently, some scholars have also verified the effect of the Al element on inhibition of α′ phase . For example,

Yang et al.  characterized α′ phase evolution by the atom probe, which evolved an entire process of nucleation,

growth, and coarsening of α′ phase during aging at 475 °C. The results showed that in the case of 15 wt.% Cr, the

size of α′ phase in the model alloy containing 4.5 wt.% Al grows gradually with the aging time up to 10,000 h, while
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α′ phase in the model alloy containing 6 wt.% Al is effectively suppressed, as shown in Figure 5. These

experimental observations are in good agreement with the theoretical prediction displayed in Figure 4.

Figure 5. Atom probe maps of Cr for the Fe–15Cr–4.5Al alloy aged at 475 °C for (a) 5000 h, (b) 8000 h, and (c)

10,000 h, as well as (d) the Fe–15Cr–6Al alloy aged at 475 °C for 1000 h, 3D atom distributions with Cr iso–

concentration surfaces at 30 at.%, and proximity histograms of the α′ phases generated by Cr iso–concentration

surfaces of the Fe–15Cr–6Al alloy aged at 475 ◦C for (e) 5000 h, (f) 8000 h, and (g) 10,000 h.

2.2.1. Ultra-High Temperature Corrosion (T > 1000 °C)

As for the high-temperature corrosion studies of the ODS FeCrAl alloy, scientists are most especially concerned

about the corrosion behavior of the alloys under simulated accident conditions, i.e., loss-of-coolant accidents

(LOCA). To prove the important role of the Al element, the corrosion behavior of the ODS FeCrAl alloy at ultra-high
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temperatures up to 1621 °C . Liu et al.  carried out oxidation tests on six ODS ferritic alloys and SUS430 at

1050 °C for 200 h in air. The results showed that the oxidation resistance of the 14Cr ODS FeCrAl alloy containing

Al elements was better than that of SUS430 (16.8Cr). With an increase in Al concentration, the oxidation resistance

of the 16Cr ODS alloy was significantly improved from 0 to 2 and 4 wt.%, and the mass gain decreased from 8.6 to

7.6 and 4 g/m . The thickness of the Al O  oxide layers of the 16Cr–4Al ODS alloy can only be 3.5 μm. While ODS

alloys containing 11 wt.% Cr and 2 wt.% Al cannot form a dense alumina layer. The concentrations of Al and Cr

should be greater than 2 and 14 wt.%, respectively, to form a dense Al O  layer and enhance adherence between

the Al O  layer and the matrix. The author  studied systematically the effect of Al content on the oxidation

behavior of Y Ti O  dispersed Fe–14Cr ferritic steel in air at 1100 °C for 200 h. It was concluded that in 14CrODS

steel containing 14 wt.% Cr, a solid and continuous Al O  film is formed, and the content of Al is not less than 4.5

wt.%. Furthermore, previous studies also showed that a reduced Cr content and enhanced Al content provide the

basis for the formation of a stable and protective Al oxide layer . In a Fe–Cr–Al alloy with 1015 wt% Cr, an Al

content as low as 3 wt.% is sufficient to form an Al oxide layer. The Oak Ridge National Laboratory (ORNL) in the

United States developed the first generation 12Cr ODS FeCrAl alloy (low Cr), and the evaluating experiment

started with oxidation performance in simulated accident status at 1200 °C for 4 h in 1 bar dry air or steam. All

evaluated components, including 12Cr–5Al, formed a protective film in steam at 1200 °C, while the ODS Fe–14Cr

alloy did not form a protective oxide film under the same experimental conditions, and metal consumption was 50%

after 8 h in this environment . Subsequently, in order to improve the ductility of the alloy, the second-

generation Fe–(10–12)–Cr–6Al ODS alloys with a low O content and 0.15–0.5 wt.% Zr were derived from the first-

generation low Cr12–15Cr ODS FeCrAl alloy in ORNL. The experimental results of the isothermal oxidation test up

to 1400 °C in air or steam showed that this series of alloys have excellent corrosion resistance above 1200 °C

under simulated accident conditions, as shown in Figure 6 .
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Figure 6. BSE-SEM micrographs of the oxide scale formed (a) after 4 h at 1200 °C in steam, alloy 106ZY 40 h; (b)

after 4 h at 1200 °C in steam, alloy 125YZ; (c) after 4 h at 1400 °C in air, alloy 106ZY 40 h; (d) after 4 h at 1400 °C

in steam, alloy 125YF. The scale bars for (c,d) are ten times larger than the scale bars for (a,b). The white arrow

highlights an area where the scale is locally protective.

Qiao et al.  calculated the corresponding Gibbs free energy of different oxide layers at 1200 °C by Fact Sage.

The priority order of each element that forms oxides in the Fe–Cr–Al alloy can be predicted as Al O  > Cr O  >

FeCr O  > Fe O  > FeO > Fe O , thus Al will take precedence over Cr and Fe oxidation, which is consistent with

previous experimental results.

Regarding oxidation resistance studies under simulated accident conditions, the research team of Hokkaido

University in Japan evaluated systematically the oxidation behavior of a series of the ODS 15Cr–7Al alloys in air

and steam at 1200–1500 °C, simulating the LWR severe accident together with analyses using the thermochemical

multiphase computer software FactSage (https://www.factsage.com/, 11 September 2023). Additionally, they found

that the alumina scale formed on the ODS FeCrAl alloy with an appropriate composition can maintain good

adhesions up to 1400 °C, which indicated that the ODS FeCrAl alloy is capable of accident-tolerant fuel (ATF) clad

material . Further, Sakamoto, Miura, Ukai, et al.  conducted reaction tests between ODS FeCrAl and UO  in

an inert gas atmosphere at 1723 K for 25 h. The Al O  scale with a thickness of 3.6 µm was formed, and no

detectable inter-diffusion across the oxide scale was found, as shown in Figure 7. More research  showed that

the growth rate of the Al O  reaction layer of the FeCrAlZr-ODS with UO  was evaluated to be 10 –10  m  s ,

while the rate of the reaction layer between zircaloy and UO  was extremely large at the same temperature (10 –

10  m  s ), indicating good compatibility.
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Figure 7. Elemental mappings on the cross-section of the reaction couple of FeCrAlZr–ODS–UO  at 1723 K for 25

h.

2.2.2. Low Temperature Corrosion in a Light Water Nuclear Reactor (T < 1000 °C)

The normal operating temperature in II and III Generation light water nuclear reactors ranges from 290 to 320 °C,

while in the IV generation of supercritical pressurized water reactor (SCW), the operating temperature increases

from 290 to 600 °C. Therefore, the corrosion behavior of the ODS FeCrAl alloy in the lower temperature range of

200–700 °C over the long term has also been widely studied. Isselin et al.  compared the corrosion behavior of

16Cr–4Al ODS and 16 Cr ODS steel in a SCW environment (pure water, 25 MPa, 8 ppm) at 550 °C and found that

the addition of 4 wt.% Al can effectively improve corrosion resistance. A dense protective layer of Al O  is formed

on the surface of 16Cr–4Al ODS, while (Cr, Fe) O  is formed on the surface of 16 Cr ODS steel. Lee et al. 

studied systematically the corrosion behavior of ODS steel doped with various alloy elements, such as Cr, Al, W,

Ce, Hf, and Zr, in SCW (25 MPa and 8 ppm dissolved oxygen) at different temperatures of 400, 500, and 600 °C.

The research revealed that the addition and content of different chemical elements lead to different corrosion

products resulting from different corrosion mechanisms, as shown in Figure 8, and Al addition led to a dense

protective layer of Al O  among complex corrosion products. It was also found that the thickness of the oxide layer

is also closely related to the exposure temperature and time, which is due to the different diffusion coefficients of

the O atoms at different temperatures. The resistance to corrosion at low temperatures also depends on the

content of the Al element. For example, exposed to SCW at 600 °C for one year, the oxide thickness of SOC-1

(with a higher Al of 3.5 wt.%) was only 5 μm. It showed that 4 wt.% Al addition can effectively improve the corrosion

resistance of 16Cr–ODS, and the appropriate composition ratio of Cr and Al is in the range of (14–16) Cr and (3.5–

4.5) Al for SCW application. Briefly, in SCW, it can be seen that Al addition and content strongly control the

corrosion rate, corrosion products, and corrosion mechanism of the alloy.

Figure 8. SEM images showing the cross-sectional morphologies of (a) SOC-1 (Fe–16.11Cr–3.44Al–0.09Ti–

0.34Y O ), (b) SOC-5 (Fe–15.95Cr–0.09Ti–0.34Y O ), (c) SOC-9 (Fe–15.42Cr–1.85W–3.8Al–0.10Ti–0.36Y O ),

and (d) type 430 SS (Fe–16Cr) and FE-EPMA analyses showing the corresponding composition distributions after

exposure at 500 °C.
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Ren et al.  systematically investigated the effect of corrosion time (200, 400, 600, 800, and 1000 h) on the

corrosion behavior of the 16Cr–3Al ODS alloy in SCW at 600 °C. It is concluded that with the extension of

corrosion time, the thickness of the oxide layer and weight gain agree with the parabolic law in the case of the

types of corrosion products without changing. On the basis of these results, the corrosion mechanism under this

experimental condition was discussed in detail, as schematically shown in Figure 9. Simply put, the lower standard

Gibbs free energy  of Al O  compared with Cr O  and Fe O , the difference in concentration of the elements in

the alloy, the chemical gradient, and the difference in the ion diffusion coefficient make it form a double-layer oxide

structure with Al O  as the inner oxide layer and (Cr, Fe) O  as the outer oxide layer. Finally, due to the

densification of Al O  and the low diffusion coefficient  of Fe and Cr in Al O , the outward diffusion of Cr  and

Fe  was obviously limited, and the growth of the outer oxide layer slowed. Under the circumstances, the process

of oxidation became stable as a result of the protection of the compact internal Al O  layer, resulting in the

prevention of corrosion damage.

Figure 9. Schematic representation of the microstructural evolution of the oxide layer at an early stage in SCW and

after exposure for 200 h, 600 h, and 1000 h, respectively.

In ORNL of the United States, Terrani et al.  conducted the corrosion test for several low Cr FeCrAl alloys in

water with three different chemical composition environments (found in the main cooling cycle conditions of PWR

and BWR) for up to one year in a temperature range of 290–330 °C. The maximum thickness loss of LWR

corrosion for one year without irradiation is 2 μm, which can be ignored for cladding with 300–500 μm thickness in

actual application. Recently, a corrosion resistance test for a second generation of several FeCrAl alloys was

conducted in simulated BWR-HWC and BWR-NWC under normal operating conditions . The thickness of the
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oxide layer on Fe–10Cr–6Al increased most slowly after exposure to the corrosive environment of BWR-HWC (as

shown in Figure 10) and exhibited satisfactory corrosion resistance in the corrosive environment of BWR-NWC.

Figure 10. Adjusted mass change of 2nd generation FeCrAl alloys exposed to BWR-HWC (290 °C, 62 wppb DH)

with fitted curves.

2.2.3. Compatibility with Liquid Metal Medium

Al plays a critical role in the corrosion resistance of candidate alloys in liquid metal. There exists a contradictory

fact that Ni/Fe/Cr elements are very important in austenitic stainless/ferrite steel, but lead–bismuth eutectics (LBE)

have high solubility for the above three elements. So, Ni superalloy and Fe–based austenitic stainless steel are

difficult to utilize as structural materials for the LBE cooling system, especially above 773 K. Above 873 K, the

solubility/corrosion of Fe and Cr in LBE increase remarkably. In order to keep the material from dissolving in LBE,

the Al O  layers that form on the surface of the Al-containing steel are considered to inhibit the dissolution. Figure

11 shows ODS samples under certain LBE conditions (10  wt.% O  in solution for 10  h at 923 K). The 19Cr–ODS

steel without Al dissolves significantly in LBE. However, the ODS samples with 4 wt.% Al retain almost completely

their shape, indicating high corrosion resistance. It should be noted that with the same Al content, the change in Cr

content (13–19 wt.%) does not have a remarkable impact on the corrosion resistance of the alloys in LBE .
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Figure 11. The appearance of ODS steel specimens after corrosion tests in LBE solved with 10  wt.% for 1 × 10

h at 923 K.

Hosemann et al.  compared the corrosion resistance of five different ODS experimental and commercial alloys,

including Fe–Cr ferritic/martensitic steels (12YWT, 14YWT, and MA957) and FeCrAl alloys (PM2000 and MA956),

under the conditions of liquid lead–bismuth eutectic at 535 °C for 200 h and 600 h. The results showed that

PM2000 with an Al content greater than 5.5 wt.% exhibits good corrosion/oxidation resistance, which is closely

related to grain size. Takaya et al.  systematically studied the corrosion resistance of ODS steel with an Al

content of 0–3.5 wt.% and a Cr content of 13.7–17.3 wt.% and a 12Cr steel. The results showed that when the Al

content is 3.5 wt.% and the Cr content is 13.7–17.3 wt.%, a protective Al oxide layer can be formed on the surface

−6 4

[70]

[71]
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of ODS steel, while increasing the Cr concentration alone cannot improve the corrosion resistance. These research

conclusions show that Al plays a decisive role in the corrosion resistance of the alloy in the lead–bismuth eutectic

environment.

Regarding Pb-Li compatibility in the fusion reactor, Unocic et al.  exposed model FeCrAlY alloys with 10–20

wt.% Cr and 3–5 wt.% Al for 1000 h at 700 °C. The results showed that the effect of Cr content on mass change

was not obvious; however, mass losses happened to alloys with <5 wt.% Al in these experiments, indicating that Al

plays a more important role than Cr in the Pb–Li coolant. The corrosion experiment for the first generation of low Cr

ODS FeCrAl (based on Fe–12Cr–5Al) developed by the Oak Ridge National Laboratory  has been

completed at 700 °C. It showed that the Pb–Li compatibility of the ODS FeCrAl alloys is better than that of the

wrought FeCrAl and ODS Fe–Cr alloys (Figure 12). A thin (~1 μm) LiAlO  reaction product was detected in all

cases (Figure 13), indicating that the corrosion resistance of low Cr ODS FeCrAl meets the service requirements

of the liquid lead–bismuth eutectic reactor.

Figure 12. Specimen mass change for alloy specimens exposed for 1000 h at 700 °C in static PbLi.

Figure 13. SEM backscattered electron images of polished cross-sections after 1000 h in Pb–Li at 700 °C of (a)

125YH and (b) 125YZ. In (a), the oxide delaminated during specimen preparation.

The historical evolution of the development of the ODS FeCrAl alloy summarized above shows that the low Cr and

high Al ODS FeCrAl alloy with a certain ratio has excellent application prospects in the light water-cooling medium

(fission reactor) or metal cooling medium (fission/fusion reactor) from the perspective of corrosion resistance.

[72]

[58][59][73]
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2.2.4. Effect of Al on Strength and Workability

The addition of Al has a significant effect on the dispersed oxides and mechanical properties of ODS steel . For

example, Kasada et al.  studied the microstructure and tensile properties of oxidation dispersion strengthened

(ODS) ferritic steels K1 (F–19Cr–0.3W–0.3Ti–0.3Y O ) and K4 (Fe–19Cr–4Al–2W–0.3Ti–0.3Y O ) before and

after deformation. The nano-oxides in K1 were cubic chlore Y Ti O , and the nano-oxides in K4 were mainly

perovskite YAlO  with a larger size than Y Ti O , which indicated that the addition of Al changed the type and

average size of the ODS particles and resulted in a much higher strength of K1 (Al-free) than that of K4 (Al-

containing). In similar studies, Gong et al.  prepared two ODS ferritic alloys with compositions (wt.%) of Fe–

14Cr–4.5Al–1W–0.35Y O  (14Cr–Al ODS) and Fe–14Cr–0.5Ti–1W–0.35Y O  (14Cr–Ti ODS) by mechanical

alloying and hot isostatic pressing. Tensile tests showed that 14Cr–Ti ODS steel has higher strength but weaker

ductility, while 14Cr–Al ODS alloy has lower strength but better ductility. In addition, 14Cr–Al ODS alloy shows a

higher impact energy than that of 14Cr–Ti ODS alloy. A similar behavior in mechanical properties was reported in

references .

Except for a reduction in tensile strength due to the addition of Al, the higher Al content increases the difficulty of

welding and manufacturing  and increases the brittleness of the alloy simultaneously . Moreover,

investigation  revealed that ordered Fe Al intermetallic phase precipitating during aging increases the strength

and decreases the ductility of aged ODS FeCrAl ferritic alloys when the amount of Al exceeds 10 wt.%. Thus, the

upper limit of Al that can be safely added to ODS FeCrAl ferritic alloys for accident-tolerant fuel cladding is on the

order of 7~8 wt.%. Thus, it can be concluded that these experimental data provide the basis for the maximum

amount of Al addition in the processing or service of the alloy. In addition, it should be noted that when ODS FeCrAl

alloys are exposed to oxygen and air at 1000–1300 °C, Al depletion will occur in the matrix. Therefore, the change

in the Al concentration in the matrix can determine the service life of these alloys; that is, when the aluminum

content is less than a critical value, the oxidation resistance of the alloys is limited. The protective layer of alumina

can no longer heal, so the matrix oxide products are rapidly formed, which results in rapid consumption of

materials. This phenomenon is called “separation oxidation”, which corresponds to the end of material life. When

scale peeling occurs, especially in the thermal cycle, this phenomenon will accelerate . This phenomenon of

“separation oxidation” should be avoided during thermal mechanical processing because it may make the material

unable to meet the corrosion resistance requirements and fail in normal service or accident situations.
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