
Journal of Materials Science & Technology 152 (2023) 190–200 

Contents lists available at ScienceDirect 

Journal of Materials Science & Technology 

journal homepage: www.elsevier.com/locate/jmst 

Research Article 

A novel cobalt-free oxide dispersion strengthened medium-entropy 

alloy with outstanding mechanical properties and irradiation 

resistance 

Ao Fu 

a , Bin Liu 

a , ∗, Bo Liu 

b , Yuankui Cao 

a , Jian Wang 

a , Tao Liao 

a , Jia Li c , Qihong Fang 

c , 
Peter K. Liaw 

d , Yong Liu 

a 

a State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China 
b Key Laboratory of Radiation Physics and Technology of Ministry of Education, Institute of Nuclear Science and Technology, Sichuan University, Chengdu 

610064, China 
c State Key Lab of Advanced Design and Manufacturing for Vehicle Body, Hunan University, Changsha 410082, China 
d Department of Materials Science and Engineering, The University of Tennessee, Knoxville, TN 37996, USA 

a r t i c l e i n f o 

Article history: 

Received 14 October 2022 

Revised 22 November 2022 

Accepted 22 November 2022 

Available online 15 February 2023 

Keywords: 

Medium-entropy alloys 

Irradiation 

Oxide nanoparticles 

Strength 

Deformation mechanism 

a b s t r a c t 

A novel cobalt-free oxide dispersion strengthened (ODS) equiatomic FeCrNi medium entropy alloy (MEA) 

was successfully fabricated through mechanical alloying and hot extrusion (HE). The ODS FeCrNi MEA is 

composed of a single face-centered cubic (FCC) matrix, in which highly dispersed oxide nanoparticles, 

including Y 2 Ti 2 O 7 , Y 2 TiO 5 and Y 2 O 3 , are uniformly distributed. Compared with the FeCrNi MEA, the ODS 

FeCrNi MEA exhibits the improved yield strength (1120 MPa) and ultimate tensile strength (1274 MPa) 

with adequate ductility retention (12.1%). Theoretical analysis of the strengthening mechanism indicates 

that the high strength is mainly attributed to the grain-boundary strengthening caused by fine grains and 

the precipitation strengthening resulted from the oxide nanoparticles. Meanwhile, the matrix that easily 

activates mechanical twinning during the deformation process is the main reason to ensure moderate 

ductility. In addition, the introduction of high-density oxide nanoparticles can disperse the defect distri- 

bution and suppress the defect growth and irradiation-induced segregation, leading to the excellent irra- 

diation resistance. These findings provide innovative guidance for the development of high-performance 

structural materials for future nuclear energy applications with balanced strength and ductility. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Structural materials used in the fourth-generation fission or fu- 

ion reactors require extraordinary comprehensive properties be- 

ause of the extremely harsh service environment, such as the 

igher operation temperature (30 0 - 80 0 °C) and greater irradi- 

tion neutron dose (100 - 200 dpa) [1–6] . Austenitic steels are 

idely used as structural materials in the current water-cooled nu- 

lear fission reactors, but they do not exhibit sufficient irradiation 

esistance in the next-generation nuclear energy system, where a 

eries of problems, such as void swelling and irradiation-induced 

egregation, can occur [3–5] . Ferritic/martensitic steels generally 

ave higher void swelling resistance than austenitic steels, while 

heir thermal stability and creep resistance are low at temper- 

ture above 550 °C [ 4 , 5 ]. Recently, medium/high entropy alloys 
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MEAs/HEAs) based on three or more principal elements have 

een proposed, which exhibit outstanding irradiation tolerance 

han conventional steels [5–7] . Moreover, MEAs/HEAs also display 

uperior physical and mechanical properties, such as high ther- 

odynamic stability, great fracture toughness, etc., [ 4 , 5 ], making 

hem promising candidates for nuclear energy applications. How- 

ver, the relatively low strength at elevated temperatures is one 

f the prominent shortages for the MEAs/HEAs. Therefore, how to 

urther improve the strength without dramatic sacrifice in the duc- 

ility of the MEAs/HEAs become particularly important. 

Introducing oxide nanoparticles, such as Al 2 O 3 , Y 2 O 3 , Y 2 Ti 2 O 7 ,

tc., into the metallic materials has been considered as an effective 

pproach to improve the strength by generating fine grains and re- 

tricting dislocation motion [8–12] . In comparison with the casting 

oute, the powder metallurgy (P/M) technique is reported to be a 

ore promising way for preparing the oxide dispersion strength- 

ned (ODS) materials, because it can promote the in-situ formation 

f highly dispersed oxide nanoparticles [ 8 , 13 ]. The P/M technique 
Materials Science & Technology. 
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an also help refine the grains, stabilize the phase structure, and 

void the elemental segregation, thereby obtaining more excellent 

echanical properties [8–10] . For example, Guo et al. [8] prepared 

 2 Ti 2 O 7 -nanoparticles-enhanced FeCoNi MEA by mechanical alloy- 

ng and spark plasma sintering (SPS). Compared with the FeCoNi 

EA, the grain size of the ODS FeCoNi MEA was refined from 0.735 

o 0.237 μm. The compressive yield strength increases by 57% and 

2% at room temperature and 700 °C, respectively. Hadraba et al. 

9] fabricated the Y 2 O 3 -nanoparticles-enhanced CoCrFeMnNi HEA 

nd found that the compressive yield strength reaches 1232 MPa at 

oom temperature. Further study reported by Dobeš et al. [10] sug- 

ests that the ODS CoCrFeMnNi HEA exhibits higher creep strength 

han some conventional ODS alloys, such as ODS Cu and ODS Fe-Cr, 

t temperatures from 700 to 800 °C. These results suggest that the 

DS MEAs/HEAs can overcome the strength-ductility trade-off in 

 wide temperature range. Despite these effort s, the studies about 

DS MEAs/HEAs seem somewhat sketchy, and mainly focus on en- 

ancing the mechanical properties or investigating the size, dis- 

ribution, volume fraction, crystal structure and chemical compo- 

ition of the oxide nanoparticles [ 8 , 9 ]. There are very few studies

vailable regarding the possible influences of oxide nanoparticles 

n strengthening mechanism and deformation behavior. Besides, 

xide nanoparticles also provide many additional interfaces that 

an act as preferential stable sinks for irradiation defects, such as 

islocation loops, voids and helium bubbles, which is beneficial for 

mprovement of irradiation-induced hardening and embrittlement 

6] . However, very limited researches have been reported on the 

rradiation resistance of the ODS MEAs/HEAs. 

Here, a novel Co-free FeCrNi MEA was selected as the base 

lloy because of its excellent strength-ductility combination and 

orrosion resistance [ 14 , 15 ], and the elimination of cobalt-induced 

igh radioactivity under neutrons irradiation [ 5 , 16 ]. Minor Y and Ti

ere incorporated into the matrix to induce the in-situ formation 

f highly- dispersed oxide nanoparticles via mechanical alloying 

nd hot extrusion (HE). The products prepared by HE have many 

dvantages, such as the large product dimension, compact mi- 

rostructure, and excellent mechanical properties, compared with 

hose prepared by SPS [ 17 , 18 ]. The details of oxide nanoparti-

les were characterized, and the mechanical properties at differ- 

nt temperatures were tested. The effect of oxide nanoparticles 

n strengthening mechanism, deformation and irradiation behav- 

ors is systematically analyzed. This work aims at obtaining a novel 

obalt-free ODS MEA with a good combination of mechanical prop- 

rties and irradiation resistance. 

. Experimental procedures 

The equiatomic FeCrNi powders were fabricated via a gas- 

tomization method in high-purity argon. Then the gas-atomized 

owders were blended with TiH 2 and YH 3 powders in a planetary 

all-miller with a nominal composition of FeCrNi-0.3TiH 2 –0.3YH 3 

weight percent, wt.%), followed by mechanical milling for 12 h at 

00 rpm under an argon atmosphere with a ball-to-powder mass 

atio of 10:1. Subsequently, the as-milled powders were encapsu- 

ated into a stainless steel can. Finally, the encapsulated can was 

re-heated at 1150 °C for 1 h, and immediately hot extruded to a 

ar with an extrusion ratio of 7:1. The chemical composition of the 

ar was detected to be Fe 34.01 Cr 32.47 Ni 32.96 Y 0.21 Ti 0.35 O 0.5926 (wt.%). 

uring mechanical alloying and HE processes, the hydrides can re- 

ct with dissolved oxygen atoms in the raw materials to in-situ 

orm oxides. Generally, the oxides formed by the in-situ method 

re smaller in size and have a cleaner phase interface with the ma- 

rix than the directly added oxides (an ex-situ method) [13] . 

Cylindrical dog-bone shaped tensile specimens and irradiation 

pecimens ( � 10 mm × 3 mm) were cut along the extrusion di- 

ection. Tensile tests were performed on an Instron 3369 testing 
191 
achine at 25, 600, 700, and 800 °C, respectively, with a loading 

train rate of 1 × 10 −3 s −1 . Irradiation specimens were irradiated 

ith 7.5 MeV Au ions to a fluence of 5 × 10 16 Au ions/cm 

2 at room

emperature. The irradiation tests were performed on the implan- 

ation system at Southwest Institute of Physics of China. The corre- 

ponding data of damage depth, Au ions concentration and damage 

ose in displacements per atom (dpa) were obtained from SRIM 

008 with the full cascade TRIM simulation code. Specimens for 

icrostructural characterization was also sectioned along the ex- 

rusion direction. 

The average particle size of the powders was measured by a 

aser particle size distribution analyzer (LPSDA, LMS-30). Chemi- 

al composition was determined by an inductively coupled plasma 

ass spectrometry (ICP-MS) analysis and a Leco O/N analyzer 

LecoTC463). Phase analysis was performed by an X-ray diffrac- 

ometer (XRD, D/max-2550). The microstructure was observed by 

 double-beam scanning electron microscopy (SEM, Helios Nanolab 

00i) equipped with an electron backscatter diffraction (EBSD) de- 

ice. Needle-shaped specimens required for atom probe tomogra- 

hy (APT) characterization were fabricated by a focused ion beam 

FIB) instrument. The APT observation was performed by a lo- 

al electrode atom probe (CAMEACA LEAP 50 0 0XR). Imago Visu- 

lization and Analysis Software (IVAS 3.8) were used for three- 

imensional (3D) atomic reconstruction. Specimens for transmis- 

ion electron microscope (TEM) observation prepared by a double- 

et electrochemical polisher or a FIB instrument. The TEM obser- 

ation was conducted on a FEI Tecnai G 

2 F20 operated at 200 kV. 

verage particle size and volume fraction of oxide nanoparticles 

ere estimated by ImageJ Analysis Software. 

. Results 

.1. Microstructures of the powders 

Fig. 1 shows the morphologies of the raw powders and as- 

illed powders. It can be clearly seen that the FeCrNi gas- 

tomized powders are mainly in a spherical shape, while the TiH 2 

nd YH 3 powders are predominantly in an irregular shape. Hy- 

rides are inherently brittle and easily broken during ball milling. 

he particle sizes of the FeCrNi gas-atomized powders, TiH 2 and 

H 3 powders are 49.1, 28.2, and 20.8 μm, respectively. After me- 

hanical milling, the morphologies of the raw powders are com- 

letely changed. The as-milled powders are in nearly spherical 

hape, and the average particle size significantly decreases to 

4.5 μm. The Y and Ti atoms can be decomposed from raw pow- 

ers and dissolved into the FeCrNi matrix during the mechanical 

illing process [19] . 

.2. Phase identification 

Fig. 2 shows the XRD patterns of the FeCrNi gas-atomized 

owders, as-milled powders, and extruded ODS FeCrNi MEA. The 

iffraction peaks of the FeCrNi gas-atomized powders belong 

o a single-phase FCC structure. After mechanical milling, there 

re no other diffraction peaks appearing in the XRD pattern of 

he as-milled powders except for the FCC-diffraction peaks. The 

iffraction-peaks broadening and diffraction-peak intensity weak- 

ning are detected, and all the diffraction peaks shift to left 

lightly, indicating numerous defects and high internal stress have 

een introduced in the lattice [19] . The interplanar spacing and 

attice distortion slightly increase, which may be attributed to the 

ntroduction of the Ti and Y atoms [8] . After HE, it is apparently

bserved that the diffraction-peak position remains essentially the 

ame. The diffraction peak intensity increases, and the diffraction 

eak width becomes narrow, which could be caused by the reduc- 

ion of the defect density and release of the internal stress. 
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Fig. 1. SEM morphologies of the raw powders and as-milled powders. (a) FeCrNi gas-atomized powders, (b) TiH 2 powders, (c) YH 3 powders, and (d) as-milled powders. 

Fig. 2. XRD patterns of the FeCrNi gas-atomized powders, as-milled powders and 

extruded ODS FeCrNi MEA. 
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.3. Microstructure of the extruded ODS FeCrNi MEA 

Fig. 3 (a) provides the macroscopic image of the extruded bars. 

ig. 3 (b) and (c) shows the EBSD results of the ODS FeCrNi MEA. 

he inverse pole figure (IPF) map, shown in Fig. 3 (b), confirms 

hat the ODS FeCrNi MEA is composed of fine-equiaxed grains with 

any annealing twins in the grain interior. The appearance of the 

nnealing twins indicates that the stacking fault energy (SFE) of 
192 
he matrix alloy is relatively low. Fig. 3 (c) shows the average grain 

ize of the ODS FeCrNi MEA is ∼318 nm. The grain size of the ODS

eCrNi MEA is significantly refined compared to the MEAs/HEAs 

abricated by HE under similar process conditions (e.g., 12 μm for 

he FeCrNi MEA as shown in Fig. S1) [ 14 , 20 ] because the intro-

uced oxide nanoparticles can effectively retard the grain growth 

y pinning the movement of grain boundaries [ 8 , 9 , 19 ]. 

Fig. 4 shows the TEM images of the ODS FeCrNi MEA. In the 

right-field transmission electron microscopy (BF-TEM) image ( Fig. 

 (a)), the equiaxed grains with annealing twins (indicated by the 

ellow arrowheads) inside can be clearly observed. A BF-TEM im- 

ge with higher magnification is presented in Fig. 4 (b), revealing 

hat a large number of nearly spherical nanoparticles (indicated by 

he white arrowheads) with grain sizes from ∼2 to ∼50 nm are 

ell dispersed in the matrix. The scanning transmission electron 

icroscopy (STEM) images shown in Fig. 4 (c) and (d) indicate that 

he matrix exhibits a bright contrast, and the nanoparticles show a 

ark contrast. According to the elemental composition analysis re- 

ults, the nanoparticles are indeed oxides and can be divided into 

he following two categories: Y-Ti-O typed oxide and Y 2 O 3 . The en- 

rgy dispersive spectroscopy (EDS) line scanning in the STEM-1 re- 

ion ( Fig. 4 (c)) provides support that the contents of Y, Ti, and O

ncrease while the contents of Fe, Cr, and Ni decrease from the ma- 

rix to the nanoparticle, indicating that the nanoparticle is the Y- 

i-O typed oxide. The EDS line scanning in the STEM-2 region ( Fig. 

 (d)) shows that the contents of Y and O increase while the con- 

ents of Fe, Cr, and Ni decrease from the matrix to the nanoparti- 

le. Almost no change in the content of Ti. Therefore, the nanopar- 

icle can be considered to be Y 2 O 3 . In addition, the EDS elemental

apping presented in Fig. S2 also confirm the existence of the two 

xides. 
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Fig. 3. (a) Macroscopic image of the extruded bars. EBSD characterizations of the extruded ODS FeCrNi MEA: (b) IPF map showing the equiaxed grains and annealing twins, 

(c) the corresponding grain size distribution in (b). 

Fig. 4. TEM characterizations of the extruded ODS FeCrNi MEA. (a) BF-TEM image showing the equiaxed grains and annealing twins; (b) BF-TEM image with higher magni- 

fication showing the dispersed oxide nanoparticles; STEM images in (c) and (d) showing the EDS line scanning from the matrix to the oxide nanoparticles. 
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Fig. 5 shows the details of the elemental distribution and parti- 

le size of the oxide nanoparticles in the ODS FeCrNi MEA. Fig. 5 (a)

hows that the Fe, Cr, and Ni are uniformly distributed in the ma- 

rix. At the same time, the 1.0 at.% Y isoconcentration surface and 

.0 at.% Y-Ti-O isoconcentration surface are exhibited in Fig. 5 (b) 

nd (c) to show the outline of the Y-rich nanoparticles and (Y, Ti, 

)-rich nanoparticles, respectively. From the 3D-atom maps, it can 

e clearly observed that dozens of nearly spherical oxide nanopar- 

icles are well dispersed in the matrix and most of these nanopar- 

icles are simultaneously enriched with Y, Ti, and O. Combined 

ith the TEM observation results, it can be found that the num- 

er of (Y, Ti, O)-rich nanoparticles is apparently higher than that of 

he Y O nanoparticles, indicating that the Y-Ti-O typed nanopar- 
2 3 

193 
icles are the dominant oxides in the ODS FeCrNi MEA. Fig. 5 (d) 

resents a proximity histogram of the elemental distribution pro- 

le from the matrix to the oxide nanoparticle in Fig. 5 (c), clearly 

howing that the contents of Fe, Cr, and Ni decrease while the con- 

ents of Y, Ti, and O increase from the matrix to the oxide nanopar-

icle. The corresponding particle-size distribution presented in Fig. 

 (e) reveals that the oxide nanoparticles have an average diameter 

f ∼13 nm. Besides, the volume fraction of the oxide nanoparti- 

les can be estimated form dozens of TEM images, and the value 

s ∼0.92 vol.%. 

Fig. 6 shows the high-resolution transmission electron mi- 

roscopy (HRTEM) images of the oxide nanoparticles and the cor- 

esponding Fast-Fourier Transformation (FFT) images in the ODS 
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Fig. 5. APT characterizations of the extruded ODS FeCrNi MEA. (a) 3D atom maps showing the elemental distribution of Fe, Cr, Ni, Y, Ti, and O, respectively, at nanoscale; (b) 

1.0 at.% Y isoconcentration surface and (c) 2.0 at.% Y-Ti-O isoconcentration surface showing the nearly spherical oxide nanoparticles; (d) elemental distribution profile from 

the matrix to the oxide nanoparticle in (c); (e) the corresponding particle size distribution of oxide nanoparticles. 
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eCrNi MEA. The distance between the yellow parallel lines on 

he HRTEM images represent the interplanar spacings of the ox- 

de nanoparticles. The yellow and red lines on the FFT images de- 

ote the oxide nanoparticles and the matrix, respectively. The ox- 

de nanoparticles with a diameter of ∼11.2 nm in Fig. 6 (a) are iden-

ified as a Y 2 Ti 2 O 7 phase with a pyrochlore FCC structure. Analysis 

f the corresponding diffractograms reveal a coherent relationship 

etween the Y 2 Ti 2 O 7 phase and the FCC matrix, and the coherent 

elationships are listed as follows: [101] O //[011] M 

, (040) O //( ̄2 00) M 

, 

nd ( ̄2 22) O //( ̄1 ̄1 1) M 

. Interplanar spacings, d (1 ̄1 1) M 

, of the FCC ma-

rix and d (33 ̄3 ) P of the Y 2 Ti 2 O 7 phase are 0.2108 and 0.1976 nm,

espectively. The misfit parameter, δ, can be calculated as ∼0.062 

between 0.05 (coherent) and 0.25 (incoherent) [19] ), indicating a 

emi-coherent interface between the Y 2 Ti 2 O 7 phase and the FCC 

atrix. However, the coherent relationship between the Y 2 Ti 2 O 7 

hase and FCC matrix is strongly related with the directions and 

lanes [ 19 , 21–23 ]. Fig. 6 (c) shows the spherical nanoparticle with

 diameter of ∼9.6 nm, and the corresponding FFT image indi- 

ates that the nanoparticle is a Y 2 TiO 5 phase oriented with [142] 

one axis parallel to the electron beam and has an orthorhom- 
194 
ic structure. Moreover, a small nanoparticle with a diameter of 

6.4 nm is detected, as shown in Fig. 6 (e). The measured inter- 

lanar distance and angles reveal that the nanoparticle is a Y 2 O 3 

hase oriented with the [110] zone axis and has a bixbyite body- 

entered-cubic (BCC) structure. The oxide nanoparticles, including 

 2 Ti 2 O 7 , Y 2 TiO 5 , and Y 2 O 3 , have also been found in many ODS ma-

erials, especially the ODS steels. Generally, these three types of 

xide nanoparticles exhibit a coherent relationship with the γ -Fe 

atrix composed of single-phase FCC structure [23] . Meanwhile, 

he coherency between these oxide nanoparticles and the FCC ma- 

rix increases with the decrease in the particle size. Therefore, by 

ntroducing these fine oxide nanoparticles, the ODS materials can 

chieve a significant increase in strength and maintain moderate 

lasticity. 

.4. Tensile properties 

Fig. 7 (a) shows the tensile engineering stress-strain curves of 

he ODS FeCrNi MEA, ODS Fe-containing MEAs/HEAs [9,19] and 

ypical ODS austenitic stainless steels [ 24 , 25 ]. The ODS FeCrNi 
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Fig. 6. HRTEM images of different oxide nanoparticles in the extruded ODS FeCrNi MEA. (a) Y 2 Ti 2 O 7 nanoparticle with a diameter of ∼11.2 nm; (b) corresponding FFT of (a); 

(c) Y 2 TiO 5 nanoparticle with a diameter of ∼9.6 nm; (d) corresponding FFT of (c); (e) Y 2 O 3 nanoparticle with a diameter of ∼6.4 nm; (f) corresponding FFT of (e). 

Fig. 7. (a) Tensile properties of the extruded ODS FeCrNi MEA, ODS Fe-containing MEAs/HEAs [ 9,19 ]; and typical ODS austenitic stainless steels at room temperature [ 24,25 ]; 

(b) yield strength of the extruded ODS FeCrNi MEA and various ODS steels at different temperatures [ 25,27 ]. 
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EA exhibits high yield strength and ultimate tensile strength 

long with moderate ductility, and the corresponding values are 

120 MPa, 1274 MPa and 12.1%, respectively. Apparently, the yield 

trength of the ODS FeCrNi MEA is significantly higher than that 

f the common steels [ 24 , 25 ], such as ODS 316 stainless steel

477 MPa) and ODS 304 stainless steel (852 MPa), while slight 

ower than that of the typical ODS Fe-containing MEAs/HEAs [9,19] . 

owever, the fracture elongation is significantly better than that 

f the typical ODS Fe-containing MEAs/HEAs [9,19] , such as ODS 

eCoNi MEA (1.2%) and ODS FeCoCrNiMn HEAs (0.74%). In addi- 

ion, the yield strength and ultimate tensile strength of the ODS 

eCrNi MEA are also obviously better than those of the typical 

DS CoCrNi MEA (764 MPa and 1129 MPa, respectively) [11] , but 

he fracture elongation is relatively lower, which may be due to 

he higher density of oxides in the ODS FeCrNi MEA than in ODS 

oCrNi MEA. For a better comparison, more detailed comparisons 

bout tensile properties of the ODS FeCrNi MEA, ODS MEAs/HEAs 

 9 , 15 , 19 , 26 ] and typical ODS steels [ 24 , 25 , 27–29 ] are also listed in

able 1 , from which it can be seen that the ODS FeCrNi MEA ex-
195 
ibits an outstanding strength and ductility combination, with an 

mproved yield strength of 248 MPa, compared to the PM20 0 0 at a 

imilar elongation. In addition, the high-temperature tensile prop- 

rties of the ODS FeCrNi MEA and other typical ODS steels [ 25 , 27 ]

n a wide temperature range from 25 to 900 °C are plotted in Fig.

 (b). It can be seen that the ODS FeCrNi MEA (indicated by the 

ed line) maintains a high yield strength of 701 MPa at 600 °C and 

xhibits significant strength advantage at the same tensile temper- 

ture than that of the other ODS steels, such as the PM20 0 0. 

.5. Deformation microstructure 

Fig. 8 shows a typical room-temperature deformation mi- 

rostructure of the matrix in the ODS FeCrNi MEA after a tensile 

est at a strain rate of 1 × 10 −3 s −1 . As indicated in Fig. 8 (a), high

ensity of dislocations pile up at the grain boundaries and anneal- 

ng twin boundaries. The dislocation slip and deformation-induced 

winning are highly activated, as shown in Fig. 8 (b) and (c). Nu- 

erous nanotwins with an average thickness of tens of nanome- 
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Table 1 

Tensile properties of the ODS FeCrNi MEA, ODS HEAs/MEAs [ 9,15,19,26 ] and other typical ODS steels [ 24,25,27–29 ]. 

Materials Chemical composition Microstructure a Process a 
Ultimate tensile 

strength (MPa) 

Yield strength 

(MPa) Elongation (%) Refs. 

ODS FeCoCrNiMn – FCC SPS 1318 1269 0.74 [9] 

ODS FeCoCrNi FeCoCrNi-1.2Hf-1.5Y 2 O 3 FCC SPS + HR 1464 1250 1.9 [ 26 ] 

ODS FeCoNi FeCoNi-1.2Ti-1.5Y 2 O 3 FCC SPS + HR + AT 1140 1050 1.2 [ 19 ] 

ODS CoCrNi CoCrNi-0.4TiO 2 FCC Arc melting 1129 764 66 [ 11 ] 

12 YWT Fe-12.58Cr-2.44W-0.35Ti- 

0.16Y-0.16O 

F/M HE + HR + WR + AT 1250 1180 5 [ 27 ] 

ODS Eurofer 97 Fe-0.1C-9Cr-1W-0.2V-0.1Ta- 

0.3Y 2 O 3 

F/M HIP + HR 1085 966 11.7 [ 28 ] 

ODS 304 Fe-18Cr-8Ni-1Mo-0.5Ti-0.15Si- 

0.35Y 2 O 3 

A HIP + Forge + HR 946 852 42 [ 24 ] 

MA956 Fe-21.7Cr-5.77Al-0.33Ti-0.38Y- 

0.33Ti 

F – 547 563 10 [ 27 ] 

12Y1 Fe-12.85Cr-0.24Ni-0.2Y-0.15O F/M HE + HR + Rolling + AT 1004 950 3 [ 27 ] 

PM2000 Fe-20.01Cr-5.59Al-0.50Y 2 O 3 –

0.51Ti 

F HR 925 790 16 [ 12 ] 

ODS 310 Fe-23.97Cr-18.33Ni-0.32Ti- 

1.93Mo-0.26Y-0.16O 

A HIP + Forge + HR + Rolling + AT 852 601 30 [ 29 ] 

ODS 316 Fe-16.82Cr-13.23Ni-2.48Mo- 

0.4Mo-0.3Ti-0.35Y 2 O 3 

A HIP 729 477 39 [ 25 ] 

FeCoCrNi FeCoCrNi FCC SPS + AT 1041 978 2.6 [ 26 ] 

FeCrNi FeCrNi FCC HE 1035 644 54 [ 14 ] 

FeCoNi FeCoNi FCC SPS + HR + AT 709 559 12.0 [ 19 ] 

ODS FeCrNi FeCrNi-0.21Y-0.35Ti-0.529O FCC HE 1274 1120 12.1 This work 

a The following acronyms are used: A (austensitic); F (ferritic); M (martensitic); HIP (hot isostatic pressing); HR (hot rolling); WR (warm rolling); AT (annealing treatment). 

Fig. 8. TEM characterizations of the extruded ODS FeCrNi after a tensile test. BF-TEM images showing (a) the accumulation of high-density dislocations at grain boundaries 

and annealing-twin boundaries, (b) the dislocation slip, (c, d) the deformation twin regions with thickness of hundreds of nanometers, and (e) the multiple deformation 

twinning network. 
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ers can be observed in the grain interior ( Fig. 8 (d)). Moreover, a

arge scaled multiple deformation twinning network appears, as 

xhibited in Fig. 8 (e). A high density of deformation microstruc- 

ures, especially deformation-induced twins, can refine the grain 

ize continuously and present more barriers for limiting the dislo- 

ation motion to induce higher strength and stronger strain hard- 

ning by the so-called dynamic Hall-Petch effect [14] . Meanwhile, 

he twinning behavior can also provide adequate pathways for the 
196 
islocation glide and cross-slip to relieve stress concentration and 

ccommodate plastic deformation. Therefore, the FCC matrix can 

uarantee the ODS FeCrNi MEA a good tensile elongation and pro- 

uce partial strength improvement at the same time. 

Fig. 9 shows the deformation behavior related to oxide nanopar- 

icles of the extruded ODS FeCrNi MEA. About dozens of oxide 

anoparticles with different diameters are selected to analyze their 

eformation behavior. Fig. 9 (a) shows that the oxide nanoparti- 
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Fig. 9. TEM characterizations of the oxide nanoparticles in the extruded ODS FeCrNi after a tensile test. BF-TEM images showing that (a) the grain boundaries, (b) the 

dislocations, (c) the deformation twin boundaries are pinned by the oxide nanoparticles, (d) the SFs inside the oxide nanoparticles, and (e) the oxide nanoparticles are 

sheared. 
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les are precipitated at the grain boundaries, which is beneficial to 

uppress the grain growth during the HE process and lead to the 

rain refinement. A high density of oxide nanoparticles, especially 

hose inside the grains ( Fig. 9 (b)), can act as dispersed obstacles 

o restrict dislocation movement continuously during deformation 

rocess, leading to a significant precipitation strengthening. Be- 

ause the oxide nanoparticles are well dispersed in the matrix, the 

ighly-activated dislocation slip and deformation-induced twinning 

uring the deformation process will inevitably be restricted by 

hese oxide nanoparticles. Fig. 9 (c) shows that the twin bound- 

ries are pinned by the oxide nanoparticles marked by yellow ar- 

owheads, and a large number of dislocations are accumulated in 

he area near the interfaces between the oxide nanoparticles and 

anotwins. Fig. 9 (d) and (e) shows another interesting deformation 

eature for oxide nanoparticles. Numerous stacking faults (SFs) in- 

icated by the white arrowhead can be observed inside the ox- 

de nanoparticle. Meanwhile, the smaller oxide nanoparticle with 

 diameter of ∼13 nm presented in Fig. 9 (e) exhibits more sig- 

ificant deformation characterizations, and the upper left area of 

he oxide nanoparticle is severely sheared due to the strong inter- 

erence from the deformed matrix. Since the interfacial coherency 

etween the oxide nanoparticles and FCC matrix increases with the 

ecrease in the particle size [22] , the smaller oxide nanoparticles 

end to be more sensitive to plastic deformation. Previous studies 

 22 , 30 ] found that the YAlO 3 nanoparticles with diameters smaller 

han 20 nm and the Y 2 Ti 2 O 7 with diameters smaller than 10 nm

re appreciably deformed when they undergo severe plastic defor- 

ation, and their morphologies change from a spherical to oblate 

hape. The deformation-induced shearing and twinning are con- 

idered as the dominant deformation mechanism for these oxide 

anoparticles, such as YAlO 3 and Y 2 Ti 2 O 7 [ 21 , 30 ]. However, most

arge oxide nanoparticles remain nearly spherical without appre- 

iable plastic deformation. 

Fig. 10 presents the fracture morphologies of the extruded ODS 

eCrNi MEA after a tensile test. Numerous fine and deep dimples 
197 
re observed, revealing typical ductile fractures. Moreover, fine par- 

icles (marked by white arrowheads) could be found at the bottom 

f some dimples, and these particles may act as nucleation sites 

f microvoids or microcracks during tensile deformation. The mi- 

rovoids and microcracks grow and coalesce with continuously in- 

reased deformation strains, which will finally lead to the failure 

f the ODS FeCrNi MEA. 

.6. Irradiation resistance 

Fig. 11 (a) shows the full view of microstructure of the ODS Fe- 

rNi MEA irradiated with a fluences of 5 × 10 16 Au ions/cm 

2 . 

ariation of irradiation damage and Au ions concentration versus 

epth from the surface are also plotted in Fig. 11 (a) for a bet-

er comparison. The elemental distribution mapping in Fig. 11 (b) 

hows the Au ions concentration as a function of implantation 

epth from the surface of the ODS FeCrNi MEA. Obviously, the Au 

lement is mainly concentrated in a narrow range from 580 nm 

nd 1108 nm, which is slightly deeper than the SRIM simulation 

esult. TEM images in Fig. 11 (a) and (c) show that small-sized dis- 

ocation loops and defect clusters that look like black dots are the 

ain defects in the ODS FeCrNi MEA. The overall distribution of 

efects is relatively uniform, but the defect density in the high 

amage area is slightly higher than that in the near-surface area. 

he introduction of oxides nanoparticles can pin the irradiation- 

nduced defects and inhibit their migration or accumulation, fa- 

oring the formation of fine and diffuse defects. The SAED pat- 

en along z = [001] axe in the peak damage region ( Fig. 11 (c))

eveals that the ODS FeCrNi MEA maintains a single-phase FCC 

tructure after irradiation and the diffraction rings corresponding 

o amorphous structure is absent, showing outstanding phase sta- 

ility and amorphization resistance. In contrast, most of the tra- 

itional alloys, such as nuclear grade steels, refractory metals and 

ntermetallics are easily amorphized at a low irradiation dose [31] . 

n addition, the irradiation-induced segregation behavior is investi- 
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Fig. 10. Fracture morphologies of the extruded ODS FeCrNi MEA after a tensile test. (a) SEM image showing large-scaled dimples; (b) enlarged view presenting the fine 

dimples and particles. 

Fig. 11. TEM images showing the full view of the ODS FeCrNi MEA irradiated with a fluences of 5 × 10 16 Au ions/cm 

2 . (a) Variation of irradiation damage (indicated by the 

red line) and Au ions concentration (indicated by the blue line) versus depth from the surface. (b) Elemental mapping showing the Au ions distribution. (c) BF-TEM image 

with higher magnification showing the dislocation loops and defect clusters; (d) STEM image and the corresponding elemental distribution mapping in the high damage 

region. 
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ated in the peak damage region, and no irradiation-induced seg- 

egation or secondary phase precipitation is observed at the grain 

oundaries ( Fig. 11 (d)). However, the irradiation-induced segrega- 

ion behavior has been found in many materials, such as CoCr- 

eNi HEA [32] , FeCrMnNi HEA [5] , and FeCrNi austenitic stainless 

teels [32] . The oxide nanoparticles in the peak damage region re- 

ain spherical with no significant morphological changes, exhibit- 

ng excellent structural stability. Generally, ODS materials can pro- 

ide abundant grain boundaries and oxide nanoparticle interfaces, 

hich can promote the uniformity of solute diffusion and inter- 

titial/vacancy recombination [33] , thereby suppressing irradiation- 

nduced solute enrichment and depletion. Hence, these results in- 

icate that the ODS FeCrNi MEA exhibits excellent irradiation re- 

istance. 
198 
. Discussion 

.1. Strengthening mechanism 

Since the mechanical properties and related microstructures 

f the ODS FeCrNi MEA have been investigated in detail, 

t is possible to estimate the room-temperature strength. For 

anoparticles-strengthened metallic materials, their strengthen- 

ng mechanism mainly involves the solid-solution strengthen- 

ng ( σ S ), grain-boundary strengthening ( σ G ) and precipitation 

trengthening ( σ P ). Hence, the yield strength ( σ y ) for the ODS 

eCrNi MEA can be simply calculated by the following equation: 

y = σ 0 + σ S + σ G + σ P , where σ 0 is the lattice friction strength 

or the FeCrNi MEA. According to the studies reported by Liang 
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Fig. 12. Schematic diagram of the microstructural evaluation of the ODS FeCrNi HEA during the deformation process and the darker blue in the background indicating the 

higher dislocation density. (a) Microstructural features before tensile deformation; (b) at the onset of tensile deformation, a large number of dislocations are accumulated 

along the oxide nanoparticles or grain boundaries. The dislocation density around the grain boundaries, annealing boundaries and oxide nanoparticles, significantly increases. 

Meanwhile, the dislocation slip and deformation-induced twinning are activated; (c) the deformation-induced twinning is more activated with the continuous increase of 

tensile strain, resulting in the increase of the twin thickness and much denser nanotwins. At the same time, multiple deformation twinning network occurs extensively in 

the interior of the grains. 
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t al. [ 15 , 34 ], the strength contributions from the lattice friction 

nd solid-solution strengthening in the FeCrNi MEA is between 

70 MPa and 450 MPa. Considering that the atomic radii of Y and 

i are much larger than those of Fe, Cr, and Ni, the solid-solution 

trengthening effect of the ODS FeCrNi MEA will be stronger, so 

he sum of the strength contributions from the lattice friction and 

olid-solution strengthening of the ODS FeCrNi MEA is considered 

o be 450 MPa. 

Grain boundaries play an important role during the deforma- 

ion process, and the smaller grain size can offer a higher vol- 

me fraction of grain boundaries, resulting in further impediment 

f dislocation motion. The materials fabricated by HE always have 

 much finer grain size than that fabricated by other preparation 

echniques. In addition, the oxide nanoparticles located at the grain 

oundaries can also effectively suppress the grain growth [19] . 

or the grain-boundary strengthening mechanism, the improved 

trength can be estimated by the following Hall-Petch relation- 

hip [19,34]: σG = k y / 
√ 

d , where k y is the Hall-Petch coefficient for 

he FeCrNi MEA [35] , and the value is in a range of 110–200 MPa

m1/2 [34,35] ; d = 0.318 μm is the average grain size for the

DS FeCrNi MEA. Therefore, the strength contribution from grain- 

oundary strengthening of the ODS FeCrNi MEA is between 195.1 

nd 354.7 MPa. In contrast, the grain size of the FeCrNi MEA pre- 

ared under the same process condition is 12 μm, and the strength 

ontribution from grain-boundary strengthening is between 35.8 

nd 57.7 MPa. It can be seen that the grain-boundary contribution 

n the ODS FeCrNi MEA is significantly higher than that in the Fe- 

rNi MEA. 

Meanwhile, nanoparticles can effectively enhance the strength 

f materials by the bypass (Orowan) or shearing mechanism be- 

ause they can act as barriers for limiting the dislocation move- 

ent during deformation process [19] . Since the oxide nanoparti- 

les in the ODS materials has a high hardness, the Orowan mech- 

nism is expected to control precipitation strengthening, and the 

trength contribution from this mechanism can be predicted by the 

ollowing equation [ 19 , 36 ]: 

σP = 0 . 84 

MGb 

2 π r 

√ 

1 − v ( 
√ 

3 π
2f 

− π
4 
) 

ln 

(
π r 

4 b 

)
, 

here M = 3.06 is Taylor factor for FCC alloys; G is the shear mod-

lus, and the value is adopted as 69 GPa [15] ; b = 0.254 is Burg-
199
rs vector for the FeCrNi MEA [37] ; v = 0.3 is Poisson’s ratio [15] ;

 = 6.5 nm, and f = 0.92 vol.% are the average radius and volume

raction, respectively, of the oxide nanoparticles in the ODS FeCrNi 

EA. Thus, strength contribution from precipitation strengthening 

s calculated as 181.1 MPa. 

The above discussion indicates that the high yield strength of 

he ODS FeCrNi MEA mainly originates from the grain-boundary 

trengthening caused by the fine grains and the precipitation 

trengthening caused by the highly dispersed oxide nanoparticles. 

owever, there are still some factors, such as the interstitial oxy- 

en atoms and the interactions of dislocations and twins, which 

ay affect the estimation of the strength contributions. 

.2. Microstructural evolution 

Based on the above experimental observations, the microstruc- 

ural evolution of the ODS FeCrNi MEA during the deformation 

rocess can be described as follows. The initial microstructure of 

he ODS FeCrNi MEA is composed of fine equiaxed grains, an- 

ealing twins and highly dispersed oxide nanoparticles, as shown 

n Fig. 12 (a). At the beginning of deformation, plenty of disloca- 

ions are accumulated along the grain boundaries and annealing 

win boundaries, as presented in Fig. 12 (b). The dispersed oxide 

anoparticles in the matrix provide a huge number of nanoscale 

arriers for hindering the dislocation motion, thereby leading to 

n enhanced strength and strain hardening. The dislocation slip 

nd deformation-induced twinning are activated in this period 

nd preferentially occur in the areas adjacent to the annealing- 

win boundaries. As the deformation strain further increases, 

eformation-induced twinning becomes more activated, produc- 

ng much denser nanotwins, as shown in Fig. 12 (c). The multiple 

eformation-twinning network occurs extensively in the interior 

f the grains at the same time. The oxide nanoparticles have a 

trong interaction with these constantly formed twin boundaries 

nd provide persistent strong barriers to the twin boundaries mi- 

ration, which may result in partial increases in the strength and 

train hardening. Meanwhile, deformation-induced twinning, es- 

ecially the multiple deformation-twinning network, can provide 

dequate pathways for dislocation glide and cross-slip to relieve 

tress concentration and accommodate plastic deformation for ren- 

ering a moderate tensile ductility for the ODS FeCrNi MEA. These 

esults clearly suggest that superior mechanical properties can be 
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chieved by coupling the MEAs/HEAs’ advantages and the oxide- 

ispersion-strengthening effect. 

. Conclusions 

In the present work, a novel Co-free ODS FeCrNi MEA was suc- 

essfully fabricated by the P/M method. Minor introductions of Y, 

i, and O elements in the matrix can induce the in-situ formation 

f oxide nanoparticles, leading to an improved strength. The effects 

f the oxide nanoparticles on the deformation behavior and irradi- 

tion resistance were investigated, and the main conclusions can 

e summarized as follow: 

(1) The ODS FeCrNi MEA consists of an FCC matrix, in which 

a high density of oxide nanoparticles, including Y 2 Ti 2 O 7 , 

Y 2 TiO 5 , and Y 2 O 3 , are uniformly distributed. Compared with 

the FeCrNi MEA, the average grain size of the ODS FeCrNi 

MEA is significantly refined to ∼318 nm benefited from by 

the oxide nanoparticles. 

(2) The ODS FeCrNi MEA exhibits a high yield strength 

(1120 MPa) and ultimate tensile strength (1274 MPa) with 

adequate ductility retention (12.1%) at 25 °C, and the yield 

strength is nearly double that of FeCrNi MEA prepared by 

the same process condition. At the same time, the ODS Fe- 

CrNi MEA still maintains a high yield strength of 701 MPa 

at 600 °C, which is superior, compared with common ODS 

steels, such as the PM20 0 0. 

(3) The enhanced strength for the ODS FeCrNi MEA originates 

from the grain-boundary strengthening and precipitation 

strengthening caused by the fine grains and the highly 

dispersed oxide nanoparticles, respectively. Meanwhile, the 

moderate elongation can be attributed to the ductile matrix. 

(4) High density of oxide nanoparticles can disperse the defect 

distribution and suppress the defect growth and irradiation- 

induced segregation, which is the main reason for the excel- 

lent irradiation resistance of the ODS FeCrNi MEA. This study 

provides an effective approach to improve the mechanical 

properties and irradiation resistance of the MEAs/HEAs by 

introducing fine oxide nanoparticles, making them to be po- 

tential materials for nuclear energy applications. 
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Eng. A 732 (2018) 99–104 . 

[11] W.C. Chang, Y.C. Lu, C.H. Hsueh, Mater. Sci. Eng. A 859 (2022) 144196 . 
12] J.L. González-Carrasco, G. Ciapetti, M.A. Montealegre, S. Pagani, J. Chao, N. Bal- 

dini, Biomaterials 26 (2005) 3861–3871 . 

[13] H. Cheng, W. Chen, X. Liu, Q. Tang, Y. Xie, P. Dai, Mater. Sci. Eng. A 719 (2018)
192–198 . 

[14] A. Fu, B. Liu, W. Lu, B. Liu, J. Li, Q. Fang, Z. Li, Y. Liu, Scr. Mater. 186 (2020)
381–386 . 

[15] D. Liang, C. Zhao, W. Zhu, P. Wei, F. Jiang, Y. Zhang, Q. Sun, F. Ren, Mater. Sci.
Eng. A 762 (2019) 138107 . 

[16] C. Li, X. Hu, T. Yang, N.A.P.K. Kumar, B.D. Wirth, S.J. Zinkle, J. Nucl. Mater. 527

(2019) 151838 . 
[17] Y. Xie, D. Zhou, Y. Luo, T. Xia, W. Zeng, C. Li, J. Wang, J. Liang, D. Zhang, Mater.

Charact. 148 (2019) 307–316 . 
[18] Y. Liu, J. Chen, Z. Li, X. Wang, P. Zhang, J. Liu, Vacuum 184 (2021) 109882 . 

[19] Y. Guo, M. Li, P. Li, C. Chen, Q. Zhan, Y. Chang, Y. Zhang, J. Alloys Compd. 820
(2020) 153104 . 

20] B. Liu, J. Wang, Y. Liu, Q. Fang, Y. Wu, S. Chen, C.T. Liu, Intermetallics 75 (2016)

25–30 . 
21] D. Litvinov, A. Chauhan, T. Gräning, J. Aktaa, Materialia 5 (2019) 100176 . 

22] E. Aydogan, O. El-Atwani, S. Takajo, S.C. Vogel, S.A. Maloy, Acta Mater. 148 
(2018) 467–481 . 

23] X. Mao, K.H. Oh, S.H. Kang, T.K. Kim, J. Jang, Acta Mater. 89 (2015) 141–152 . 
24] Y. Miao, K. Mo, Z. Zhou, X. Liu, K.C. Lan, G. Zhang, M.K. Miller,

K.A. Powers, J. Almer, J.F. Stubbins, Mater. Sci. Eng. A 625 (2015) 146–

152 . 
25] Y. Miao, K. Mo, Z. Zhou, X. Liu, K.C. Lan, G. Zhang, M.K. Miller, K.A. Pow-

ers, Z. Mei, J. Park, J. Almer, J.F. Stubbins, Mater. Sci. Eng. A 639 (2015) 585–
596 . 

26] M. Li, Y. Guo, H. Wang, J. Shan, Y. Chang, Intermetallics 123 (2020) 106819 . 
27] R.L. Klueh, J.P. Shingledecker, R.W. Swindeman, D.T. Hoelzer, J. Nucl. Mater. 341 

(2005) 103–114 . 

28] D.T. Hoelzer, M.A. Sokolov, M.A. Sokolov, Z. Feng, J. Nucl. Mater. 442 (2013) 
S529–S534 . 

29] Z. Zhou, S. Sun, L. Zou, Y. Schneider, S. Schmauder, M. Wang, Fusion Eng. Des.
138 (2019) 175–182 . 

30] Z. Zhang, W. Pantleon, Acta Mater. 149 (2018) 235–247 . 
31] M. Sadeghilaridjani, A. Ayyagari, S. Muskeri, V. Hasannaeimi, R. Salloom, 

W. Chen, S. Mukherjee, J. Nucl. Mater. 529 (2020) 151955 . 

32] C. Lu, T. Yang, K. Jin, N. Gao, P. Xiu, Y. Zhang, F. Gao, H. Bei, W.J. Weber, K. Sun,
Y. Dong, L. Wang, Acta Mater. 127 (2017) 98–107 . 

33] G. Pu, L. Lin, R. Ang, K. Zhang, B. Liu, B. Liu, T. Peng, S. Liu, Q. Li, Appl. Surf.
Sci. 516 (2020) 146129 . 

34] D. Liang, C. Wei, F. Ren, Mater. Sci. Eng. A 30 (2020) 140611 . 
35] Z. Wu, H. Bei, F. Otto, G.M. Pharr, E.P. George, Intermetallics 46 (2014) 131–140 .

36] J.Y. He, H. Wang, H.L. Huang, X.D. Xu, M.W. Chen, Y. Wu, X.J. Liu, T.G. Nieh,
K. An, Z.P. Lu, Acta Mater. 102 (2016) 187–196 . 

37] G. Laplanche, P. Gadaud, C. Bärsch, K. Demtröder, C. Reinhart, J. Schreuer, 

E.P. George, J. Alloys Compd. 746 (2018) 244–255 . 


	A novel cobalt-free oxide dispersion strengthened medium-entropy alloy with outstanding mechanical properties and irradiation resistance
	1 Introduction
	2 Experimental procedures
	3 Results
	3.1 Microstructures of the powders
	3.2 Phase identification
	3.3 Microstructure of the extruded ODS FeCrNi MEA
	3.4 Tensile properties
	3.5 Deformation microstructure
	3.6 Irradiation resistance

	4 Discussion
	4.1 Strengthening mechanism
	4.2 Microstructural evolution

	5 Conclusions
	Originality statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


