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Abstract 

The present paper reports the irradiation behavior of nanostructured NiCoCr medium 

entropy alloy enhanced by Y-Hf-O nanooxides and fine grains produced by powder 

metallurgy. Ion beam irradiation to a peak dose of 52 dpa at 580℃  produced neither 

detectable void swelling nor irradiation-induced hardening, in contrast to significant void 

swelling and property degradation of single phase NiCoCr concentrated solid-solution alloy 

under the similar irradiation condition.  The dispersed nanooxides and high density of grain 

boundaries act as defect sinks that effectively annihilate irradiation-induced interstitials and 

vacancies. Furthermore, high-density nanooxides maintain their crystalline structures and 

stabilize the grain boundaries during irradiation. 

In the past decade, high entropy alloys (HEAs) and some medium entropy alloys (MEAs), a 

class of single-phase concentrated solid solution alloys (SP-CSAs) normally comprising up to five 

or more multiple principal components, have generated substantial and persistence interest in the 



materials science community since it has been initially reported by Yeh [1]. This kind of CSAs 

possesses adjustable and multifunctional properties derived from the complex combination of 

compositional elements, such as high thermal stability and hardness, high strength-to-weight ratio, 

high-temperature strength, great wear and fatigue resistance, and significant corrosion resistance 

[2-6].  Recently, some HEAs, including FeNiMnCr [7], NiCoFeCrMn [8], NiCoFeCrPd [9,10], 

AlCoCrFeNi [11], and TiZrHfVMo [12], have been considered as the candidate structural 

materials in the advanced reactor system, because they not only exhibit an excellent combination 

of strength and ductility, but also display an extraordinary radiation-tolerant behavior. The 

enhanced radiation resistance has been attributed to the complex intrinsic transport properties of 

MEAs and HEAs, where the increased compositional complexity of CSAs can reduce the effective 

interstitial mobility and enhance the vacancy-interstitial recombination [8,9].  

In our previous study, we found that increasing radiation resistance can be easily achieved by 

increasing the number of alloying elements in SP-CSAs [8]. However, recent work shows that 

increasing the number of component elements in SP-CSAs is not necessary to achieve outstanding 

mechanical properties. A MEA NiCoCr, a key member of SP-CSAs, exhibits a remarkable 

performance on mechanical properties. The MEA NiCoCr shows greater strength and ductility 

trade-off than any other binary, ternary, quaternary or even quinary HEA alloys. With increasing 

interest in its potential applicaiton, the radiation response of MEA NiCoCr has been studied. 

Unfortunately, MEA NiCoCr exhibits abysmal performance under elevated temperature 

irradiation. The total swelling value in NiCoCr shows more than one order magnitude higher than 

other HEA alloys [13].  

To take advantage of the promising mechanical properties of NiCoCr, simultaneously 

improving its radiation resistance behavior is necessary. There’s a favorite way to improve 

radiation resistance behavior in alloys by introducing structural complexities, such as secondary 

phase or boundaries. The success of this approach has been demonstrated in oxide-dispersion-

strengthened (ODS) steels [14-16], nano-grained polycrystalline alloys [17,18], et. al. Therefore, 

nanostructured NiCoCr (termed NS-NiCoCr) enhanced by high-density nanooxides and grain 

boundaries is presented herein. Transmission electron microscopy (TEM) characterizations and 

nanoindentation tests show that the radiation resistance behavior of NS-NiCoCr is much better 



than single-phase medium entropy alloy NiCoCr, even better than single-phase high entropy alloy 

NiCoFeCrMn.  

We want to emphasis that, the concept of combining compositional complexity with 

microstructural inhomogeneity is an advanced design principle, suitable for engineering other SP-

CSAs. We aim to combine compositional complexity and structural complexity in one alloy, and 

controllably create the nanostructures for enhancing radiation resistance behaviour in fcc-type SP-

CSAs, the new system is termed nanostructured concentrated solid solution alloys (NS-CSAs). Fig. 

1 (a) show the schematics of the design concept for SP-CSAs and NS-CSAs, respectively. Such 

conceptual design enables us not only to enhance radiation resistance but also to maintain a 

promising strength-ductility combination, as shown in Fig. 1(b). We have successfully designed a 

series NS-CSAs, the result of NS-NiCoCr is presented here to show the potential of improvement. 

The results on other NS-CSAs will be reported at a later stage. 

In this work, the nominal composition of the NS-NiCoCr alloy is NiCoCr-1.2Hf-1.5Y2O3 

(elements in atomic ratios). Elemental powders of Ni, Co, Cr, Hf and Y2O3 (powder purity and 

other parameters) were processed by MA.  MA was performed in xxxx shaker mill (details needed: 

ball-mill period, atmosphere, speed, ball-to-powder ratio, temperature et al.). The ball milled 

powders were subsequently consolidated by SPS technology at 1050 ℃ for xxx min. The sintering 

was performed in vacuum at a constant pressure of xx MPa. The obtained alloy was then annealed 

at 850 ℃ for 24 hours, sequentially cooled down in the air.  To better understand the effects of 

nanostructures, a single-phase NiCoCr (SP-NiCoCr) was also studied as a reference for 

comparison. The SP-NiCoCr was prepared using the arc-melting method at Oak Ridge National 

Laboratory [19].  

Before ion irradiation, all samples were chemical-mechanically polished to get a mirror like 

surface. The ion irradiation experiments were conducted at Ion Beam Materials Lab (IBML) at the 

University of Tennessee, Knoxville [20]. Both SP-NiCoCr and NS-NiCoCr were irradiated with 3 

MeV Ni2+ ions up to 5×1016 /cm2 fluence at 580 ℃. The flux was controlled at 2.8×1012 ions/cm2s. 

A defocused beam was wobbled to achieve uniform irradiation. Stopping and range of ions in 

matter program (SRIM-2013) was used to predict the displacements per atom (dpa) and implanted 

ion concentration along the implantation depth. The prediction was conducted in Quick Kinchin-



Pease Mode with a displacement threshold energy of 40 eV.  According to the results shown in 

Supplementary Fig. 1, the peak dose is about ~52 dpa. Cross-sectional TEM samples were all 

prepared by focused ion beam (FIB) lift-out method on a FEI Helios Nanolab workstation. 

Sequentially, a “flash-polishing” technique was used to remove the FIB-induced damages and 

further thinned the FIB foil [21]. Scanning TEM (STEM) was employed for charactering 

microstructures using a double Cs-corrected JEOL 3100R05 at 300 keV. Atom probe tomography 

(APT) was carried out for analysing the compositional changes of nanooxides before and after 

irradiation. APT experiments were conducted at a Cameca LEAP xxx, (model and other 

parameters, such as vacuum, temperature, voltage or laser, pulse repetition rate, laser energy, 

detection rate et al.) Needled-shape APT specimen were all prepared by FIB. To understand the 

mechanical changes of studied alloys before and after irradiation, nanoindentation was performed 

at room temperature using a Bruker Hystron TI950 Triboindenter at a constant Ṗ/P=0.05 s-1. The 

nanoindentation was used a spherical sapphire indenter with a diameter of 200 μm. All the samples 

were tested with a load control mode with the maximum load of 8000 μN.  

The typical polycrystalline structure of NS-NiCoCr characterized by STEM Bright-field (BF) 

mode consists of an fcc structure with a bimodal grain size distribution as shown in Fig. 1(c). The 

coarse grains are usually larger than 1μm, while the fine grains are normally smaller than 200 nm. 

The inhomogeneous temperature gradient during SPS heating contributes to the particular bimodal 

grain distribution. Similar heterogeneous structures have been observed in SPSed ODS steel, 

previously [22,23]. Interestingly, this specific microstructure can significantly improve strength 

and ductility trade-off of the SPSed alloy according to the previous conclusion [23]. By alloying 

with Hf and Y2O3 additions, we successfully introduced high-density nanooxides in the NiCoCr-

base alloy. We broadly characterized the nanooxide distributions in the interior of nano grains, as 

shown in Fig. 1 (d), with high angle annular dark field (HAADF) imaging technique. Nanooxides 

are shown as white dots in HAADF image because of the heavier element Hf and Y contained, 

which makes them higher mass compared to that of the NiCoCr matrix. The average diameter <d> 

of nanooxides is about ~6.9 nm with a number density <N> of 2×1022 /m3. Besides of nanooxides 

and nano grains, a third structural complexity behaved as nanotwins, has been observed in NS-

NiCoCr as shown in Fig. 1(e). According to a recent study, it is reasonable to believe that twins 

were formed during the MA and SPS processes, since the NiCoCr has a very low stacking fault 



energy and very high propensity for twining under low-level deformation. Actually, this preference 

to form nanotwins in early deformation range is exactly the reason why NiCoCr has better 

mechanical properties than other SP-CSAs [24,25]. This result simultaneously indicates the NS-

NiCoCr has similar deformation mechanisms with SP-NiCoCr. Furthermore, our previous result 

confirms that the incoherent edge of twin boundaries may also act as extra defect sinks for 

absorbing both irradiation-induced vacancies and interstitials, sequentially lowing the defect 

concentration in alloy matrix [13].  

To understand the enhancement of the properties of NS-NiCoCr, the atomic structures of 

nanooxides were further characterized by high resolution STEM-BF, HAADF and electron 

dispersion spectrum (EDS) line scanning (Fig. 2). Fig. 2(a) shows high-resolution STEM-BF and 

HAADF images of a typical oxide, the diameter of this nanooxide is only 3.5 nm. The inter-planer 

spacing and angles are reasonably consistent with the defected fluorite-structured Y2Hf2O7 [26]. 

Incident electron is parallel to the [010], with two atomic planes are ( 2̅00) and (200). This 

nanooxide clearly displays faceted interfaces along low-index planes of the matrix, the shape of 

this nanooxide is shown in a near regular octagon. In Fig. 2(b), the white contrast of the dots in the 

lattice indicates the heavier element enriched in nanooxide as shown in HAADF image, such as Y 

and Hf. EDS line scanning result clearly shows that the nanooxide is enriched with yttrium, 

hafnium and oxygen elements as shown in Fig. 2(b). Details of the elemental composition of 

nanooxides before and after irradiation are characterized by APT, which will be shown below. 

This result is consistent with the TEM observations and the results reported from other ODS alloys 

[27].  

The NS-NiCoCr exhibits excellent swelling resistance as compared to SP-NiCoCr. As shown 

in Figs. 3 (a) and (b), ex-situ 3 MeV Ni+ ion irradiation of SP-NiCoCr to 5×1016 /cm2 fluence (peak 

dose is ~ 52 dpa) at 580 ℃ leads to a significant void swelling, whereas NC-NiCoCr irradiated 

under the same condition has no observable voids. Both STEM images in Fig. 3 (a) and (b) present 

the panoramic cross-sectional views of the alloys after irradiation, the sample surfaces are on the 

top, and the depth is marked on the side. Clearly, large voids are formed in entire irradiation 

damage zone in SP-NiCoCr, leading a significant overall swelling of ~ 9.34%. In high temperature 

irradiated SP-CSAs, while voids are the result of three-dimensional agglomeration of irradiation-

induced vacancies, dislocation loops and network dislocations are often the most typical defects 



due to the agglomeration of irradiation-induced interstitials [28]. Fig. 3(a) was taken near the [110] 

zone axis to maximize the visibility of all the irradiation-induced features [29]. High density of 

network dislocations and dislocation loops are found in SP-NiCoCr after irradiation. These 

features could result in severe degradation of mechanical properties of structural materials, such 

as irradiation induced hardening and embrittlement. On the contrary, no detectable dislocation 

loops can be found in NS-NiCoCr under the same irradiation condition, indicating that either most 

of the survived interstitials have been annihilated in the matrix, or the size of dislocation loops is 

too small to observe. Nanoindentation results present that NS-NiCoCr has no apparent hardening 

after irradiation, as shown in Fig. 3(c), indicating that there are no strong hardening sources formed. 

Usually, dislocation loops and voids are considered as the strong hardening source for alloys, 

therefore, the nanoindentation results support TEM observations that no detectable voids and 

dislocation loops were formed in NS-NiCoCr after high temperature irradiation. In conclusion, 

NS-NiCoCr has an extraordinary swelling resistance behavior, simultaneously has a promising 

hardening resistance property.  

The fine dispersion of nanooxides and high-density grain boundaries are believed to provide 

resistance to irradiation damage. Therefore, understanding their stabilities after irradiation is very 

important. Any changes in nanooxides and grains (including size, density, chemistry and crystal 

structure) will have implications on mechanical properties, irradiation defect evolution and 

material performance. The NS-NiCoCr shows an exceptionally stability against heavy ion 

irradiation. No detectable grain growth is observed after 3 MeV Ni+ irradiation to a fluence of 

5×1016 /cm2 at 580 ℃. In addition, only slight oxide shrinking is observed in NS-NiCoCr after 

irradiation. More details can be found in Fig. 4. Fig. 4(a) shows the cross-sectional STEM image 

of NS-NiCoCr after irradiation. The white rectangle shows the region irradiated to 30 dpa. The 

enlarged image clearly shows that high density of nanooxides homogenously dispersed in the 

matrix, while all the nanooxides successfully kept their crystalline structures after 30 dpa 

irradiation at 580℃ since the misfit moiré fringes observed. Comparing to the oxide distribution 

before irradiation (<d> = 6.95 nm, <N>=2×1022 /m3), the average size of nanooxides slightly 

decreased with a <d> = 5.9 nm, and the number density increased to <N> =7×1022 /m3 after 30 

dpa irradiation at 580 ℃. Oxide size distribution before and after 30 dpa irradiation in NS-NiCoCr 

is shown in Fig. 4(b). Clearly, in irradiated NS-NiCoCr, the peak distribution slightly towards to 



left, indicating that more amounts of smaller nanooxides existing after irradiation. The shrinkage 

of nanoparticles in other ODS alloys have been reported many times. Allen, et al. and Chen et al. 

both observe the decreasing nanoparticles size with increasing dose in ODS steel [30,31]. It is 

worth noting that, although the size of original nanoxides in NS-NiCoCr decrease slightly during 

the irradiation, the increased density of more uniform (narrower size distribution) smaller 

nanooxides is highly desirable as such modified (towards self-assemble) stable precipices can 

actually provide more trapping sites for point defects, which can further improve radiation 

tolerance [22]. 

The changes of nanooxide chemistry have been studied by APT as shown in Fig. 4 (c). Using 

Y iso-concentration surface at 10 at.%, Y-rich nanooxides enriched with Hf and O are identified 

as blue color in Fig. 4(c), and measured in a high number density of xxx before irradiation, and 

number density of xxx after irradiation.  The average size of nanooxides are xxx and xxx before 

and after irradiation, respectively. The difference between TEM and APT statistics comes from 

relatively larger volume being sampled by TEM. Typical 1D composition profiles across xxx 

boundaries of nanooxides were obtained at xxx corresponding positions marked with arrows by 

using an analysis box with a cross-section of xxx and a bin size of xxx. The results show that, in 

non-irradiated samples, the Ni, Co, Cr concentration will gets very close to 0% in the center of the 

oxide particle; while in the irradiated samples, for oxide particles in similar sizes to the non-

irradiated samples, the Ni, Co, Cr concentration cannot get to 0% (~ 5 at.%), and the oxide/matrix 

boundary becomes wider.  

Several strategies can be used to stabilize the grain boundaries under thermal annealing and 

energetic particle irradiation. Recent research successfully defeats grain growth 

thermodynamically by introducing La atoms at grain boundaries [17]. On the contrary, a kinetic 

strategy has been conducted in this study by pining the grain boundaries using nanooxides. The 

high density of nanooxides can counteract the driving pressure from the curvature of the grain 

boundary, and sequentially impede the grain growth [32]. Generally, it is believed that structural 

complexities/inhomogeneity, such as grain boundaries, dislocations, interfaces between the matrix 

and precipitates, can act as preferential sinks for annihilating irradiation-induced vacancies and 

interstitials [33]. Kinetic rate theory has been conducted to quantitatively predict the sink strengths 

of grain boundaries and nanooxide/matrix interfaces[34]. The sink strength of the 



nanooxide/matrix interfaces is given by 𝑆𝑜 = 4𝜋𝑁(0.3𝐴1/2), where N is the number density of the 

nanooxides, A is the surface area of the nanooxides, 𝐴 = 4𝜋𝑟2, 𝑟 is the average radius of the 

nanooxides. Considering the continuous changes of nanooxide size and density during the 

irradiation, we used the final distribution of the nanooxides (𝑟 = 2.95 nm, N` =7×1022 /m3) in the 

NiCoCr matrix, which obtains 𝑆𝑜 = 2.75 × 1015𝑚−2. The sink strength of grain boundaries is 

given by 𝑆𝑏 = 60/𝐷2, where D is the average grain diameter. Neglecting the weak sink strength 

from coarsen grains, the 𝑆𝑏 for fine grains is 1.5 × 1015𝑚−2. These data indicate that both grain 

boundaries and nanooxides play a significant role in suppressing the formation of voids and 

dislocation loops. The results are in agreement with previous experimental and simulation results 

[17,22,35].  

In conclusion, we have studied the radiation tolerance of a newly developed NS-NiCoCr alloy 

with promising mechanical properties. Compared to the poor swelling resistance of SP-NiCoCr, 

the NS-NiCoCr demonstrated a superb radiation resistance showing no neither voids and 

dislocation loops after a severe ion irradiation condition. Furthermore, high-density dispersed 

nanooxides kept their crystalline structure and stabilized the grain boundaries during the high 

temperature ion irradiation. High sink strength from high density nanooxides and grain boundaries 

contribute to this excellent radiation tolerance in NS-NiCoCr. Our findings on the high radiation 

tolerance of NS-NiCoCr have clearly shown the significant property enhancement by taking 

advances of both compositional complexity and microstructural inhomogeneity, and   provide 

insights for developing next generation of radiation-tolerant medium/high entropy alloys by 

introducing additional structural complexities. 
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