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Abstract: 

The impact of compositional complexity on the ion-irradiation induced swelling and hardening is 

studied in Ni and six Ni-containing equiatomic alloys with face-centered cubic structure. The 

irradiation resistance at the temperature of 500 °C is improved by controlling the number and, 

especially, the type of alloying elements. Alloying with Fe and Mn has a stronger influence on 

swelling reduction than does alloying with Co and Cr. The quinary alloy NiCoFeCrMn, with 

known excellent mechanical properties, has shown 40 times higher swelling tolerance than 

nickel. 
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Safe, reliable, and economical operation of nuclear power plants is essential to meet rapidly 

increasing global energy needs. One of the key challenges from both scientific and engineering 

perspectives is how structural materials can retain desirable performance under extreme 

conditions, such as high temperature, high pressure, and high irradiation dose.[1-4] The 

development of fusion and Generation IV fission reactors demands materials that withstand 

irradiation at higher doses than do present designs—over 200 displacements per atom (dpa)—so 

more strict criteria are required for material selection and development.[1-3] Despite the rapid 

development of structural alloys used for nuclear applications over the past half-century, material 

degradations in harsh operating environments, e.g., severe swelling of austenitic steels, have not 

been fully overcome.[5, 6] Therefore, new insights into alloy design are urgently needed to 

resolve such challenges and problems.  

Unlike traditional alloy designs, in which one major element is selected as the solvent and 

several dilute solute elements are added, a new family of single-phase concentrated solid solution 

alloys (including high-entropy alloys) has recently been developed.[7-13] These alloys, usually 

containing three or more principle elements equiatomically, have extreme compositional 

complexity, while remaining structurally simple (e.g., single-phase face-centered cubic, fcc). 

Their extraordinary mechanical properties have led to intensive interest in investigating their 

potential for practical applications, including nuclear power.[13-16] Knowledge of their 

irradiation response is, however, very limited, since the development of these alloys is fairly 

recent.  



In addition to the practical applications, these alloys open up a territory of strong scientific 

interest. Irradiation-induced degradations, e.g., swelling and hardening, are affected by numerous 

material design factors and fabrication processes, including major elements, solute additions, 

grain boundaries, precipitates, and cold work.[5, 17, 18]. In studies of conventional, especially 

commercial, alloys, these factors usually play roles simultaneously and are hardly separated. 

Single-phase solid solution alloys, in contrast, allow major elements in a simple crystalline form, 

[19] which makes them ideal model systems for studying compositional effects on the irradiation 

response. Furthermore, because the traditional concepts of solute and solvent are absent in these 

alloys, textbook alloy theories may not be suitable to describe and predict their behaviors, such 

as defect migration and energy transport.[14, 20]. As a result, fundamental understanding of the 

irradiation response of this new, attractive family of alloys is highly desired. 

In this study, Ni and six Ni-containing single-phase fcc equiatomic alloy single crystals—NiCo, 

NiFe, NiCoFe, NiCoCr, and NiCoFeCr, as well as polycrystalline NiCoFeCrMn (with millimeter 

size grains) are selected. All the samples were chemically-mechanically polished by colloidal 

silica, achieving mirror-like surfaces with roughness below 3 nm. In order to reach the desired 

radiation dose in a reasonable time scale (hours rather than years) to fulfill the urgent needs of 

studying these newly developed alloys,[21] instead of performing neutron irradiation, the 

samples were irradiated with 3 MeV Ni2+ ions to fluences of up to 5×1016 cm-2. The flux was 

controlled at 2.8×1012 cm-2 s-1, and the irradiation temperature measured at the sample surfaces 

was 500 °C. The samples were covered by TEM grids during the ion irradiation, so that a portion 



of the sample surface was exposed to irradiation while the rest remained pristine (Figure 1a). A 

raster beam was used to ensure uniform irradiation, with scanning frequencies of 517 and 64 Hz 

for the horizontal and vertical direction, respectively. The dpa values were estimated using the 

SRIM-2013 code in the “Kinchin-Pease formalism” mode, with assuming a displacement energy 

of 40 eV for all elements for convenience since the experimental values for complex alloys are 

currently not available. The peak dose reached ~53 dpa, and the corresponding dose rate was 

~0.003 dpa s-1 (Figure 1b for Ni as a representative). 

The radiation-induced swelling was firstly studied by step-height using a WykoTM NT9100 3D 

optical profilometer. The phase-shift interferometry (PSI) mode was used with sub-nm vertical 

resolution. An example taken from an irradiated NiCo surface is shown in Figure 1c. The 

microstructures (i.e. void formation) were further characterized by bright-field imaging using a 

JEOL 3011 transmission electron microscopy (TEM) at 300 keV. The TEM samples were 

prepared by the focused ion beam (FIB) lift-out method using a FEI helios Nanolab. In order to 

study the hardening effect under the same irradiation, a Nanoindenter XP was utilized for the 

nanoindentation tests, using a Berkovich triangular pyramid indenter. Tests were conducted at a 

constant P/P = 0.05 s-1. A number of indentations were performed on each sample to allow 

statistical analysis, and some indents were located in the pristine region while others were in the 

irradiated region, as shown in Figure 1d. 

Figure 2a representatively shows step-height plateaus in three dimensions for Ni, NiCo, NiCoCr 

and NiCoFeCrMn irradiated to a fluence of 5×1016 cm-2, and the height differences are clearly 



visualized. The irradiated region of Ni is raised significantly above the surrounding area, 

indicating very large volume swelling. In contrast, the irradiated region of NiCoFeCrMn, 

although it can be identified, has no observable height difference from the pristine region, 

indicating low volume swelling. The swelling is quantified based on the heights of the plateaus 

[22] acquired by line scans. Figure 2b presents profiles for Ni at two lower fluences, 1 and 

5×1015 cm-2 in which the edges between the irradiated and pristine regions are sharp. Step-height 

measurements provide the total integrated swelling along the entire range modified by the 

irradiated ions. The overall swelling percentage is then calculated based on the step height 

divided by the nominal damage range (~1800 nm, based on both simulations using the Stopping 

and Range of Ions in Matter [SRIM] code [23] and TEM observation). Figure 2c shows the 

step-height and overall swelling of Ni and NiCo as a function of ion fluence; alloying with Co 

reduces swelling by ~50% at both fluences, 1.5 and 5×1016 cm-2. The inset is a TEM image for 

Ni irradiated to a fluence of 5×1015 cm-2, showing the void formation and the corresponding 

swelling that agrees to the value from the step-height measurement. The swelling curve for Ni is 

consistent with results for heavy ion irradiation under similar conditions. [24]  

A comparison of swelling is shown in Figure 2d for the highest irradiation fluence, 5×1016 cm-2. 

All these fcc alloys exhibit significantly lower swelling than Ni. Their response is unlike that of 

the widely used austenitic steels, e.g., Type 304 or 316, which are more susceptible to 

radiation-induced swelling than is Ni. [6, 25]	The NiFe binary alloy exhibits more than an order 

of magnitude less swelling than Ni, suggesting that the addition of Fe has a stronger suppression 



effect on void nucleation and growth than the addition of Co, similar to the behavior previously 

observed in NiCu binary alloys [26]. The two ternary alloys, NiCoFe and NiCoCr, both have 

lower swelling than their mutual binary base, NiCo-; and alloying with Fe is more effective in 

reducing swelling than is alloying with Cr. NiCoCr has an ~20 nm step-height, whereas the 

step-height of NiCoFe is within the measurement uncertainty (~2 nm) or the surface roughness. 

This behavior is further supported by the observation that the swelling level of NiCoFeCr sits 

between that of NiCoFe and NiCoCr, suggesting competition between the Fe and Cr elements. 

Furthermore, the similarity between NiFe and NiCoFeCr could probably be understood as 

compensation between the swelling reduction due to the change from Ni to Co, and the swelling 

enhancement due to the change from Fe to Cr. Adding Mn into the base alloy NiCoFeCr- further 

decreases its swelling level, so that the step-height is smaller than the measurement uncertainty, 

similar to NiCoFe. While both sputtering effects and implanted ions cause additional 

uncertainties in the step-height measurements, [22] these materials were irradiated under the 

same conditions; therefore, the effects on these samples should be comparable.  

To understand the microstructural changes that is responsible to the observed swelling, Ni, the 

most swelling-sensitive material, and the alloys with the highest swelling resistance are 

examined by TEM. Figure 3 shows TEM images for the four materials, taken from their 

maximum swelling regions. Large voids, with sizes over 200 nm, are observed in Ni but not in 

any of the alloys. Among the alloys, NiFe shows apparently larger void sizes than NiCoFe and 

NiCoFeCrMn, while the difference between the two alloys with the highest swelling resistance is 



small (consistent with Figure 2d). Quantitatively, since the swelling increases with the cube of 

void diameter, the swelling values of NiCoFe and NiCoFeCrMn are lower than the others, even 

though their void densities are higher. The overall swelling derived from the TEM observations 

is also in reasonable agreement with the step-height measurements. The swelling of NiCoFe and 

NiCoFeCrMn are similar—0.2 and 0.17%, respectively—which is comparable to the surface 

roughness, or within the uncertainty of the optical profilometer in the step-height measurements. 

These values are about half that of NiFe (0.45%), but more than 40 times smaller than that of Ni 

(9.4%).  

The hardening of the alloys after irradiation under the same conditions is measured using 

nanoindentation. Differences in the load–unload curves between pristine and irradiated regions 

of the samples, as shown in Figure 4a for NiCo, indicate the change in hardness. Figure 4b 

summarizes the measured hardness of the pristine and irradiated regions of the seven materials. 

The sequence of hardness of the pristine samples, from low to high, is Ni, NiCo, NiCoFe, NiFe, 

NiCoFeCr, NiCoFeCrMn, and NiCoCr, which is similar to that of the yield strength in tensile 

tests. [14] The relative hardening between pristine regions and the regions irradiated to a fluence 

of 5×1016 cm-2 is shown in Figure 4c. Elemental Ni, with the highest swelling, has the lowest 

hardening effect; the largest hardening is detected in NiCo, which has about half the swelling 

level of Ni (Figure 2d).  

The difference between Ni and NiCo can be understood by comparing Figure 2c with Figure 4d, 

which shows the hardening of Ni as a function of irradiation fluence. As a result of the 



microstructure evolution under continuous irradiation at elevated temperature, the hardness of Ni 

rises with increasing fluence up to ~5×1015 cm-2, whereas it decreases when the ion fluence is 

higher than 1.5×1016 cm-2, dropping to ~6% hardening at a fluence of 5×1016 cm-2. In contrast, 

the hardening of NiCo at a fluence of 1.5×1016 cm-2 is close to that at 5×1016 cm-2 (both at ~35%). 

Considering their swelling evolution, as shown in Figure 2c, the swelling of NiCo at the highest 

two fluences, 1.5 and 5×1016 cm-2, is close to that of Ni for the two lower fluences, 5×1015 and 

1.5×1016 cm-2, respectively; in both those cases, the hardening of Ni is over 20%. This result 

indicates that the evolution of hardness in Ni and NiCo is similar, but the process in NiCo is 

delayed. 

Such dose-dependent hardening at elevated-temperature irradiation also appeared in tensile tests. 

[27] The decrease in the hardening effect (although the hardness remains greater than in the 

pristine sample) could have several origins. For example, at high fluences, the population of 

dislocation loops—a strong hardening source—decreases, and thus the loop-hardening decreases. 

In addition, as the voids become very large at high fluence (Figure 3a), the hardness from the 

nanoindentation tests decreases. The trend of the Young’s modulus change for Ni estimated by 

nanoindentation is also shown in Figure 4d as a function of fluence. The decrease in the Young’s 

modulus is due to the increased number and size of voids. [28] The hardening of the other 

materials lies between the values for Ni and NiCo, but the values do not follow the same 

sequence of swelling. This finding suggests that void hardening may not be the primary 

hardening source under such conditions (consistent with the low swelling), and the dislocation 



(loops) may play the dominant role. For example, a significant amount of the radiation hardening 

in NiCu alloys, compared with Ni at similar irradiation temperatures, has been attributed to the 

contribution of the high density of smaller dislocation loops. [29] More detailed microstructure 

characterization is desired to reveal conclusively the hardening source. 

Understanding the major elemental effects on swelling has been a long-standing challenge. One 

of the reasons is that they usually involve different perspectives of material change. For example, 

suppressed swelling with the addition of Mn has been observed in the Fe-dominant 

Fe-Cr-Mn-(Ni) system [18, 30]. In that case, the phase evolution and microstructure are 

complicated and thus factors other than the void swelling (e.g., ferrite formation and lattice 

parameter changes) are considered to play important roles in the density change. In contrast, the 

alloys investigated in this study have simple fcc structures, demonstrating that the observed 

material property changes result from compositional effects and associated defect properties, 

such as defect formation energies, migration barriers, and local and global energy landscapes. 

One of the most studied examples of major elemental effects on swelling is the addition of Cr in 

stainless steels (Ni-Fe-Cr systems), which has been observed to enhance void swelling. [6, 27] 

Increasing the Cr concentration [5] can decrease the effective vacancy diffusion coefficient; 

consequently, the supersaturation of highly mobile vacancies drives clustering, leading to smaller 

nucleation transient duration or incubation doses. A similar explanation has been applied to Ni in 

the Fe-Cr-Ni system [5] that increasing the Ni concentration enhances the vacancy diffusion in 

the Fe-dominant region, while decreasing it at the mid-Ni level. However, the mechanism of 



such elemental effects is still in debate. 

In equiatomic alloys with simple fcc structure, different elements sit randomly in the crystal 

lattice, giving rise to extreme disturbance of local atomic, electronic, magnetic, and lattice 

structures. (20) Our recent studies [20, 31] have observed that such compositional complexity 

does have an impact on the irradiation response: compared with Ni, defect evolution in NiFe and 

NiCo is delayed at the early stages of defect evolution at room temperature; and alloying with Fe 

can more effectively hinder defect evolution than alloying with Co. Higher-dose irradiation [31] 

and atomic simulation [32-34] show that the mobility of interstitial-type defects is higher in Ni 

than in the alloys, and the formation of large extended defects is suppressed in alloys, as they are 

not as energetically favorable as in Ni. In the present case, the observed reduction in swelling 

could be related, to some extent, to the chemical disorder–induced change in vacancy diffusivity. 

A study of vacancy formation energy could also be interesting, as its reduction could enhance the 

thermal vacancy equilibrium concentration and thus greatly slow void swelling. [35]  

It needs to be noted that, as a first screening test of the swelling behavior in this new family of 

alloys, this work identifies the need for follow-up studies to evaluate the full potential of these 

alloys in nuclear applications. In the present study, we only focus on one representative 

temperature. However, swelling is very temperature dependent, with a maximum swelling that 

may occur at different temperatures for different materials. [27] The possibility that the 

compositional complexity could change the temperature dependence of swelling requires further 

systematic studies of all the alloys over a wide temperature range. While step-height 



measurements have given a rapid and clear qualitative comparison on the impact of 

compositional complexity on the overall swelling, the TEM images have demonstrated the more 

quantitative effects of void size and density. More detailed cross-sectional TEM studies are 

needed to investigate the nature and distribution of defects (both voids and dislocation loops), as 

well as chemical segregation, if the mechanisms of radiation tolerance are to be revealed. 

Although ion irradiation has been widely used to investigate material response to radiation 

environments, [21] neutron irradiation experiments, while more time consuming, will ultimately 

be needed to conclusively confirm their behavior for nuclear applications. 

Despite these issues, this study provides a new potential pathway of designing radiation-tolerant 

structural alloys. Traditionally, alloy design has focused on controlling the microstructures in 

particular alloying systems (e.g., Fe-based alloys) to achieve the desired properties, e.g., by 

introducing and tuning the solute atoms, precipitates, grain-sizes, and cold work. In this study, 

however, we demonstrate that simply modifying the compositional complexity without tuning 

the microstructure could also effectively improve the swelling tolerance. All the six 

Ni-containing fcc equiatomic alloys have lower swelling than elemental Ni, and their swelling is 

strongly affected by the compositional complexity. Here, “complexity” is used to refer not only 

to the number of elements but also to the types of mixing elements with electronic, magnetic, and 

mechanical property mismatches. [14, 20, 36] Among the elemental variations, alloying with Co 

has the least swelling suppression, ~50% compared with pure Ni, whereas NiFe has about one 

order of magnitude less swelling than Ni. NiCoFe has considerably lower swelling than NiCoCr, 



and the value for NiCoFeCr lies between the two. These observations indicate that Fe has a 

stronger suppression effect than both Co and Cr. The addition of Mn into NiCoFeCr further 

reduces its swelling, suggesting another candidate alloying element to effectively enhance 

swelling tolerance in Ni-based systems. Moreover, nanoindentation studies show that the 

hardness evolution in NiCo is delayed compared with Ni. Our findings on controlling 

compositional complexity to enhance swelling resistance could act as a promising starting point, 

providing insights and guidance to expand the application scope of this new family of alloys as 

energy materials. 

 
Acknowledgements  
This work was supported as part of the Energy Dissipation to Defect Evolution (EDDE), an 
Energy Frontier Research Center funded by the US Department of Energy, Office of Science, 
Basic Energy Sciences. Ion beam work was performed at the University of Tennessee–Oak 
Ridge National Laboratory Ion Beam Materials Laboratory (IBML) located on the campus of the 
University of Tennessee–Knoxville. 
  



 

 

Figure 1. (a) Photo of sample arrangement for ion irradiation. (b) SRIM simulation of the 

displacement and implanted ion profiles for 3 MeV Ni ions in Ni at a fluence of 5×1016 cm-2. (c) 

Surface of NiCo sample after ion irradiation, observed by an optical profilometer. (d) Indenter 

arrangement on the sample surface in nanoindentation tests.  

 

  



 

Figure 2. (a) Surface step measurements of Ni, NiCo, NiCoCr, and NiCoFeCrMn after ion 

irradiation. (b) Step-height profiles for Ni under low-fluence irradiation. The spots are the data, 

and the bands indicate the averages and uncertainties. (c) Overall swelling from step-height as a 

function of ion fluence in Ni and NiCo; the inset is the cross-sectional transmission electron 

microscopy image for Ni irradiated at a fluence of 5×1015 cm-2. (d) Comparison of step-height 

and overall swelling among the seven materials.  

  



 

Figure 3. TEM images of the maximum swelling region of (a) Ni, (b) NiFe, (c) NiCoFe, and (d) 

NiCoFeCrMn irradiated to a fluence of 5×1016 cm-2 at 500 °C. 

  



 

Figure 4. (a) Load-unload curves of a pristine and an irradiated NiCo. (b) Hardness before and 

after irradiation. (c) Irradiation-induced relative hardening. The colors used for each materials 

are same as in Figure 2d. (d) Change in Young’s modulus and hardness of Ni as a function of 

irradiation fluence.  
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