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ABSTRACT 

 

Multi-principal component transition metal diborides represent a class of high-entropy ceramics (HECs) 

that have received considerable interest in recent years owing to their promising properties for extreme 

environment applications that include thermal/ environmental barriers, hypersonic vehicles, turbine 

engines, and next-generation nuclear reactors. While the addition of chemical disorder through the 

random distribution of transition metal (TM) elements on the cation sublattice has offered opportunities to 

tailor elastic stiffness and hardness, the effects of irradiation-induced structural damage on the physical 

properties of these complex materials has remained largely unexplored. To this end, changes in the 

hardness and elastic moduli of a high entropy TM diboride (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 and three of its 

quaternary subsets following irradiation with 10 MeV gold (Au) ions to fluences of up to 6×1015 Au cm-2 

are investigated at the micrometer and sub-micrometer length-scales via the dispersion of laser-generated 

surface acoustic waves (SAW) and nanoindentation, respectively. The nanoindentation measurements 

show that the TM diborides exhibit an initial increase in hardness following irradiation with energetic Au 

ions, with a subsequent decrease in hardness following further irradiation. One quaternary composition, 

(Hf1/3Ta1/3Ti1/3)B2 exhibits a notable exception to the trend and continues to exhibit an increase in 

hardness with ion irradiation fluence. Although differences in the absolute values of the effective elastic 

moduli obtained from the measured SAW dispersion and nanoindentation are observed (and attributed to 

microstructural variations at the measurement length-scale), both techniques yield similar trends in the 

form of an initial reduction and subsequent saturation in the elastic modulus with increasing ion 

irradiation fluence. The quaternary TM diboride (Hf1/3Ta1/3Ti1/3)B2 again exhibits a departure from this 

trend. The high entropy TM diboride (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 exhibits the greatest recovery in hardness 

and modulus when irradiated to high ion fluences following initial changes at low fluence, indicating 

superior resistance to radiation-induced damage over its quaternary counterparts. Opportunities for 

designing HECs with superior hardness and modulus for enhanced radiation resistance (compared to their 

single constituent counterparts) by tailoring chemical disorder and bond character in the lattice are 

discussed. 

 

Keywords: High entropy ceramics; transition metal diborides; elastic properties; hardness; radiation 

damage; nanoindentation; transient grating spectroscopy.       
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1. INTRODUCTION 

 

High entropy materials (HEMs) are a class of materials comprised of typically single phase solid 

solution alloys with approximately equiatomic concentrations of constituent elements that have garnered 

significant interest over the past two decades from the materials research community owing to their 

potential for superior performance in extreme environments [1-5]. Although the majority of research on 

HEMs has focused on compositionally complex metal alloys, the concept of HEMs has been extended to 

ceramics, i.e., high-entropy ceramics (HECs),  with an aim of developing of high entropy ceramics with 

superior physical properties such as higher hardness, low thermal conductivity, enhanced strength at 

elevated temperature, as well as radiation resistance, all of which are desired for materials deployed in 

applications demanding thermal, environmental, or radiation protection, such as next-generation nuclear 

reactors, hypersonic vehicles, thermoelectric power generation, catalysis, and advanced gas turbines [6, 

7]. The vast composition space of HECs has not just motivated the study of advanced ceramics with 

designed responses but has also set the stage for the discovery of new physics beyond the realm of 

conventional ceramics [6]. Investigations on HECs were first reported in entropy-stabilized oxides [8], 

and have since expanded to borides [9, 10], carbides [11-13], nitrides [14-16], sulfides [17], and silicides 

[18, 19]. HECs have been shown to retain their crystalline phase under elevated temperature [20-22] and 

pressure [23, 24] environments, as well as under radiation fields comprised of energetic ions [10, 25, 26]. 

While most of experimental investigations on HECs have focused on synthesis and microstructure 

characterization [6, 27-29], there remains a limited understanding of the correlation between 

compositional complexity, atomic-level disorder, and the resulting physical properties of HECs [10].   

 

The mechanical properties of HECs are a vital performance metric, particularly at elevated temperatures 

necessitated by several technological applications. Besides their sensitivity to temperature, the mechanical 

properties of HECs influenced by microstructure-related factors such as the residual porosity, grain size, 

and impurities such as undesired oxides [7]. The mechanical/elastic properties of ceramics are also 

strongly affected by the presence and accumulation of irradiation-induced defects (such as vacancies, 

interstitials, and voids) [30]. While conventional ceramics possess high stiffness and superior hardness, 

the presence of covalent bonds in ceramics make them highly brittle [31]. In this regard, HECs show 

promise in tailoring the ductility of ceramics through the introduction of metal atoms in the cation 

sublattice that provide valence electrons to raise the toughness of the material, while the anion sublattice 

forms a covalent bonding network to build hardness [31]. First principles investigations have shown that 

the valence electron concentration (VEC, defined as the number of electrons per formula unit) of the 

metal cations and the relative electronegativity difference between the cation and anion sublattices serve 

as key descriptors for the optimization of the balance between hardness and toughness in ceramics [31]. 

Besides the VEC and electronegativity difference, the differing sizes of metal cations also offers a means 

of enhancing the mechanical properties of HECs, via lattice distortions introduced by the size differences 

[6, 32, 33]. Experimentally, the characterization of the mechanical properties of HECs has included 

flexural strength measurements using bend tests and fracture toughness measurements using notched 

crack extension specimens [7, 34, 35]. The hardness of HECs (that include high entropy carbides and 

borides) is another mechanical property that has been commonly reported using micro- or 

nanoindentation [12, 36, 37]. Despite recent reports of the promising radiation resistance of HECs [10, 25, 

26], studies that correlate radiation damage in HECs with changes in mechanical properties have been 

lacking.     

 

In this study, we aim to address this knowledge gap by investigating the influence of irradiation-induced 

microstructural damage on the hardness and elastic moduli of a senary high entropy boride (HEB) and 

three quaternary subsets of the high entropy diboride. The metal cation sublattice in the HECs 

investigated here include Group IVB, VB, and VIB transition metal (TM) elements that crystallize in the 

hexagonal AlB2 phase [10]. The quaternary transition metal diborides and the high entropy diboride were 
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synthesized using spark plasma sintering (SPS) followed by hot pressing (HP) [10]. Irradiation damage 

was introduced by exposing the TM diboride samples to 10 MeV gold (Au) ions at room temperatures to 

four fluences (ranging from 1×1014 to 6×1015 Au cm-2). Measurements of elastic properties were 

conducted with two approaches – nanoindentation to obtain elastic (Young’s modulus, E) and plastic 

(hardness) properties during the loading and unloading processes [38]; and the laser-induced transient 

grating spectroscopy (TGS) technique [39, 40] where the Young’s modulus (E) and shear modulus (G) 

were obtained from the measured dispersion of surface acoustic waves (SAWs). The absolute values of 

elastic moduli as well as relative trends in the elastic properties as a function of irradiation dose and 

chemical composition obtained by the two methods are discussed. The observed changes in elastic 

properties and hardness are correlated with recently-reported characterization of the microstructure of the 

irradiated HEBs [10]. This work provides new insight into the evolution of elastic properties resulting 

from irradiation-induced defects in the microstructure of HEBs. Perspectives on designing radiation-

tolerant ceramics that retain (or even enhance) elastic stiffness and hardness under irradiation are also 

provided. 

2. MATERIALS AND METHODS 

2.1. Material Synthesis 

Bulk samples composed of three quinary HEBs with equiatomic concentrations of Group IVB, 

VB, and VIB transition metal elements (i.e., (Hf1/3Ta1/3Ti1/3)B2, (Hf1/3Ta1/3Zr1/3)B2, and (Hf1/3Ti1/3Zr1/3)B2) 

and one senary high entropy diboride (i.e., (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2) were synthesized using spark 

plasma sintering (SPS) followed by hot pressing (HP) of raw-oxide based powders in equimolar ratios 

with boron carbide (B4C). X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS) were 

used to check for traces of secondary phases associated with oxygen, carbon, or other impurities. While 

the XRD spectra exhibited distinctive peaks associated with the AlB2 hexagonal lattice, several low 

intensity peaks, possibly attributed to minor secondary oxide phases, were also detected. EDS 

spectroscopy confirmed the presence of minor quantities of secondary oxide phases, typically located at 

grain boundaries. Details of the sample synthesis and XRD/EDS characterization have been reported 

previously [10]. It should be noted that the presence of undesired secondary oxide phases in the 

microstructure can influence the mechanical properties of the diborides [7]. The density of the sintered 

quinary and senary diborides was measured using the Archimedes principle. The relative density 

measured on these samples is comparable to that previously reported on similar high-entropy transition 

metal diboride samples produced via sintering techniques [9]. The deviation from 100% density is 

attributed primarily to the presence of porosity in the samples, owing to prior observations of micrometer-

scale porosity in cross-sectional scanning electron microscopy (SEM) images [9]. Table 1 lists the 

compositions of each of the four samples investigated in this study, along with their theoretical and 

measured mass density. The sintered monoliths were polished prior to ion irradiation. The average surface 

roughness of the as-sintered (Hf1/3Ta1/3Zr1/3)B2 was measured to be ~28 nm using a Veeco Wyno NT9100 

optical surface profiler (Veeco Instruments Inc., Tucson, USA). 

 
Table 1. Compositions and theoretical/ measured density of the transition metal diboride samples. 

Composition Theoretical 

density (g/cm3) 

Measured 

density (g/cm3) 

Percent relative 

density (%) 

(Hf1/3Ta1/3Ti1/3)B2 9.52 8.95 94.0 

(Hf1/3Ta1/3Zr1/3)B2 9.83 9.43 95.9 

(Hf1/3Ti1/3Zr1/3)B2 7.45 7.24 97.2 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 8.18 7.69 94.0 
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2.2. Ion irradiations 

The samples were irradiated with 10 MeV Au ions at room temperature at the Ion Beam Materials 

Laboratory at the University of Tennessee Knoxville [41] to four fluences (1×1014, 5×1014, 2×1015 and 

6×1015 Au cm-2) with a constant ion flux of ~9.261011 Au cm-2s-1. Details of the ion irradiation 

experiments have been reported previously [10]. The Stopping Range of Ions in Matter (SRIM) [42] in 

full cascade mode [43] was used to estimate the atomic displacement damage profiles in the TM 

diborides. The displacement damage and ion implantation depth profiles calculated using SRIM have 

been reported previously [10]. The SRIM calculations predicted peak displacement dose that ranged 

between ~0.44 – 0.67 displacements per atom (dpa) at the lowest fluence of 1 × 1014 Au/cm2 and ~25.6 – 

34.3 dpa at the highest fluence of 6 × 1015 Au/cm2. The SRIM results suggest that most ion-induced 

damage occurs within ~ 1.6 µm of the surface with the peak damage located at ~ 0.9 µm [10]. The peak 

damage under the four ion fluences is provided in Table 2. The average surface roughness of the 

(Hf1/3Ta1/3Zr1/3)B2 sample irradiated to a fluence of 5×1014 Au cm-2 was measured at ~48 nm, indicating a 

~71% increase in surface roughness following irradiation.  

 
Table 2. SRIM predicted peak dose (dpa) under different ion fluences 

Fluence (Au cm-2) 1×1014 5×1014 2×1015 6×1015 

(Hf1/3Ta1/3Ti1/3)B2 0.44 2.21 8.85 26.6 

(Hf1/3Ta1/3Zr1/3)B2 0.57 2.86 11.4 34.3 

(Hf1/3Ti1/3Zr1/3)B2 0.46 2.31 9.24 27.7 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 0.43 2.13 8.54 25.6 

 

 

2.3. Hardness and elastic modulus measurements using nanoindentation 

The nanoindentation experiments were carried out using an iNano system (KLA, Milpitas, USA), 

equipped with a Berkovich diamond tip (Micro Star Technologies, Huntsville, USA). The elastic modulus 

and hardness of the TM diboride samples were measured using a modified Continuous Stiffness 

Measurement (CSM) method with enhanced surface detection criteria [38, 44, 45] at a constant strain rate 

of 0.5/s and up to a peak load of 50 mN. A schematic representation of the nanoindentation experiment is 

illustrated in Figure 1(a). The contact stiffness between the indented and the sample is given by [46], 

 

 
𝑆 =

𝑑𝑃

𝑑ℎ
=

2

√𝜋
𝐸𝑟√𝐴, 

(1) 

  

where 𝑃 is the indentation load, ℎ is the indentation depth, and 𝐴 is the projected contact area. 𝐸𝑟 is the 

reduced modulus, which combines the elastic deformation of the sample and the indenter through the 

relation 
1

𝐸𝑟
=

1−𝜈2

𝐸
+

1−𝜈𝑖
2

𝐸𝑖
, where (𝐸, 𝜈) and (𝐸𝑖, 𝜈𝑖) are the Young’s modulus and Poisson’s ratio of the 

sample and the indenter, respectively. Since the TM diboride samples are expected to be elastically 

isotropic [47], the effective modulus is defined as [48], 

 

 
𝐸𝑒𝑓𝑓 =

𝐸

(1 − 𝜈2)
. 

(2) 

 

In the modified CSM scheme, the hardness was calculated as a function of penetration depth using the 

relation, 𝐻 = 𝑃
𝐴𝑐

⁄ , where 𝑃 is the measured load and 𝐴𝑐 is the contact area which is a function of the 

contact depth ℎ𝑐. A standard fused silica calibration samples of known hardness and modulus was used to 
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obtain the area function with respect to the contact depth as outlined in the Oliver-Pharr method [38] 

following the equation: ℎ𝑐 = ℎ − 𝜀
𝑃

𝑆
, where ℎ is the indentation depth and 𝜀 is a constant that depends on 

the intender geometry [49]. Based on the data from the fused silica calibration samples, hardness values 

obtained at penetration depths less than 75 nm from the surface were not considered, due to various 

effects such as tip rounding (wherein complete plasticity for hardness measurements is not achieved) and 

tip-sample surface contact (i.e., surface asperities). The elastic modulus, however, is accurate at 

penetration depths as low as 50 nm. For consistency, however, the hardness and modulus measurements 

were com computed for each indentation depth and averaged over the 75 – 225 nm penetration depth 

range. Although the Nix-Gao model has been widely applied to accurately determine hardness by 

correcting for indentation size effects that result in a depth-dependent hardness [50], the Oliver-Pharr 

model was deemed adequate to extract hardness from the measured load-displacement curves since the 

hardness obtained using this approach showed a weak dependence with depth in the 75 – 225 nm range 

(the depth range over which the measured hardness was averaged). Figure 1(b) shows a representative 

load versus displacement curve acquired on the as-sintered (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 high entropy 

diboride sample during the loading, dwell, and unloading phases. An average of 16 indents per sample 

were performed to determine the Young’s modulus and hardness. 

 

2.4. Young’s and shear modulus measurements using transient grating spectroscopy 

The laser-induced transient grating spectroscopy (TGS) technique [39, 40] was used as a non-contact, 

non-destructive complimentary method to nanoindentation for measuring the Young’s and shear moduli of 

the TM diboride samples, and is one of several pump-probe laser ultrasonic techniques [51]. The TGS 

technique is an all-optical approach for generating surface acoustic waves (SAWs) with a defined wave 

vector and detecting their phase velocity in homogeneous and layered elastic half-spaces [52, 53]. In this 

approach, two excitation laser pulses derived from the same laser source (𝜆𝑒 = 532 nm wavelength, 440 

ps pulse duration, ~2.5 μJ total pulse energy at the sample, and 1 kHz repetition rate) are spatially and 

temporally overlapped on the surface of the sample to a ~500 μm diameter spot at the 1 𝑒2⁄  intensity level 

(schematic shown in Figure 1(c)). Absorption of the laser energy by the TM diboride sample induces 

rapid thermal expansion, which leads to the generation of counterpropagating SAWs with a wavelength 

𝜆𝑆 defined by interference fringe pattern created by the crossed laser pulses on the sample surface. The 

period of the interference is controlled by a phase mask pattern that splits the incident laser beam into two 

excitation beams along the ± 1 diffraction orders [53]. The SAW wavelength 𝜆𝑆 is determined by the 

crossing angle 𝜃 of the excitation laser pulses (and consequently, by the periodicity of the interference 

fringe pattern), using the relation, 

 
λ𝑆 =

𝜆𝑒

2 sin(𝜃
2⁄ )

 
(4) 

SAW detection is accomplished using a quasi-continuous wave (CW) probe laser beam (577 nm 

wavelength, ~10 mW average power at the sample) focused on the center of the excitation pattern to a 

spot of ~200 μm diameter. The probe beam is diffracted by the SAW surface ripples and strain-induced 

refractive index variations. The dual-phase heterodyne phase detection scheme was used for SAW 

detection [54]. In this scheme, the diffracted beam is overlapped with the reflected reference beam 

(Figure 1(c)) and directed onto a fast avalanche photodiode (Hamamatsu C5658, Hamamatsu Photonics, 

Japan) with a 1 GHz bandwidth. The signal is recorded using an oscilloscope and averaged over 10,000 

repetitions. A representative time-domain TGS signal acquired on the quinary TM diboride 

(Hf1/3Ti1/3Zr1/3)B2 irradiated to a fluence of 1×1014 Au cm-2 at a SAW wavelength of λS = 7 μm  is shown 

in Figure 1(d). The initial sharp increase in the signal corresponds to the excitation pulses arriving at the 

sample. The slowly decay component is due to the diffusion of the “thermal grating” created by the 

interference fringe pattern [53, 55]. The inset of Figure 1(d) shows the high frequency oscillations 

associated with the SAW packet. The Fourier spectrum of the oscillations corresponding to the signal in 
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Figure 1(d) is shown in Figure 1(e). The peak at ~600 MHz represents the SAW frequency at a 

wavelength of 𝜆𝑆 = 7 μm.  

 

 

 
Figure 1. (a) Schematic of the nanoindentation process. The load (P) applied by the indenter deforms the surface, 

and leaves a plastically deformed zone following unloading. (b) Representative load versus displacement curve 

measured on the as-sintered (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 high entropy diboride sample. (c) Schematic of the TGS 

experimental setup illustrating the generation of SAWs by spatially and temporally overlapping two laser pulses on 

the sample surface. The particle displacement of the SAW decays exponentially with depth, limiting the depth 

sensitivity to approximately the SAW wavelength 𝜆𝑆. (d) Representative time-domain TGS signal acquired at a SAW 

wavelength 𝜆𝑆 = 7 μm on the quinary TM diboride (Hf1/3Ti1/3Zr1/3)B2 irradiated to a fluence of 1×1014 Au cm-2. The 

inset shows the high frequency oscillations associated with the SAW. (e) Fast Fourier Transform (FFT) of the SAW 

oscillation packet highlighting the SAW frequency peak at ~600 MHz.  

TGS signals were acquired at wavelengths ranging from 𝜆𝑆 = 4 μm to 8.8 μm. For the case of the as-

sintered (unirradiated) TM diboride samples that have uniform elastic properties in the depth, the SAWs 

are non-dispersive, i.e., the SAW velocity 𝑐𝑅 can be expressed as 𝑐𝑅 = 𝑓 ⋅ 𝜆𝑆, where 𝑓 is the frequency of 

the SAW oscillation packet. Since the TM diborides are also assumed to be elastically isotropic media 

[47], the SAW velocity 𝑐𝑅 is approximately related to the Young’s modulus 𝐸 using the relation [56, 57], 

where 𝜈 is the Poisson’s ratio and 𝜌 is the mass density. The SAW velocity 𝑐𝑅 of the as-sintered samples 

is obtained from a linear fit of the frequency 𝑓 versus wave number (𝑘 =
2𝜋

𝜆𝑆
) relation. The Young’s 

modulus is then calculated by rearranging the terms in Equation (5) and using the fitted 𝑐𝑅 and the 

measured density 𝜌. The Poisson’s ratio 𝜈 = 0.16 obtained from ab initio calculations of the elastic 

properties of (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 [58] is used in Equation (5) for the calculation of the Young’s 

 

c𝑅 = 𝑓𝜆𝑆 ≈ (0.874 + 0.196𝜈 − 0.043𝜈2 − 0.055𝜈3 )√
𝐸

2(1 + 𝜈)𝜌
 

(5) 
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modulus of all four TM diboride compositions. The shear modulus 𝐺  is calculated from 𝜈 and 𝐸 using 

the relation, 𝐺 =
𝐸

2(1+𝜈)
 [59]. 

 

Since the depth of the particle displacement associated propagating SAWs is proportional to the SAW 

wavelength [60, 61], the SAWs generated in the irradiated TM diborides probe both the ~1 μm thick 

irradiation damage layer [10] and the underlaying undamaged bulk. The differing properties between the 

damage layer and the undamaged bulk will induce dispersion of the SAWs (i.e., the SAW velocity will be 

wavelength dependent), wherein short wavelength (or high wave number) SAWs will be more sensitive to 

the damage layer, whereas long wavelength SAWs will have greater sensitivity to the undamaged bulk. To 

extract the effective elastic properties of the damage layer, the measured SAW dispersion is fitted to that 

predicted by an analytical model of a classical elastic layered half-space [60]. In the layered half-space 

model, an isotropic homogeneous solid layer (that represents the irradiation damage layer) of a fixed 

thickness and mass density is adhered to a semi-infinite isotropic elastic solid (that represents the 

unirradiated bulk). Wave propagation and elasticity equations for particle displacements, strain, and 

stresses must be satisfied in each medium with additional boundary conditions, namely, i) the continuity 

of stresses at the interface; ii) the continuity of displacements at the interface; and iii) vanishing of 

stresses at the free surface. The longitudinal velocity of the irradiated damage layer c𝐿,𝑖 is used as a single 

fitting parameter in the analytical model. The Poisson’s ratio is assumed to remain unchanged in the 

damage layer. The Young’s and shear moduli of the damage layer are then calculated from the fitted 

values of c𝐿,𝑖. 

3. RESULTS AND DISCUSSION 

3.1. Nanoindentation results 

Representative plots of the depth-dependent hardness and indentation modulus measured using the 

modified CSM technique on the as-sintered and irradiated senary HEB (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 are 

shown in Figure 2. The error bars represent the standard deviation across measurements acquired on 

multiple regions of the sample surface. The hardness shows an initial increase with penetration depth and 

approach a constant value above ~75 nm. This initial variation is attributed to surface effects from the 

initial contact between the indenter and the sample, and as such, data from the first ~75 nm are not 

considered. The hardness of the HEB increases from the as-sintered state to sample irradiated to a fluence 

of 1×1014 Au cm-2. Samples irradiated to higher fluences, however, exhibit a monotonic reduction in 

hardness with ion irradiation fluence. Despite the reduction in hardness with fluence, the hardness of the 

HEB sample irradiated to the highest fluence of 6×1015 Au cm-2 is marginally higher than that of the as-

sintered HEB. The elastic modulus of the HEB, on the other hand, exhibits an initial reduction of ~20% 

from the as-sintered state to the 1×1014 Au cm-2 irradiated state. Irradiating to higher fluences results in a 

recovery of the elastic modulus, although the elastic modulus of the sample irradiated to the highest 

fluence of 6×1015 Au cm-2 is ~7% lower than that of the as-sintered HEB. 
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Figure 2. Depth dependence of the hardness and elastic modulus obtained using the Oliver-Pharr method [38] on 

the as-sintered and irradiated HEB (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2. 

Table 3 lists the average hardness and Young’s modulus of the as-sintered TM diborides obtained from 

nanoindentation tests. The average valence electron concentration (VEC) and the cation-anion 

electronegativity difference are also listed [10]. The nanoindentation results show that the senary high 

entropy diboride (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 exhibits the highest hardness of the four samples. On the 

other hand, the quaternary TM diboride (Hf1/3Ta1/3Zr1/3)B2 has the highest measured modulus. A recent 

study using first principles calculations has shown that the VEC can be correlated with the hardness and 

Young’s modulus [31]. A higher VEC leads to an increased overlap of the transition metal d-t2g orbitals, 

that increases the Young’s modulus and leads to a reduction in hardness [31]. The Young’s modulus was 

found to reach a maximum value for TM diborides for VEC values between 8.25 to 9. In this work, 

discernable trends in the trade-off between hardness and elastic modulus are not manifested, likely due to 

the limited variation in the VEC and electronegativity difference across the four TM diboride samples.  

 
Table 3. Average hardness and Young’s modulus of as-sintered TM diborides obtained using the Oliver-Pharr 

method [38] for nanoindentation. 

Sample Average VEC 

of TMs 

Electronegativity 

difference to 

anion 

Hardness 

(GPa) 

Young’s 

modulus (GPa) 

(Hf1/3Ta1/3Ti1/3)B2 8.3 0.59 20.75 ± 0.793 326.25 ± 9.305 

(Hf1/3Ta1/3Zr1/3)B2 8.3 0.66 19.96 ± 1.088 421.94 ± 13.906 

(Hf1/3Ti1/3Zr1/3)B2 8.0 0.65 18.11 ± 1.034 355.95 ± 14.759 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 8.4 0.59 21.82 ± 1.036 372.72 ± 15.603 

 

The hardness obtained from nanoindentation in this work is compared to previous reports of similar 

measurements on sintered HEBs of the same composition. The Vickers hardness of 21.7 ± 1.1 GPa 

measured by Zhang and coworkers on a sintered (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 monolith [62] is in excellent 

agreement with the measurement in this work. While another study [63] reported a slightly lower value of 

the Vickers hardness (18.1 ± 1.0 GPa) for the same composition of an SPS-produced HEB monolith, the 

nanohardness and Young’s modulus were considerably higher - 34.5 ± 0.2 GPa, and 568 − 571 GPa, 

respectively [63]. This Young’s modulus is consistent with other theoretical [58] and experimental studies 

that have calculated values of Young’s modulus of (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 to be 538 GPa (using ab 

initio methods) [58], while measurements have ranged between 448 – 544 GPa [64-66]. These values of 

the Young’s modulus of (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 are considerably higher than those obtained from the 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

02
06

22
4



9 

 

nanoindentation measurements in this work. Further discussion on this discrepancy in the measured 

Young’s modulus; and its comparison with that obtained from TGS measurements is provided in the 

following section. 

 

Next, the effect of irradiation damage created by the energetic Au ions on the hardness and elastic 

modulus of the TM diborides was investigated using nanoindentation. Previous reports on radiation 

effects on the hardness/elastic properties of TM diborides are scarce. These include studies on the 

radiation stability of binary diborides that date back to over half a century [67]. A systematic 

understanding of radiation effects on the elastic properties of diborides has been hitherto lacking. Table 4 

lists the hardness and elastic moduli of the as-sintered and ion irradiated quaternary and high entropy 

diborides measured using nanoindentation. 

 

 

 

  
Table 4. Hardness and elastic moduli of as-sintered and irradiated TM diborides measured using nanoindentation. 

Composition Sample Hardness 

(GPa) 

Young’s 

modulus (GPa) 

(Hf1/3Ta1/3Ti1/3)B2 

As-sintered 20.75 ± 0.793 326.25 ± 9.305 

1×1014 Au cm-2 22.03 ± 1.994 290.01 ± 20.214 

5×1014 Au cm-2 22.32 ± 1.888 307.83 ± 16.111 

2×1015 Au cm-2 23.49 ± 1.429 334.62 ± 18.679 

6×1015 Au cm-2 23.51 ± 1.522 345.93 ± 13.962 

(Hf1/3Ta1/3Zr1/3)B2 

As-sintered 19.96 ± 1.088 421.94 ± 13.906 

1×1014 Au cm-2 24.77 ± 0.828 338.86 ± 12.852 

5×1014 Au cm-2 23.83 ± 1.424 359.15 ± 17.875 

2×1015 Au cm-2 23.56 ± 1.224 360.64 ± 12.629 

6×1015 Au cm-2 23.5 ± 1.091 329.73 ± 12.839 

(Hf1/3Ti1/3Zr1/3)B2 

As-sintered 18.11 ± 1.034 355.95 ± 14.759 

1×1014 Au cm-2 Not available Not available 

5×1014 Au cm-2 Not available Not available 

2×1015 Au cm-2 23.95 ± 1.377 327.73 ± 20.720 

6×1015 Au cm-2 23.64 ± 1.183 333.01 ± 21.115 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 

As-sintered 21.82 ± 1.036 372.72 ± 15.603 

1×1014 Au cm-2 23.76 ± 0.944 304.07 ± 16.924 

5×1014 Au cm-2 22.86 ± 2.271 321.18 ± 12.346 

2×1015 Au cm-2 22.62 ± 2.297 344.95 ± 22.891 

6×1015 Au cm-2 21.94 ± 2.020 348.31 ± 40.730 

 

For the case of all four TM diboride compositions, the hardness exhibits an initial increase after 

irradiation to the lowest fluence of 1×1014 Au cm-2, followed by a subsequent reduction with increasing 

irradiation fluence. The quaternary TM diboride (Hf1/3Ta1/3Ti1/3)B2 is a notable exception to this trend, 

which exhibits a rapid increase in nanohardness at low fluences, followed by a more gradual increase with 

increasing ion irradiation fluence. To highlight the irradiation-induced changes in hardness, the percent 

change in hardness (compared to the as-sintered baseline) is plotted in Figure 3. It is noted that 

nanoindentation data were not available on the two lowest fluences for the (Hf1/3Ti1/3Zr1/3)B2 composition. 
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Figure 3. Percent change (relative to the as-sintered baseline) in the hardness measured using nanoindentation as a 

function of ion irradiation fluence for the four compositions of TM diborides. 

TEM observations revealed that the low-fluence samples (i.e., 1 x 1014 Au/cm2) exhibited mainly black 

dot dislocation loops, while the high-fluence samples (i.e., 6 x 1015 Au/cm2) displayed dislocation 

networks [10]. Despite undergoing a volume expansion of ~4%, the TM-diborides exhibited stable 

crystalline structures under room-temperature irradiation and preserved the hexagonal AlB2 phase, as seen 

in the XRD patterns of the irradiated TM-diborides [10]. A similar increase in the hardness following 

irradiation with 3 MeV Zr ions was observed in a high-entropy carbide (Hf0.25Ta0.25Zr0.25Nb0.25)C [68]. 

Like in the case of the TM-diborides investigated in this work, the high-entropy carbide retained its 

crystalline phase following irradiation. The microstructure comprised of perfect and faulted loops 

introduced by the irradiation. The observed irradiation-induced hardness increase in 

(Hf0.25Ta0.25Zr0.25Nb0.25)C was attributed to the  irradiation-induced dislocation loops that hinder the slip of 

{111}˂110˃ during the nanoindentations [68]. A similar hardening mechanism is observed in the 

irradiated TM-diborides in this work. Lattice strain, introduced from radiation-induced swelling, may also 

lead to an increase in hardness, as was seen in the high-entropy carbide study by Wang and coworkers 

[68]. At higher fluences, a high density of dislocations was observed to interconnect to form a dislocation 

network in the TM-diboride samples, as reported in reference 10 of the manuscript. The dislocation 

network does not offer additional resistance to slip motion, and therefore saturation in the measured 

hardness is seen at higher irradiation fluences. Of the four compositions studied here, (Hf1/3Ta1/3Ti1/3)B2 

showed the lowest initial increase in hardness, although it is also the only composition that showed a 

continued increase in hardness with irradiation fluence, suggesting the continued accumulation of point 

defects in its microstructure. Further analysis is needed to confirm the correlation between increased 

hardness and continued accumulation of small-scale defects. The HEB (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 also 

exhibited a moderate increase (of ~10%) in hardness at the lowest fluence. However, unlike the 

quaternary TM diborides that showed a saturation with fluence, the HEB was the only composition that 

near-recovery to its initial hardness. This suggests that the HEB has the highest radiation resistance of the 

four TM diboride compositions.  

3.2. TGS results 

Table 5 provides the values of the Young’s 𝐸 and shear moduli 𝐺 calculated using Equation 5 and the 

and the SAW speed measurements in TGS. The measured values of density (listed in Table 1) and 

previously reported Poisson’s ratio 𝜈 = 0.16 [58] were used for calculating 𝐸 and 𝐺. For comparison, the 

values of 𝐸 obtained from nanoindentation are also listed in Table 4. From the values listed in Table 5, it 

is clear that the Young’s moduli obtained from the SAW speed measurements in TGS are notably higher 

than corresponding values obtained from nanoindentation. Besides the absolute values, the general 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

02
06

22
4



11 

 

composition-dependent trends also do not agree. For instance, the TGS measurements show that the 

highest value of 𝐸 (544.20 GPa) is in (Hf1/3Ti1/3Zr1/3)B2, while the nanoindentation measurements show 

the highest value of E (421.94 GPa) is in (Hf1/3Ta1/3Zr1/3)B2. The large discrepancy between the moduli 

obtained from TGS and nanoindentation can be attributed to length-scales of each measurement technique 

that differ by over two orders of magnitude. While nanoindentation probes elasticity at the sub-

micrometer scale, the wavelength of the SAWs (and therefore the acoustic interrogation depth) used in 

this study ranged between 4 μm and 8.8 μm. Considerably lower values of Young’s modulus obtained 

from nanoindentation may result from surface-confined porosity that locally reduces the stiffness at the 

sample surface. It is worth noting that the range of the elastic moduli obtained from TGS are in excellent 

agreement with previous calculations and measurements of the modulus of (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 

[58, 63-66].  

    
Table 5. Young’s and shear moduli obtained from the SAW speed measurements in the as-sintered TM diborides. The 

values of Young’s modulus obtained from nanoindentation are also shown for comparison. 

Sample Young’s 

modulus - TGS 

(GPa) 

Shear modulus 

– TGS (GPa) 

Young’s modulus - 

nanoindentation 

(GPa) 

(Hf1/3Ta1/3Ti1/3)B2 517.55 ± 3.353 222.51 ± 1.44 326.25 ± 9.305 

(Hf1/3Ta1/3Zr1/3)B2 491.85 ± 1.47 211.46 ± 0.63 421.94 ± 13.906 

(Hf1/3Ti1/3Zr1/3)B2 544.20 ± 9.39 233.96 ± 4.04 355.95 ± 14.759 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 488.57 ± 1.70 210.05 ± 0.73 372.72 ± 15.603 

 

 
Figure 4. Measured (markers) and fitted SAW dispersion (solid red line) in (Hf1/3Ti1/3Zr1/3)B2 irradiated to a fluence 

of 1×1014 Au cm-2. 

From the values listed in Table 5, it is clear that the Young’s moduli obtained from the SAW speed 

measurements in TGS are notably higher than corresponding values obtained from nanoindentation. 

Besides the absolute values, the general composition-dependent trends also do not agree. For instance, the 

TGS measurements show that the highest value of 𝐸 (544.20 GPa) is in (Hf1/3Ti1/3Zr1/3)B2, while the 

nanoindentation measurements show the highest value of E (421.94 GPa) is in (Hf1/3Ta1/3Zr1/3)B2. 
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Previous studies have compared the elastic moduli measured using ultrasonic techniques and 

nanoindentation [69, 70]. These investigations concluded that the elastic modulus of bulk samples could 

be measured more accurately by the ultrasonic method, since it is directly related to the elastic modulus 

and density. The nanoindentation technique, on the other hand, showed high precision for well-prepared, 

microstructurally homogeneous, and relatively hard materials but was also highly sensitive to 

microstructural inhomogeneities in the sample and the surface finish. The discrepancies in elastic moduli 

obtained from TGS and nanoindentation can therefore be attributed to length-scales of each measurement 

technique that differ by over an order of magnitude. Since the stress field under a point load induced by 

the Berkovich indenter extends to about an order of magnitude higher than the penetration depth into the 

sample, the elastic response may be influenced by partially by that of the unirradiated bulk, thereby 

providing lower values. While nanoindentation probes elasticity at the micrometer scale, the wavelength 

of the SAWs (and therefore the acoustic interrogation depth) used in this study ranged between 4 μm and 

8.8 μm. A recent study revealed that sintered metals and ceramics exhibited a temperature gradient-

induced spatial porosity variation in their microstructure [71]. The considerably lower values of Young’s 

modulus obtained from nanoindentation may result from a combination of surface-confined porosity that 

locally reduces the stiffness of the sample as well as contribution to elasticity from the undamaged bulk. 

Detailed characterization of the spatial distribution of porosity in these samples in future investigations 

can support the suggested reasoning for these discrepancies. It is worth noting that the range of the elastic 

moduli obtained from TGS are in excellent agreement with previous calculations and measurements of 

the modulus of (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 [58, 63-66].  

 

 
Table 6. Young’s and shear moduli of as-sintered and irradiated TM diborides obtained by fitting the measured SAW 

dispersion to a layered half-space model. 

Composition Sample Young’s 

modulus (GPa) 

Shear modulus 

(GPa) 

(Hf1/3Ta1/3Ti1/3)B2 

As-sintered 517.55 222.51 

1×1014 Au cm-2 383.10  164.70  

5×1014 Au cm-2 394.28 169.51 

2×1015 Au cm-2 393.15 169.03 

6×1015 Au cm-2 395.41 170.00 

(Hf1/3Ta1/3Zr1/3)B2 

As-sintered 491.85 211.46 

1×1014 Au cm-2 416.61 179.11 

5×1014 Au cm-2 427.38 183.74 

2×1015 Au cm-2 424.98 182.71 

6×1015 Au cm-2 417.80 179.62 

(Hf1/3Ti1/3Zr1/3)B2 

As-sintered 544.20 233.96 

1×1014 Au cm-2 346.87 149.13 

5×1014 Au cm-2 351.64 151.18 

2×1015 Au cm-2 323.52 139.10 

6×1015 Au cm-2 321.69 138.30 

(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 

As-sintered 488.57 210.05 

1×1014 Au cm-2 358.41 154.10 

5×1014 Au cm-2 368.43 158.40 

2×1015 Au cm-2 420.63 180.84 

6×1015 Au cm-2 409.91 176.23 

 

Next, the effect of irradiation damage on the Young’s and shear moduli of the TM diborides was 

investigated using TGS. As stated in Section 2.4, since the acoustic probing depth of the SAWs exceeds 
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the irradiation damage depth estimated by SRIM, an analytical layered elastic half-space model [60] was 

used to fit the wavelength-dependent SAW speeds. The thickness of the irradiation damage layer was 

fixed at H = 1.2 μm, based on the peak ion implantation depth estimated by SRIM [10]. The density of the 

damage layer was fixed at 96% of the density of the as-sintered TM diborides measured using 

Archimedes principle [10] for all four ion irradiation fluences. This 4% reduction in density was added to 

account for the ~4% volume expansion previously reported in these TM diborides [10]. The longitudinal 

velocity c𝐿,𝑖 of the 1.2 μm thick damage layer was kept as a single fitting parameter when minimizing the 

difference between the measured dispersion and that predicted by layered half-space analytical model. 

Since the damage layer and the underlaying undamaged bulk are assumed to be elastically isotropic, the 

fit can be optimized by manually adjusting the value of c𝐿,𝑖. Such an approach has been previously 

reported for the extraction of effective elastic properties in a three-layer nickel/polymer/silicon sample 

[72]. Figure 4 shows the measured dispersion of the (Hf1/3Ti1/3Zr1/3)B2 sample irradiated to 1×1014 Au cm-2 

(red markers) along with the analytical layered half-space model fit (solid red line). The solid black line 

represents the bulk longitudinal wave line in the as-sintered (Hf1/3Ti1/3Zr1/3)B2. The dash-dot and dashed 

black lines represent the bulk transverse wave and SAW lines, respectively. The departure of the SAW 

branch in the irradiated sample from the dashed SAW branch of the as-sintered sample in terms of a 

reduction in the slope of the SAW branch of the irradiated sample at high wave number indicates a 

reduction in the effective modulus of the damage layer. The Young’s and shear moduli obtained from the 

analytical layered half-space model fits are listed in Table 6. It is noted that the Poisson’s ratio was 

assumed to remain unchanged after ion irradiation. The fits were accurate within an uncertainty of ± 2% 

in the value of c𝐿,𝑖. 

 

While the hardness of the TM diborides exhibited a large initial increase at low ion irradiation fluence, 

followed by a saturation or gradual decrease with higher fluence, the elastic moduli exhibit a large (~30 - 

37%) initial reduction at the lowest fluence, followed by a saturation or gradual continued decrease at 

higher fluences. The HEB (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 is the only notable exception to this trend, where a 

considerable (~20%) recovery in the elastic modulus is seen at the highest fluences. Despite the 

discrepancy between the elastic moduli obtained from nanoindentation and TGS, the relative trends 

(compared to the as-sintered baseline) in the elastic moduli with irradiation fluence are examined. Figure 

5 shows the percent change in the Young’s modulus of the four TM diboride compositions obtained from 

the two measurement methods (nanoindentation and TGS) as a function of irradiation fluence. The results 

from nanoindentation are shown with open markers and solid lines, while the TGS results are represented 

with filled markers and dashed lines. 

 
Figure 5. Percent change in the Young’s modulus as a function of irradiation fluence measured using two techniques 

– nanoindentation (open markers, solid lines) and TGS (filled markers, dashed lines) for the four TM diboride 

compositions. 
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From Figure 5, it is evident that despite the large discrepancy between modulus values obtained from 

TGS and nanoindentation, the general trend in terms of the change in modulus with irradiation fluence 

agrees well between measurements obtained from the two metrology approaches with differing 

characteristic length-scales. The (Hf1/3Ta1/3Ti1/3)B2 composition is an exception to this general trend, 

where the TGS measurements show a large (~30%) reduction in modulus at the lowest fluence followed 

by a saturation with increasing fluence, the nanoindentation results show an initial reduction of only 

~10%, followed by a monotonic increase in the modulus past the original elastic modulus of the as-

sintered sample. While this discrepancy may stem from a spatially heterogenous distribution of porosity 

and/or lattice defects, further characterization is needed to explain the measured trend between the 

nanoindentation and TGS techniques. The quaternary TM diboride (Hf1/3Ta1/3Zr1/3)B2 (shown in red in 

Figure 5) and the senary HEB  (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 (shown in blue in Figure 5) also show good 

agreement in the absolute values of the percent change in modulus as a function of irradiation fluence. 

The changes in elastic moduli can be ascribed to lattice parameter changes and reduction in the bonding 

network created by point defects [73]. In general, the elastic moduli measured by TGS exhibited a 

saturation with irradiation fluence for the three quaternary TM diborides, while the elastic modulus of the 

HEB showed a notable recovery at high fluence after the initial reduction at low fluence. The saturation in 

the elastic modulus with fluence in the quaternary TM diborides corresponds to the saturation of the 

volume expansion reported previously in (Hf1/3Ti1/3Zr1/3)B2 [10], which is caused by elastic relaxation due 

to the formation of interconnected networks at low fluences [74, 75]. The HEB sample on the other hand, 

did not show a saturation in volume expansion at low fluence, which indicates that a lower density of 

dislocation network forms at the same fluence when compared to that in the quaternary TM diborides. 

Radiation-induced point defects in the HEB, present in the microstructure before they cluster into 

extended defect networks, may act as pinning points for dislocations that effectively stiffen the lattice and 

lead to a recovery of elastic modulus at high fluences. A detailed visualization and analysis of the 

microstructure of TM-diborides containing only Group IVB TM-cations against those containing mixed 

Group IVB and VB TM-cations will further elucidate the microstructural mechanisms for the recovery of 

elastic modulus at high fluences. The notable recovery in the elastic modulus of the HEB at high fluence, 

however, suggests that this composition has higher radiation tolerance when compared to its quaternary 

counterparts. A similar recovery is also seen in the hardness of the HEB at high fluence.  

 

The measurements of the changes in the hardness and elastic moduli of three quaternary TM diborides 

and one senary HEB after irradiation with energetic ions shed light on their radiation response. Since 

mechanical properties are strongly affected by lattice defects (point defects and extended defect clusters), 

trends in the hardness and moduli with irradiation dose offer an indirect approach to estimating the 

population of radiation-induced defects in the microstructure of these ceramics. The limited variation in 

the VEC between the four TM diboride compositions investigated here makes it difficult to correlate the 

nature of the chemical bond between the TM cations and the boron anion (whether metallic, ionic, or 

covalent or a combination thereof) to the hardness and elastic modulus. Nevertheless, the trends in the 

change in hardness and elastic modulus show that the addition of chemical complexity can make the 

material more radiation resistant (as is evidenced by the near-recovery in elastic modulus and hardness in 

the HEB composition).  The saturation in hardness and elastic modulus with irradiation fluence indicates 

that even in quaternary TM diborides, lattice distortions from cation size variations may suppress further 

defect generation at high fluences. The aspect of element-specific tunability offers further avenues to 

tailor mechanical responses of HECs under irradiation. 

4. SUMMARY AND CONCLUSIONS 

This study provides a preliminary study of the effects of structural damage introduced by ion 

irradiation on the hardness and elastic properties of chemically complex transition metal diborides. The 

compositions investigated in this work include three quaternary transition metal diborides 

(Hf1/3Ta1/3Ti1/3)B2, (Hf1/3Ta1/3Zr1/3)B2 and (Hf1/3Ti1/3Zr1/3)B2 and one senary high entropy transition metal 
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diboride (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2. Room temperature ion irradiation is performed on these diborides 

using 10 MeV Au ions, covering a wide range of fluences from 1×1014 to 6×1015 cm-2. While previous 

investigations on simpler diborides have shown that tailoring the valence electron concentration and 

relative electronegativity difference between the cation and anion sublattices can be used to tune the 

ductile/brittle transition in such materials, the limited variation in VEC in the compositions investigated in 

this work preclude the discrimination of such effects. Hardness measurements were performed using 

nanoindentation, while elastic modulus measurements were performed using nanoindentation and laser-

generated surface acoustic wave dispersion at two differing measurement length-scales. While the TM 

diborides showed an initial increase in hardness, attributed to the generation of lattice defects, the high 

entropy TM diboride showed a near recovery in hardness at high fluences. Considerable discrepancies 

were seen in the elastic moduli obtained from nanoindentation and from SAW dispersion. The agreement 

in the elastic moduli obtained from SAW measurements and from previous studies indicates that the 

unusually low values of modulus measured by nanoindentation can be tied to surface-confined porosity. 

The high entropy TM diboride sample shows superior radiation performance in terms of its elastic 

modulus when compared to quaternary TM diborides. Although a full recovery of elastic modulus in the 

HEB sample is not seen at high fluence, the HEB sample is the only composition that shows a trend 

towards elastic modulus recovery while the quaternary TM diborides show a general saturation in 

modulus with irradiation fluence.  

 

Future investigations that tie characterization of radiation-induced defects to elastic properties will 

provide the foundation for a mechanistic understanding of the effect of radiation defect type and 

population on elastic properties. This study also provides pathways for further investigating the role of 

chemical complexity at the atomic scale on macroscopic physical properties that include hardness and 

elastic modulus, not just at room temperature, but also at elevated temperature and under intense radiation 

fields.   
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