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Abstract: 8 

Effects of solutes on saturation grain size and mechanical properties are investigated for the 9 

Cantor alloy and Ni-enriched variations ((CrMnFeCo)xNi1-x) with x=0.8, 0.4, 0.08 and 0. 10 

Indentation on coarse-grained and severely deformed states shows increasing hardness with 11 

increasing alloying content due to higher solid solution strengthening and Hall-Petch 12 

contributions. Nanoindentation strain rate jump tests reveal similar rate sensitivities of the 13 

deformed states without pronounced transient regimes. All compositions exhibit a history 14 

dependent softening indicating an unstable microstructure. The saturation grain size ds after 15 

HPT deformation inversely correlates with the solid solution strengthening contribution, i.e. 16 

the higher Δτ the lower ds.  17 
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Single-phase high entropy alloys (HEAs), such as the five component equiatomic CrMnFeCoNi 19 

Cantor alloy [1] have attracted a wide research interest in recent years. The concept of HEAs 20 

opens up a high number of possible alloys, with compositions placed in the centre of the 21 

multicomponent phase diagram. Given the large number of possible alloy systems, only a few 22 

alloys form a single-phase solid solution [2-4] and the Cantor alloy is one of them. However, it 23 

is still unclear how the properties change, starting from diluted solid solutions to a HEA [5]. 24 

Therefore, Laurent-Brocq et al. [5, 6] have studied diluted subsystems of the Cantor alloy along 25 

various isopleths and discovered a breakpoint of the lattice parameter and hardness evolution 26 

for Ni-enriched alloys at 40 at.% solute concentration, where a transition between diluted 27 

systems and high entropy alloy takes place. 28 

The Ni-diluted Cantor systems are therefore nicely suited to study the influence of solid 29 

solution strengthening effects on the grain refinement during severe plastic deformation and 30 

the resulting properties of the ultrafine-grained (UFG) or nanocrystalline (NC) HEA. We use 31 

diluted subsystems of the Cantor alloy – starting from pure Ni to the five-component Cantor 32 

alloy - to understand the transition from conventional alloys to HEAs in terms of solid solution 33 

strengthening effects and mechanical properties (i.e. effect of grain boundaries, stain rate 34 

sensitivity). 35 

One common method to achieve high defect densities in the microstructure and to reduce the 36 

grain size to the UFG or NC regime is high pressure torsion (HPT) [7], which has already been 37 

applied to the Cantor system [8, 9]. Even though severe plastic deformation processes have 38 

been used for many years, the principle mechanisms of grain refinement and saturation grain 39 

size ds (minimum achievable grain size at large strain) are still under debate. The stacking fault 40 

energy (SFE) affects the dislocation cell formation and refinement rate, but its influence on 41 

the saturation grain size ds is not evident. [10-12] A comparison of pure metals (Ni, Cu, Ag) 42 

with strongly different SFEs reveals no difference in ds after HPT deformation at given 43 

homologous temperature [10]. Recent studies on the influence of SFE and solid solution 44 

strengthening (SSS) on ds suggest that it is mainly controlled by the SSS contribution in the 45 

alloy system rather than the SFE [11, 12]. Edalati et al. [11] found an empirical correlation 46 

between SSS contribution determined by the Labusch model and the minimum achievable 47 

grain size for different binary alloys, which can be explained by stronger localized stress fields 48 

hindering necessary dislocation motion and thus dislocation recovery, grain boundary 49 
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migration or recrystallization. The resulting dislocation accumulation due to a lower mobility 50 

of edge dislocations causes smaller steady-state grain sizes in face-centered cubic (FCC) alloys. 51 

This knowledge about defect storage vs. recovery and deformation behavior can now be 52 

transferred to chemically complex systems to shed light on SSS processes in HEAs, which have 53 

not yet been fully understood. A correlation of the saturation grain size and predicted solid 54 

SSS contributions from different strengthening models can be used to investigate these effects 55 

in HEAs. 56 

In this work, the influence of solute strengthening on saturation grain size ds, hardness and 57 

rate sensitivity is investigated for three selected alloys with the nominal compositions 58 

Cr2Mn2Fe2Co2Ni92 (further referred to as Ni92), Cr10Mn10Fe10Co10Ni60 (Ni60), the equiatomic 59 

Cr20Mn20Fe20Co20Ni20 (Ni20) Cantor alloy as well as for pure Ni (Ni100) as a reference material 60 

with minor solute strengthening effects. The Ni reference sample has a purity of 99.6%. After 61 

homogenization, Ni92, Ni60 and Ni20 exhibit compositions of Cr2.5Mn2.4Fe2.6Co2.9Ni89.6, 62 

Cr10.5Mn9.9Fe10.3Co10.6Ni58.7 and Cr20.6Mn19.3Fe19.9Co20.1Ni20.1. The purity levels of the used 63 

elements are at least 99.9% and the production routes are described elsewhere [13, 14]. 64 

Due to the chemical complexity and the absence of a main matrix element in high entropy 65 

systems, the Varvenne model [15, 16], which is specifically designed for FCC HEAs, is used to 66 

calculate the shear stress ΔτVarvenne induced by solid solution strengthening. The calculated SSS 67 

contribution can also be linked to the predicted yield strength from Varvenne et al. [15] using 68 

the Taylor factor of 3.06 for FCC polycrystals. The required material parameters are obtained 69 

from Refs. [17, 18] using the rule-of-mixtures, the atomic size misfit volumes are taken from 70 

Ref. [15], respectively. Here, the calculated shear stress due to SSS differ strongly from 0 MPa 71 

for pure Ni up to 41.4 MPa for the Cantor alloy. 72 

Discs with an initial height of 2 mm were deformed to 10 revolutions at a rate of 1.0 rpm with 73 

an applied contact pressure of 5.0 GPa using active water-cooling. Subsequently, the HPT 74 

samples were annealed at 900 °C for 1h to achieve a coarse-grained state (CG) of the alloys. 75 

Flat sections of the HPT discs were prepared by grounding and polishing down to colloidal 76 

silica, hence the loading direction of the nanoindentation system and the viewing direction 77 

for microstructural analysis is parallel to the loading direction of the HPT process. 78 

Nanoindentation testing was then performed on the CG and the deformed HPT states using a 79 
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G200 nanoindentation system (KLA) with a diamond Berkovich tip (Synton-MDP) on the outer 80 

radius of the samples, 1 mm away from the edge of the sample. The indentation modulus and 81 

hardness were measured using a continuous stiffness measurement method (CSM) at an input 82 

strain rate of 0.05 s-1 and the rate sensitivity of the different states was investigated by strain 83 

rate jump tests (SRJ), where every 500 nm indentation depth the applied strain rate was varied 84 

between 0.05 s-1, 0.005 s-1 and 0.001 s-1. The saturation grain size ds was analyzed using a high-85 

resolution scanning electron microscope (TESCAN Mira3) in backscattered electron (BSE) 86 

contrast imaging mode using a line intercept method. The microstructural characterization 87 

was carried out at a distance of 1 mm from the outer edge of the samples to ensure a 88 

homogeneous deformation. 89 

Fig. 1 a) shows the hardness as a function of the indentation depth for the CG states. Here, 90 

the hardness decreases with higher indentation depth, which is caused by the indentation size 91 

effect (ISE) and can be described well by the Nix-Gao model [19] (dashed lines). According to 92 

the Nix-Gao model, the macroscopic hardness H0 can be extracted from nanoindentation data: 93 

H0, Ni20 = 1.91 ± 0.11, H0, Ni60 = 1.88 ± 0.11, H0, Ni92 = 1.41 ± 0.16, H0, Ni100 = 1.08 ± 0.10. The 94 

macroscopic hardness is only slightly smaller compared to the averaged hardness in the 95 

indentation depth interval from 2000 – 2200 nm (see Tab. 1), thus the hardness has already 96 

reached a depth independent plateau. In order to minimize the influence of the ISE, the 97 

hardness and indentation modulus are averaged over an indentation depth interval from 98 

2000 – 2200 nm for further analysis. Furthermore, the internal length scale h* is determined, 99 

which describes the dislocation storage capability (sensitivity to strain gradients) of a material 100 

[20]. An increasing alloying element content starting from pure Ni to Ni92 decreases h* 101 

substantial, a further addition shows only a minor effect on h* from Ni92 to the equiatomic 102 

Cantor alloy (Fig. 1b)). 103 

Nanoindentation of the CG states shows an increasing hardness with increasing alloying 104 

content due to stronger SSS and Hall-Petch contributions starting from pure Ni up to the 105 

equiatomic Cantor alloy (Ni20) (Fig. 1c)). This superposition is due to the fact that the 106 

microstructure is different for the four compositions, which result in deviations of the Hall-107 

Petch contributions (Ni100: 22.3 ± 15.5 µm, Ni92: 11.4 ± 6.3 µm, Ni60: 13.5 ± 7.9 and 108 

Ni20: 8.3 ± 4.2 µm). Therefore, the hardness increase from Ni100 to Ni20 is caused by an 109 

increase of SSS and Hall-Petch contributions, hence, the SSS contribution cannot be derived 110 
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from the hardness data. Due to the annealing of the CG states, we expect no differences in 111 

the dislocation densities and nearly dislocation-free microstructures for the different 112 

compositions as it was shown in Ref. [21] for the Cantor alloy. The present nanoindentation 113 

results of the CG states are in good agreement with Laurent-Brocq et al. [5, 6] in terms of 114 

hardness and modulus, considering a different grain size and indentation depth. The saturated 115 

HPT states show the trend of an increasing hardness with increasing alloying content with its 116 

maximum for Ni60, for which the SSS contribution is in the range of Ni20 at approximately 117 

40 MPa. Although Ni20 shows a slightly higher SSS contribution and smaller grain size, Ni60 118 

has the highest hardness. In literature, higher dislocation densities after HPT deformation are 119 

found for the Cantor alloy (Ni20 in the order of 1016 m-2 [22]), in comparison  to pure Ni (Ni100 120 

1015 m-2 [23]). The higher dislocation density for Ni20 could also contribute to the increase in 121 

hardness from Ni100 to Ni20. Furthermore, the HPT states show significantly higher hardness 122 

(≈ 6 GPa) compared to the CG states (≈ 2 GPa). The indentation modulus is similar for both 123 

microstructural states and thus unaffected by the grain size (Tab. 1). 124 

 125 

 126 

Fig. 1: a)  nanoindentation testing of the annealed CG samples (1h at 900 °C) at constant strain rate of 0.05 s-1,the dashed 127 
lines represent the hardness calculated by the Nix-Gao model, b) Nix-Gao analysis of the CG sample data and c) indentation 128 
hardness as a function of composition for the CG and HPT states. Nanoindentation testing data of the HPT samples are shown 129 
in Appendix A2. 130 

The strain rate sensitivity, i.e. thermally activated deformation processes of the different alloy 131 

systems in the HPT states are investigated using nanoindentation strain rate jump tests (Fig. 132 

2). Whereas in the CG states the hardness decreases with increasing indentation depth 133 

(caused by indentation size effect – ISE), the HPT specimens show a nearly depth independent 134 
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hardness at indentation depths greater than 500 nm (Fig. 2) at a strain rate of 0.05 s-1. The 135 

strain rate sensitivity is determined using the strain rate jumps at 1500 nm indentation depth 136 

from 0.05 s-1 to 0.001 s-1 (inset in Fig. 2). Higher strain rates cause higher hardness values for 137 

both, the diluted solutions (Ni92, Ni100) as well as the chemically complex alloys (Ni20, Ni60). 138 

Additionally, the rate sensitivity in the HPT states (m ≈ 0.01) is similar for all compositions. The 139 

corresponding activation volumes V (𝑉 = 𝐶 ∗ √3 𝑘𝐵 ∗ 𝑇/𝑚𝐻), with C: constraint factor of 3, 140 

kB: Boltzmann constant and T: room temperature of 25 °C, are in the same range of 141 

19 – 23 V*b3 for the different compositions and confirm the results from Maier-Kiener et al. 142 

on NC-Ni (14 V*b3) [24] and NC Cantor (16 V*b3) [25]. The indentation modulus is not affected 143 

by changes in the strain rate, but show stronger scattering in intervals with lower strain rate 144 

due to the higher number of data points (Appendix A1), which was previously observed in 145 

literature [25].  146 

In FCC materials, the strain rate sensitivity is more pronounced for decreasing grain sizes, as 147 

thermally activated dislocation – grain boundary interactions become more dominant due to 148 

the higher number of grain boundaries. [26, 27]. After HPT, the different compositions show 149 

similar strain rate sensitivities in the range of 0.01.  This implies that the strain rate sensitivity 150 

is compositionally independent and is also not affected by grain size differences in the NC or 151 

UFG regime, as the different compositions show grain sizes in an interval from approx. 50 nm 152 

(Ni20) to 150 nm (Ni100). 153 

The present SRJ tests reveal an unstable microstructure of the different alloy systems, as the 154 

hardness shows a history dependent behavior [26, 27]. The hardness plateaus at a strain rate 155 

of 0.05 s-1, which are interrupted by a strain rate segment of 0.001 s-1 show a history 156 

dependent softening of approx. 1.3 – 2.0 %. This softening is discussed on being linked to grain 157 

coarsening processes [12]. 158 

Differences in the transient behavior can be observed for the investigated compositions in the 159 

enlarged section of Fig. 2 at a strain rate change from 0.05 s-1 to 0.001 s-1. The hardness 160 

changes abruptly for all compositions, with a continuous softening for Ni100, whereas Ni20 161 

and Ni60 show after the strain rate jump a short period of strain hardening. This phenomenon 162 

has been observed before for the nanocrystalline Cantor alloy [25], and also the more diluted 163 

Ni60 composition shows the same effect. This yield point effect is limited to the more 164 
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concentrated Ni20 and Ni60 HEA-type alloys and is almost not observable for Ni92. Moreover, 165 

only Ni20 with the lowest grain size of 55 ± 17 nm shows serrations in the hardness in the 166 

strain rate segment of 0.001 s-1, which is commonly related to dynamic dislocation pinning 167 

and breakaway during plastic deformation [21]. For nanomechanical testing, the activation 168 

volume represents the number of atoms, which are involved in the thermally activated 169 

deformation [28]. In NC materials with low activation volumes, the deformation mechanisms 170 

are related to thermally activated diffusion processes at grain boundaries [24], which can be 171 

associated to the observed serration behavior at low strain rates. 172 

 173 

Fig. 2: Nanoindentation strain rate jump tests on Ni-X alloys deformed by HPT. 174 

 175 

The saturation grain sizes determined by BSE (Fig. 3) are in good agreement to grain size 176 

reference values from literature for Ni20 (50 nm [8]) and Ni100 (170 nm [23]). The evaluation 177 

of the minimal achievable grain size (see Tab. 1) reveals that an increasing alloying content 178 

and thus a stronger SSS contribution leads to smaller saturation grain sizes from 142 ± 57 nm 179 

(Ni100) to 55 ± 17 nm (Ni20). We do not expect any significant influence by the presence of 180 

impurities in the ingredient elements on the saturation grain size, as changes in the purity 181 

level of Ni between 99.5% and 99.967% result only in slight changes of the microstructure 182 

[29]. 183 

The SSS contribution τLabusch is calculated using the equations proposed by Edalati [11] and for 184 

the τVarvenne calculation the notation from Ref. [30] is used. Fig. 4 shows the correlation 185 
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between the SSS contribution (Labusch, Varvenne SSS models) and the normalized saturation 186 

grain size (ds/b), with b as the Burgers-vector. 187 

The correlation found by Edalati et al. [11] for binary solutions breaks down for the highly 188 

concentrated solid solutions (see Fig. 4). Despite a higher SSS contribution of Ni 20 compared 189 

to Ni60 (Labusch), both alloys exhibit nearly the same grain size.  190 

For conventional alloys, the correlation between saturation grain size and SSS contribution 191 

can be attributed to stronger localized stress fields and hindered dislocation motion, 192 

dislocation recovery and grain boundary migration or recrystallization. Thus, smaller steady-193 

state grain sizes can be achieved [11]. The same processes seem to influence the saturation 194 

grain size in FCC medium and high entropy alloys, as the same dependency of saturation grain 195 

size on SSS contribution is obtained using the Varvenne SSS model (all data points lie on a 196 

single line in a semi-log scale (see Fig. 4)). The Varvenne model predicts the same SSS 197 

contribution for Ni20 and Ni60, which is in good agreement with the experimentally observed 198 

saturation grain size and hardness that are in the same range for both alloys (see Tab. 1). This 199 

is also confirmed by literature, showing a breakpoint in lattice parameter evolution at 60 at.% 200 

Ni, which leads to similar lattice constants for Ni20 and Ni60 [5].  201 

Extrapolating ds using the Labusch model and the saturation grain sizes of Ni, Ni92, Ni60, 202 

would lead to a saturation grain size of Cantor of approx. 37 nm. This is still within the 203 

experimental scatter bar, however the Varvenne model seems to give a better description.  204 

While we do see a correlation with SSS, we still don´t know what the exact mechanism is. 205 

However, segregation phenomena (phase decomposition, inhomogeneities or clusters of 206 

solutes) due to HPT deformation appear to be unlikely to play a role given that they do not 207 

exist in the extreme cases (Ni20 [8] and Ni100) and presumably also not within the entire 208 

concentration range even though this remains to be proven experimentally. 209 
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 210 

Fig. 3: BSE images of the different alloy systems after HPT deformation: a) Ni20, b) Ni60, c) Ni92 and d) Ni100. 211 
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 212 

Fig. 4: Normalized grain size ds/b as a function of the solid solution strengthening contribution Δτ, determined by the Labusch 213 
model and Varvenne model. The dashed lines fit only the Ni-X values, while the dotted line represents the extrapolation of 214 
Ni20 and Ni60. 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 
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 224 

Tab. 1: Hardness H, indentation modulus E, strain rate sensitivity m, activation volume V, solid solution strengthening 225 
contribution Δτ according to the Labusch and the Varvenne model and saturation grain size ds of the different alloy 226 
compositions. 227 

Alloy 

composition 

/at.% 

H /GPa E /GPa SRJ ΔτVarvenne 

/MPa 

ΔτLabusch 

/MPa 

ds 

 /nm 
CG HPT CG HPT m V*b3 

Ni100 1.19 

± 0.1 

5.62 

± 0.2 

214.2 

± 8.3 

235.9 ± 

3.0 

 

0.012 ± 

0.001 

21 0 0 142 ± 

57 

Ni92 1,51 

± 0.1 

5.88 

± 0.1 

216.4 

± 13.1 

233.9 ± 

2.5 

0.011 ± 

0,0014 

22 11.03 11.10 110 ± 

45 

Ni60 1.98 

± 0.1 

6.52 

± 0.1 

193.1 

± 8.2 

206.5 ± 

3.9 

0.009 ± 

0,0008 

23 40.45 33.13 62 ± 23 

Ni20 2.01 

± 0.1  

6.31 

± 0.1 

190.7 

± 8.3 

192.5 ± 

3.0 

0.011 ± 

0.0013 

19 41.36 53.87 55 ± 17 

  228 
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In summary, the Cantor alloy and Ni-diluted subsystems were investigated with respect to 229 

saturation grain size, hardness and strain rate sensitivity to elucidate the evolution of these 230 

properties with composition from a pure element over a diluted solid solution up to the 231 

equiatomic HEA. For several mechanical properties like ISE and strain rate sensitivity no 232 

differences between HEA and diluted solid solutions were observed. All compositions exhibit 233 

a history dependent hardness in the SRJ tests, with Ni20 and Ni60 additionally showing 234 

yielding phenomena after the strain rate change to 0.001 s-1. The saturation grain size follows 235 

the empirical law proposed for binary solid solutions. Compositions with higher alloying 236 

content show higher SSS contributions according to the Labusch and Varvenne strengthening 237 

models and simultaneously smaller achievable saturation grain sizes by HPT deformation, 238 

thus, indicating a correlation between ds and Δτ.  239 

It is not mandatory to reach the equiatomic composition for an optimum of the mechanical 240 

properties. Ni60 exhibits approximately the same SSS contribution, same low saturation grain 241 

size and thus the same hardness compared to the equiatomic alloy (Ni20). Therefore, 242 

chemically complex systems beside the equiatomic composition and the transition from 243 

diluted systems to HEAs should be further investigated with respect to effects of solutes on 244 

dislocation dynamics.245 
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Appendix: 326 

 327 

Appendix A1: Indentation modulus as a function of indentation depth for different strain rates of the deformed Ni-X HPT 328 
samples. 329 

 330 
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 331 

Appendix A2: Hardness as a function of indentation depth for the HPT samples at constant strain rate (0.05 s-1); the dashed 332 
lines represent the hardness calculated by the Nix-Gao model. 333 
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