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Abstract: 9 

The multi-principal-element alloys (MPEAs), also referred to as high-entropy alloys 10 

(HEAs) have attracted extensive attention during the last decade and a half due to their 11 

unique and excellent properties. However, many MPEAs show coarse and anisotropic 12 

columnar grains in the as-cast state. While constitutional supercooling (CS)-driven 13 

parameters have been widely used to evaluate and predict the effect of solutes on 14 

columnar-to-equiaxed transition (CET) and grain refinement of diluted binary alloys, 15 

similar studies are lacking on MPEAs. Due to the multiple solute elements (solutes) and 16 

their high concentrations, the CS-driven parameters for MPEAs are different from those 17 

proposed for diluted binary alloys. Here, we derived the CS-driven parameters, including 18 

undercooling parameter and growth restriction factor, for MPEAs based on their physical 19 

significances, with the help of calculated phase diagrams. The calculated CS-driven 20 
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parameters were then used to predict the effect of a solute on CET and grain refinement 21 

in NiCoFeCr MPEAs. Additional alloying solutes Nb, Ti and V in the NiCoFeCr MPEA 22 

were also evaluated for their different CS-driven characteristics. The grain size of the as-23 

solidified microstructures of NiCoFeCr with and without Nb, Ti, and V were compared 24 

and interpreted with the predicted tendency of the CS-driven parameters. 25 

 26 
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1. Introduction 30 

Single-phase multi-principal-element alloys (MPEAs) have attracted extensive 31 

attention due to their unique properties (e.g., [1-22].). From a thermodynamical point of 32 

view, these alloys have much higher configurational mixing entropies than most of the 33 

single-principal-element conventional alloys, which was the reason for the definition of 34 

“high-entropy alloy (HEA)” by Yeh et al. [2]. MPEAs, because of their composition 35 

characteristics, result in the absence of “solvent” and “solute” atoms and a breakdown of 36 

the textbook concept of solute-involved behaviors, e.g., the solidification process that is 37 

closely correlated with the solute behaviors. In particular, the constitutional supercooling 38 

(CS) caused by partitioning solutes into the front of the solid-liquid interface remains 39 

unclear due to the complex compositions of the MPEAs. CS has been recognized as an 40 

important factor in enabling the formation, and refining, of equiaxed grain structures 41 

[23]. Several CS-driven parameters linking to grain growth, such as constitutional 42 

supercooling (designated as P) and growth restriction factor (GRF, designated as Q), have 43 

been proposed and proved to be effective for the grain growth prediction in traditional 44 

dilute solid solutions [23-27]. Both parameters tend to increase with the increasing solute 45 

concentrations, which contributes to stronger grain refinement [28]. However, this is not 46 

always expected in MPEAs where the concentrations for individual elements are much 47 

higher than those of solutes in traditional alloys. For example, the mostly investigated 48 

NiCoFeCrMn HEA, first proposed by Cantor et al. [1], and its subsets of NiCoFeCr and 49 

NiCoCr medium-entropy alloys (MEAs), exhibited coarse columnar grains in the as-cast 50 
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state [29-31]. The coarse grains in the as-cast microstructures of these MPEAs raised a 51 

question whether the CS-driven parameters are applicable to MPEA systems. However, 52 

fundamental research to answer these scientific questions are still lacking, let alone the 53 

composition design strategies for grain refinement of the MPEAs. 54 

Understanding the solute effect on grain refinement of MPEAs is of practical 55 

importance. Fine-grained microstructures are generally required for cast alloys/ingots to 56 

meet the mechanical/ corrosion resistant properties or prevent the deformation tearing 57 

and cracking in the following thermomechanical treatments. For example, for Al alloys, a 58 

fine grain size (< 200 μm) is used to indicate that a casting or an ingot is of high quality 59 

[32]. A fine grain size also correlates with homogeneous microstructure, compared with 60 

the anisotropic columnar grains. Although there are a number of methods that have been 61 

proved to refine effectively the as-cast microstructures, such as inoculation, rapid 62 

solidification, melt stirring, etc. (e.g. [25, 33-35]), the solute elements is the most crucial 63 

consideration in grain refinement of MPEAs due to the following reasons. First, utilizing 64 

solute effect (i.e., adding proper alloying element) is an effective approach for significant 65 

columnar-to-equiaxed transition (CET) and grain refinement [24, 36-39]. Second, the 66 

solute behaviors are essential factors to ensure the effective exerting of other methods of 67 

grain refinement. For instance, in some Al alloys with low solute contents, although there 68 

are adequate powerful grain refiners (e.g. TiB2 and Al3Ti particles), specific solute 69 

elements (e.g. Ti) and adequate concentrations are still required to provide a sufficient CS 70 

to compensate a certain degree of undercooling to reach the critical nucleation 71 
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undercooling, where further nucleation can occur on particles present in the 72 

constitutionally undercooled regions [24, 40]. This also occurs in Mg alloys [41]. For 73 

adopting the melt stirring by external fields to achieve grain refinement, the solute effect 74 

also plays a key role in both inducing dendrite necking and further fusing to fragments, 75 

and increasing the extent of the undercooled zone and thus the chance of fragment 76 

survival [42]. Third, solute effect has a prevalent applicability for various kinds of casting 77 

processes of MPEAs. Some of the abovementioned grain-refining methods are difficult to 78 

implement in the generally used laboratory-scale processes, which typically involve 79 

induction/arc melting and drop/suction casting in an enclosed vacuum furnace. In these 80 

cases, using solute effect is highly practicable. To conclude, developing CS-driven 81 

parameters of solute effect suitable for MPEAs and further the solute selection strategy 82 

for CET and grain refinement based on them is of critical importance. 83 

To address the aforementioned questions, here we derive the CS-driven parameters 84 

for MPEAs based on their physical significance and further we chose the NiCoFeCr 85 

MPEA as the base alloy to validate the prediction. Finally, we present solute selection 86 

strategy based on the established parameters for grain refinement in the NiCoFeCr 87 

MPEA. This paper is organized as the follows: The models of CS-driven parameters is 88 

described and developed for MPEAs in Section 2. The employed CALPHAD calculation 89 

and experimental methods are introduced in Section 3. The correlation between the grain 90 

features and CS-driven parameters in the NiCoFeCr MPEA system are presented in 91 

Section 4. Also, based on the established CS-driven parameters, various (NiCoFeCr)-x at. 92 
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pct B alloys (B is Nb, Ti, or V as the fifth alloying element) were screened 93 

experimentally for grain refinement. We then compare and discuss the experimental and 94 

theoretical results in Section 5. 95 

2. Constitutional supercooling related parameters 96 

2.1 CS-driven parameters for binary systems 97 

The role of solute in controlling grain growth is related to its effect on generating 98 

constitutional supercooling. The CS concept, especially its formula based on binary 99 

alloys has been considered as a major milestone in the development of quantitative 100 

understanding of solidification science. According to the CS-driven nucleation 101 

mechanism, nucleation will occur when the amount of CS reaches the critical 102 

undercooling required for nucleation. In the early 1970s, Tarshisv et al. [43] developed 103 

the CS parameter (P): 104 

𝑃 ൌ ௠ಽ஼బ ሺଵି௞ሻ

௞
                                                   (1), 105 

Where 𝑚௅ is the slope of the liquidus, 𝐶଴ is the initial solute concentration, and 𝑘 is 106 

the partitioning coefficient. Both 𝑘 and 𝑚௅ are taken from the equilibrium binary phase 107 

diagram. Increasing the solute content or/and decreasing the partitioning coefficient (i.e. 108 

stronger segregant) could produce a higher P value (here only the case of k<1 is 109 

discussed, unless indicated otherwise). P represents the magnitude of CS that can be 110 

generated during solidification. Spittle and Sadli [44] came to a conclusion that the grain 111 

size reduces as P increases from zero and fall to a plateau after comparing various solutes 112 
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in Al alloys. 113 

Afterwards, Maxwell and Hellawell [36] proposed another parameter, Growth 114 

Restrict Factor (GRF, Q): 115 

Q ൌ 𝑚௅𝐶଴ሺ𝑘 െ 1ሻ                                              (2), 116 

Q is proportional to the amount of CS parameter, P, with the partition coefficient 117 

of k for a particular binary system. The GRF is a measure of the growth restriction effect 118 

of a solute element on the growth of new grains as they grow into a melt. It is to quantify 119 

the segregating behavior of elements upon solidification. To illustrate these two 120 

parameters evidently, a binary ideal A-B system (herein A is the solvent and B is the 121 

solute) is shown in Fig. 1a. 122 

Although the two parameters have some correlations, the differences between each 123 

other could be understood by their physical meanings [45]. The equilibrium liquidus 124 

temperature, 𝑇௅௘, and the actual temperature, 𝑇௔, in the solid-liquid interface are given as: 125 

𝑇௅௘ ൌ 𝑇଴ ൅ 𝑚௅𝐶଴                                                     (3), 126 

𝑇௔ ൌ 𝑇଴ ൅ 𝑚௦𝐶௦                                                       (4), 127 

Where, 𝑇଴ is the melting point of solvent A and 𝑚௦ is the slope of solidus. Assuming 128 

that there is no thermal undercooling, the CS, ∆𝑇஼ௌ , is expressed by the difference 129 

between 𝑇௅௘ and 𝑇௔: 130 

∆𝑇஼ௌ ൌ 𝑇௅௘ െ 𝑇௔ ൌ 𝑚௅𝐶଴ െ 𝑚௦𝐶௦ ൌ 𝑚௅𝐶଴ െ ௠ಽ஼ೞ

௞బ
ൌ 𝑚௅ሺ𝐶଴ െ 𝐶௅ሻ          (5), 131 



8 

 

If a Scheil condition (zero diffusion of solid and instantaneous diffusion of liquid) is 132 

used, and the growth of a single grain is considered, the CS could be related to the 133 

fraction solid, 𝑓௦. By substituting the Scheil equations into equation (3) to obtain 134 

∆𝑇஼ௌ ൌ 𝑚௅𝐶଴ ቀ1 െ ଵ

ሺଵି௙ೞሻభషೖቁ                                         (6), 135 

Substituting the lever rule in equilibrium solidification state, 𝐶௅ ൌ ஼బ

ଵିሺଵି௞ሻ௙ೞ
, into 136 

equation (4), the equation becomes: 137 

∆𝑇஼ௌ ൌ 𝑚௅𝐶଴ ቀ1 െ ଵ

ଵିሺଵି௞ሻ௙ೞ
ቁ                                           (7), 138 

At 𝑓௦ ൌ 1, 139 

∆𝑇஼ௌ ൌ ௠ಽ஼బሺଵି௞ሻ

௞
ൌ 𝑃                                             (8), 140 

If we focus on the initial rate of development of the constitutionally supercooled zone, 141 

the initial rate is defined by 
ௗ∆்಴ೄ

ௗ௙ೞ
. 142 

ௗ∆்಴ೄ

ௗ௙ೞ
ൌ െ ௠ಽ஼బሺଵି௞ሻ

ሺଵିሺଵି௞ሻ௙ೞሻమ                                              (9), 143 

At 𝑓௦ ൌ 0, 144 

ௗ∆்಴ೄ

ௗ௙ೞ
ൌ 𝑚௅𝐶଴ሺ𝑘 െ 1ሻ ൌ 𝑄                                       (10), 145 

The same formulas could be obtained by using either lever rule or Scheil equation. 146 

Readers are referred to the previous works for details [45-49]. In binary phase diagrams 147 

(Fig. 1a) with straight lines, the values of P and Q mathematically equal to the differences 148 

between the liquidus and solidus at the composition of 𝐶଴ and k𝐶଴, respectively [47]. The 149 
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CS parameter P is the maximum value of ∆𝑇௖௦ that is possible. This could be seen from 150 

equation (3) in which the maximum value of ∆𝑇௖௦  is obtained when 𝐶௅  reaches its 151 

maximum, i.e. 𝐶଴ 𝑘⁄ . This point of composition is corresponding to the ending moment of 152 

solidification (𝑓௦ ൌ 1). The GRF, however, is denoted as initial rate of development of 153 

supercooling with respect to fraction solid, i.e. corresponding to 𝑓௦ ൌ 0. It is considered 154 

as the magnitude of how rapidly the CS zone is built up at the starting point of 155 

solidification. In this case, the equilibrium content of solid is k𝐶଴ (actually the solid is 156 

just ready to form at this time). In general, high Q value requires high 𝑚௅  (absolute 157 

value), low 𝑘 and high 𝐶଴, which leads to a more rapid achievement of the maximum. 158 

2.2 CS-driven parameters in multi-principal-element alloys 159 

Both CS-driven parameters have been used in binary alloys for solute selection of 160 

grain refinement. Then attempts have been made to expand them to multicomponent 161 

alloys. Chai et al. [50] suggested to determine the Q value by summing those of different 162 

solutes present in a system, however, Easton and StJohn [45] indicated that summation of 163 

the individual Q values overestimates the total Q. Later, Quested and Greer [46] indicated 164 

the possibility to use thermodynamic modelling software to evaluate the partitioning 165 

coefficient and the liquidus slope to calculate the Q values in dilute ternary alloys. 166 

However, calculating Q values in MPEAs has not been reported in literature. 167 

Here, we derive CS-driven parameters for MPEAs in terms of their definitions. 168 

We first simplify our MPEAs as pseudo-binary systems, M-B, where “M” represents the 169 
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solvent and “B” the solute element, with a schematic pseudo-binary phase diagram 170 

shown in Fig. 1b. The pseudo-binary phase diagram has been a widely applied method 171 

for MPEAs [51, 52]. Although the M-B pseudo-binary phase diagram in Fig. 1b seems 172 

analogous to that of A-B ideal binary system (Fig. 1a), a distinct difference could be 173 

clearly seen, i.e. a solidification gap for the base alloy, M, rather than a fixed melting 174 

point like that of the pure solvent A, is existing (defined as ∆𝑇ெ଴ marked in the plot). The 175 

solidification gap for M could influence the grain growth to a certain extent depending on 176 

its composition, since it is also generated by the solute redistribution and inevitably 177 

contributes to the total CS of M-B system. Therefore, the contribution of ∆𝑇ெ଴ to P and Q 178 

should be considered. Here we proposed a simple method to use the original definition to 179 

calculate both CS-driven parameters. Assuming that the solidus and liquidus are straight 180 

lines in Fig. 1b (which have been approximatively the case in numerous MPEA systems 181 

and focused concentration ranges as to be shown later), we calculated both parameters 182 

based on their definitions. The equilibrium liquidus temperature, 𝑇௅௘ , and the actual 183 

temperature, 𝑇௔, could be expressed as: 184 

𝑇௅௘ ൌ 𝑇௅
଴ ൅ 𝑚௅𝐶௅ 

𝑇௔ ൌ 𝑇ௌ
଴ ൅ 𝑚ௌ𝐶ௌ 

Where 𝐶௅  and 𝐶ௌ  are the solute concentrations in the liquid and solid phases, 185 

respectively. At a certain temperature during solidification process, i.e. 𝑇௅௘ ൌ 𝑇ௌ , 186 

substituting 𝑘 ൌ 𝐶ௌ 𝐶௅⁄  and ∆𝑇ெ଴ ൌ 𝑇௅
଴ െ 𝑇ௌ

଴ into the above equations, it comes to be: 187 
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𝑘 ൌ
𝑚௅𝐶௅ ൅ ∆𝑇ெ଴

𝑚ௌ𝐶௅
 

Thus, it can be seen that k is changing with the advance of solidification in MPEAs, 188 

differing from the constant in idealized binary systems. According to the physical 189 

meaning of Q, at the beginning of solidification (i.e. 𝑓௦ ൌ 0), 𝐶௅ ൌ 𝐶଴, then the above 190 

equation is changed to be: 191 

𝑘 ൌ
௠ಽ஼బା∆்ಾబ

௠ೄ஼బ
                                                     (9), 192 

Substituting equation (8) to equation (2) comes out to be: 193 

𝑄 ൌ 𝑚௅𝑐଴ ቀ
௠ಽ

௠ೄ
൅ ∆்ಾబ

௠ೄ௖బ
െ 1ቁ                                   (10), 194 

According to the physical meaning of P, at 𝑓௦ ൌ 1, 𝐶ௌ ൌ 𝐶଴ , the equation (1) is 195 

transformed to be: 196 

P ൌ 𝑚௅𝐶଴ െ 𝑚ௌ𝐶଴ ൅ ∆𝑇ெ଴                                   (11). 197 

Eventually, both CS-driven parameters for MPEAs were established according to 198 

their initial designations. In the following sections, these parameters were adopted to 199 

study the grain growth characteristics and solute selection on the basis of a model HEA, 200 

NiCoFeCr, via thermodynamic calculation in association with experiments. 201 
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 202 

Fig. 1 Schematic phase diagrams of (a) idealized binary A-B system in A-rich portion and 203 

(b) pseudo-binary M-B system where the matrix/solvent M is a multicomponent alloy 204 

with constituent elements ≥2. 205 

3. Calculation and experimental 206 

3.1 Calculation 207 

Phase diagrams were investigated by means of the CALPHAD (CALculation of 208 

PHAse Diagrams) approach using TcNi11 database and Thermo-Calc software [53]. Here 209 

both CS-driven parameters were obtained based on the calculated pseudo-binary M-B 210 

phase diagrams. With the (NiCoFeCr)-B systems, different “B” elements were evaluated 211 

to elucidate their effect on the grain growth features. Some common grain refining 212 

elements including Nb, Al, Ti, Ta, C, V, Cu, Mn and Mo were selected for investigation. 213 

The parameters ( 𝑚ௌ , 𝑚௅  and ∆𝑇ெ଴ ) were obtained from the pseudo-binary phase 214 

diagrams to determine the two CS-driven parameters. Solidification simulation follows 215 
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the Scheil model in multicomponent systems [Chen, Shuang-Lin, Ying Yang, Sinn-Wen 216 

Chen, Xiong-Gang Lu, and Y. Austin Chang. "Solidification simulation using Scheil 217 

model in multicomponent systems." Journal of phase equilibria and diffusion 30, no. 5 218 

(2009): 429-434.] 219 

3.2 Experimental 220 

To verify the as-cast microstructures, the relevant alloys were made and their 221 

microstructures were observed. The alloys were prepared by arc melting mixtures of the 222 

pure metals (purity >99.9 wt. pct) in a high-purity argon atmosphere. The arc melting 223 

chamber containing the raw materials was evacuated to ~5 × 10-2 Pa, flushed twice with 224 

pure Ar with pump downs in between, and finally backfilled with Ar to a pressure of ~5 × 225 

104 Pa. Then, a small piece of pure Ti was melted to getter any residual oxygen before the 226 

alloys were melted. The buttons were flipped and remelted five times to ensure chemical 227 

homogeneity before drop-casting into a rectangular copper mold measuring 10 × 17 × 70 228 

mm3. 229 

To examine the as-solidified microstructures, the ingot cross sections were ground 230 

with SiC papers to a grit size of 7 m and then electro-polished using Struers LectroPol-5 231 

for 10 s in a mixture of 10 vol. pct perchloric acid and 90 vol. pct ethanol at room 232 

temperature and an applied voltage of 40 V. The microstructural characterization was 233 

measured using a Zeiss AURIGA FIB-SEM equipped with an energy dispersive X-ray 234 

spectroscopy (EDX) X-MaxN from Oxford Instruments at an accelerating voltage of 20 235 
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kV. We focused on the lower part of the cast ingots, away from the entrance of the mold, 236 

which tends to have more stable solidification conditions. Grain sizes were measured 237 

with the linear intercept method outlined in ASTM E112-10. In this work, equiaxed 238 

grains were defined as those with an aspect ratio less than 2, while those with larger 239 

aspect ratios were defined as columnar grains [54]. Flat dog-bone shaped tensile 240 

specimens with a gauge length of 20 mm were machined from the cast ingots by electric 241 

discharge machining with their longitudinal axes parallel to the mold-filling direction. 242 

The tensile specimens were ground carefully on each side through 1000-grit SiC paper, 243 

resulting in a final specimen thickness of ~1.2 mm and a gauge section width of ~4 mm. 244 

The tensile tests were performed using a SHIMADZU AG-100 KN testing machine at an 245 

engineering strain rate of 10-3 s-1 in air at room temperature. At least two tests using 246 

samples from different parts of the ingots were performed for each alloy. 247 

4. Results and discussion 248 

4.1 Correlation between the predicted CS-driven parameters and the solidification 249 

microstructure of NiCoFeCr system 250 

Many MEPAs show coarse grains after solidification, e.g. well-studied 251 

CrMnFeCoNi and some of its subsets, although they have highly-concentrated individual 252 

elements, which implies that the constituent elements cannot generate sufficient grain 253 

growth restriction effect. To elucidate this issue, the two CS-driven parameters for binary 254 

Ni-B, ternary NiX-B and quarternary NiXY-B subsets of the Ni-Co-Fe-Cr MPEA system 255 

(B=Co, Cr, or Fe, and X and Y are the remaining constituent elements in this system) 256 
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were calculated in terms of the equations of (9) and (10). Their dependence on the solute 257 

concentration is plotted in Fig. 2. Pure Ni, equiatomic NiX and NiXY were set as the 258 

solvent in calculating these binary, ternary and quaternary systems, respectively. The 259 

concentrations of the solutes are up to the values to reach equiatomic. The binary phase 260 

diagrams could be obtained from Ni-Cr [55], Ni-Co [56] and Ni-Fe [57], and the others 261 

were calculated by the Thermo-Calc software. The studied compositions are solidified as 262 

a single FCC phase from their phase diagrams or previous reports [30, 31], thus only the 263 

solute effect is involved with no influence from other phases. The liquidus and solidus in 264 

these systems are approximated as straight lines as treated in previous binary systems, 265 

thus there may be slight deviations from the exact values, however, the trend and their 266 

magnitude are still credible. In the Ni-B binary systems, P and Q are increased strongly 267 

with increasing Cr content, but negligibly with increasing Co content. When the solvents 268 

are equiatomic NiX or NiXY alloys, both parameters are slightly increased with Cr but 269 

unexpectedly decreased with Co. Additionally, both parameters behave similarly for most 270 

compositions but with different values. Overall, the values of both parameters are so low 271 

that a very weak grain growth restriction effect is expected. 272 



16 

 

 273 

Fig. 2 Dependence of CS parameter, P (a), and growth restriction factor, Q (b), within the 274 

Ni-Co-Fe-Cr system on the solute concentration, C. 275 

To validate the prediction, a series of equiatomic single-phase FCC alloys with 276 

gradually increased solutes, i.e. in a sequence of Ni, NiCo, NiCoFe and NiCoFeCr, were 277 

drop cast and solidified in a controlled similar condition, whose microstructures are 278 

shown in Fig. 3. The small increases in P and Q values due to adding Fe to NiCo and Cr 279 

to NiCoFe caused negligible grain refinement. Some inclusion particles are present 280 

randomly in all the studied alloys, which was common in these systems [29-31], probably 281 

coming from the raw metals and melting and casting processes. Elemental fluctuations 282 

were also observed inside the columnar grains. For example, EDS analysis in our 283 

previous work revealed Cr enrichment in the inter-dendritic area in the as-cast NiCoFeCr 284 

MPEA [30]. Even with that, the NiCoFeCr still formed columnar grain, suggesting Cr 285 

segregation is not sufficient to induce CET and grain refinement. Further analysis 286 

confirmed that the segregation of Cr is relatively weak (26.9 at. pct in interdendrites and 287 
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23.3 at. pct in dendrite arms, respectively). The coarse as-cast NiCoFeCr microstructures 288 

suggest that the types of the solutes rather than their concentrations are more important to 289 

produce fine grains. As indicated in the previous studies, the solutes with strong 290 

segregating tendency could produce strong constituent supercooling [27]. In a summary, 291 

the constituent elements in the NiCoFeCr MPEA systems were proved to be incapable of 292 

supplying sufficient grain growth restriction effect (by their low values of P and Q). To 293 

obtain significant CET and grain refinement, additional solutes with stronger segregation 294 

are required. 295 

 296 

Fig. 3 Representative SEM-BSE microstructures of the as-cast equiatomic alloys: (a) Ni, 297 

(b) NiCo, (c) NiCoFe and (d) NiCoFeCr alloys. 298 

4.2 Solute selection of NiCoFeCr MPEA for gain refinement 299 

To identify alloying elements that have strong growth restriction effect, a high-300 
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throughput screening for solute selection was conducted based on the calculation of the 301 

two CS-driven parameters for MPEAs [equation (9) and (10)] with the aim to evaluate 302 

their capability in achieving significant grain refinement. Nine frequently-used elements 303 

(Nb, C, Cu, Mn, Mo, Al, Ta, Ti, V) were chosen and the corresponding (NiCoFeCr)-B 304 

pseudo-binary phase diagrams calculated by Thermo-Calc are shown in Fig. 4. It shows 305 

that different fifth elements result in great difference in liquidus and solidus lines. 306 

Therefore, these elements are expected to produce different grain growth behaviors and 307 

grain features (especially morphology and size). The values of P and Q vs. the elemental 308 

concentration are plotted in Fig. 5. The maximum concentration is up to the endpoint of 309 

liquidus in single-phase region, and for compositions having a wide single-phase region 310 

or even forming an infinite solid solution, e.g. (NiCoFeCr)-Mn/Cu, the maximum 311 

concentrations can be equiatomic. For all alloying elements investigated, both parameters 312 

increase with increased concentrations. The increment rate of P is in the decreasing 313 

sequence of C, Nb, Ta, Al, Ti, V, Cu, Mn and Mo, where the C and Nb are the largest, Ta, 314 

Al and Ti are intermediate, and V, Cu, Mn and Mo show negligible values. However, the 315 

case is slightly different for parameter Q: Nb has the greatest increasing trend, secondly 316 

Al, Ti, Ta and C have the similar intermediate trend, and V, Cu, Mn and Mo still show 317 

negligible values. To illustrate the evolution of both parameters more clearly, their 318 

changes with various solutes at the same concentration of 5 at. pct are plotted in Fig. 6. 319 

The potential grain growth restriction effect is clearly seen from the change of both CS-320 

driven parameters. 321 
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 322 

Fig. 4 The calculated pseudo-phase diagrams of (NiCoFeCr)-B systems, where B denotes 323 

the selected fifth solute. 324 

 325 
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Fig. 5 Dependence of undercooling parameter, P (a), and growth restriction factor, Q (b), 326 

in (NiCoFeCr)-B systems on the solute (B) concentration, where B denotes the selected 327 

fifth solute. 328 

 329 

Fig. 6 The change of P and Q for (NiCoFeCr)-5 at. pct B systems, where B denotes the 330 

selected fifth solute. 331 

Consistent with the calculated supercooling parameter P, these elements can also be 332 

categorized based on the solubility of solute in the FCC phase: Nb and C with the most 333 

limited solubility corresponding to the highest P, Al, Ta and Ti with the intermediate 334 

solubility corresponding to the intermediate P, and Cu, Mn, V and Mo with the most 335 

extensive solubility corresponding the negligible P. To see how elements from each of 336 

this category affect the grain refinement, Nb, Ti and V elements were selected to inspect 337 

their microstructures by experiments. The representative SEM-BSE images of the as-cast 338 

microstructures of (NiCoFeCr)-5 at. pct Nb, (NiCoFeCr)-5 at. pct Ti, and (NiCoFeCr)-5 339 
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at. pct V MPEAs are shown in Fig. 7. In this section, microstructures were examined near 340 

the center of the cast ingot, where the solidification conditions were controlled to be very 341 

similar for each sample. The (NiCoFeCr)-5 at. pct Ti and (NiCoFeCr)-5 at. pct Nb 342 

MPEAs exhibit a shape transition from columnar to equiaxed grains, which is in contrast 343 

with the base NiCoFeCr MPEA (Fig. 3c) which exhibits anisotropic columnar grains with 344 

average lengths of >1000 m and widths of >100 m. On the other hand, the V-alloyed 345 

NiCoFeCr MPEA still shows coarse columnar grains comparable to that of the NiCoFeCr 346 

base alloy, consistent with the negligible effect of V on CET and grain refinement as a 347 

result of the predicted small P and Q parameters. The Nb addition showed stronger grain 348 

refinement than the Ti addition, while this is consistent with the predicted larger P and Q 349 

value of Nb than Ti, it can also be contributed by the smaller solubility of Nb in FCC 350 

structure, which led to the formation of a large volume fraction of inter-dendritic Nb rich 351 

intermetallic phases. 352 
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 353 

Fig. 7 SEM-BSE images of the as-cast microstructures of the (NiCoFeCr)-5 at. pct B 354 

MPEAs, where B denotes Nb, Ti and V, respectively. 355 

4.3 Discussion 356 

The widely studied MPEA systems, e.g. NiCoCr, NiCoFeCr, CrMnFeCoNi MPEAs, 357 

form typical coarse columnar grains after solidification. This is primarily because the 358 
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elements in these MPEAs have large mutual solid solubilities in favor of forming solid 359 

solutions which also correlate with low P and Q and therefore do not segregate strongly. 360 

Therefore, solutes with strong CS-driven parameters (P and Q) are needed to produce 361 

strong enough constitutional supercooling and growth restriction effect for grain 362 

refinement. However, solutes with strong CS-driven parameters also promote the 363 

nucleation of solute-rich intermetallic or second phases in the inter-dendritic area during 364 

solidification. 365 

Fig. 8a shows the calculated solidification pathways of (NiCoFeCr)-5 at. pct Nb, 366 

(NiCoFeCr)-5 at. pct Ti and (NiCoFeCr)-5 at. pct V MPEAs. It shows that at the final 367 

stage of solidification, there are Nb rich laves, Ti rich laves and V rich BCC phases 368 

formed in the inter-dendritic areas of 5Nb-, 5Ti- and 5V-containing NiCoFeCr MPEAs, 369 

respectively. The mole fraction of the inter-dendritic intermetallic phases is the largest for 370 

Nb, and least for V. This trend is consistent with the solubility of each element in FCC in 371 

Fig. 4 with Nb being the smallest and V the largest. The phase fractions observed in the 372 

experimental micrographs are in a qualitative agreement with the calculated results. In 373 

Fig. 8b, the composition of Nb, Ti and V in liquid vs. the mole fraction of liquid is 374 

plotted. Only the portion of liquid corresponding to the primary solidification FCC phase 375 

was plotted in Fig. 8b. This plot shows that with solidification progressing, i.e., the mole 376 

fraction of liquid decreases, and the content of Nb, Ti and V in the liquid all increased 377 

with Ti increasing the most and Nb the least.  The saturation composition of Nb, Ti and V 378 

in liquid corresponds to the formation of Nb rich and Ti rich Laves, and V-rich BCC 379 
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phases from liquid, respectively. The saturation of V in liquid is ~10 at. pct, which leads 380 

to negligible P and Q values as show in Fig. 4, therefore negligible grain refinement 381 

effect. It seems that Nb follows the similar trend to Ti, but its saturation composition is 382 

much lower than Ti. Combined Fig. 8b with Fig. 5, we find the saturation of 14.5 at. pct 383 

Ti in liquid corresponds to P values of 600 and Q values of 180, respectively, and 9.5 at. 384 

pct Nb corresponds to P values of 900 and Q values of 175, respectively. The almost 385 

identical Q values in the Nb and Ti cases suggest the nucleation of laves phases in both 386 

alloys requires comparable CS. To reach the same level of growth restriction, it needs a 387 

higher concentration of Ti in liquid (14.5 at. pct) than that of Nb in liquid (9.5 at. pct). In 388 

other words, for the same atomic percent of bulk alloying addition of Nb and Ti, because 389 

the calculated P and Q parameters by Nb are higher than those by Ti, the stronger grain 390 

refinement in the Nb-doping alloy than the Ti-doping one is expected. 391 

 392 
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Fig. 8 Solidification pathways and composition evolution in 5Nb-, 5Ti- and 5V-393 

containing NiCoFeCr MPEAs. (a) Dependence of mole fraction of solid on temperature 394 

showing the evolution of each phase during solidification and (b) change of solute 395 

concentration with the mole fraction of liquid. 396 

In both MPEAs with 5 at. pct of Nb and Ti, in addition to pronounced P and Q 397 

values, the grain refinement may be also linked with the formation of intermetallic phases 398 

in the inter-dendritic regions. In order to see effect of the alloying element addition on 399 

grain refinement without forming such extensive intermetallic phases, a NiCoFeCr 400 

MPEA was made with 2.5 at. pct addition of Ti. The SEM image and EDX mapping of 401 

the 2.5 at. pct Ti MPEA were compared with the 5 at. pct Ti MPEA in Fig. 9. It shows 402 

that the inter-dendritic solids in the 2.5 at. pct Ti MPEA is much less than that in the 5 at. 403 

pct Ti alloy. This is consistent with the calculated solidification path of the 2.5 at. pct Ti 404 

alloy as shown in Fig. 10a, where the mole fraction of inter-dendritic solids is ~3 pct, 405 

much less than that (~25 pct) in the 5 at. pct Ti alloy. Fig. 10b shows the saturation 406 

concentration of Ti in the 2.5 at. pct Ti alloy is ~22 at. pct, corresponding to a Q value of 407 

~275, which is much larger than that (~180) in the 5 at. pct Ti alloy, leading to stronger 408 

CS-driven grain refinement in 2.5 at. pct Ti alloy. The extra Ti in the 5 at. pct Ti alloy is 409 

mainly used for forming inter-dendritic Ti intermetallic phase. The combination of CS 410 

effect and inter-dendritic intermetallic phases in the 5 at. pct Ti alloy resulted in a grain 411 

size about twice as large as that in the 2.5 at. pct Ti alloy where the CS effect is dominant. 412 

2.5 at. pct Ti and 5 at. pct Ti alloys show significant grain refinement compared to the 413 
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grain size of the NiCoFeCr MPEA alloy without Ti, suggesting that despite the formation 414 

of intermetallic phases at inter-dendritic region plays a role in grain refinement, the 415 

constitutional supercooling (P) and growth restrict factor (Q) are dominant factors in 416 

refining grains. 417 

 418 
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Fig. 9 SEM-BSE images and corresponding EDX maps of the as-cast (NiCoFeCr)-2.5 at. 419 

pct Ti (a) and (NiCoFeCr)-5 at. pct Ti (b) MPEAs. 420 

 421 

Fig. 10 Solidification pathways and composition evolution in 2.5Ti- and 5Ti-containing 422 

NiCoFeCr MPEAs. (a) Dependence of mole fraction of solid on temperature showing the 423 

evolution of each phase during solidification and (b) change of solute concentration with 424 

the mole fraction of liquid. 425 

5. Conclusions 426 

(1) The CS parameter (P) and growth restriction factor (Q), for multi-principal-element 427 

alloys (MPEAs) have been derived by taking into account of their physical 428 

significance. The two CS-driven parameters were described by: 429 

P ൌ 𝑚௅𝐶଴ െ 𝑚ௌ𝐶଴ ൅ ∆𝑇ெ଴ 

𝑄 ൌ 𝑚௅𝑐଴ ൬
𝑚௅

𝑚ௌ
൅

∆𝑇ெ଴

𝑚ௌ𝑐଴
െ 1൰ 

(2) The two CS-driven parameters can be calculated readily by pseudo-binary diagrams 430 

for numerous systems with the liquidus and solidus being approximated by straight 431 

lines or calculated by thermodynamic solidification models for complex phase 432 
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diagrams. 433 

(3) The two CS-driven parameters are able to explain qualitatively the effects of 434 

columnar to equiaxed transition and grain refinement induced by an alloyed element 435 

to an MPEA. Taking the typical NiCoFeCr alloy as an example, the parameters show 436 

that each constituent element have very weak effect on growth restriction albeit with a 437 

high concentration.  438 

(4) Nine other systems NiCoFeCr-B (B=Nb, Al, Ti, Ta, C, V, Cu, Mn and Mo) were 439 

evaluated with the aid of thermodynamic calculation and their P and Q values 440 

inversely correlates with the solubility of each B element in the FCC structure. 441 

Experimental study on Nb addition resulted in the largest grain refinement, Ti 442 

intermediate and V negligible, which corresponds well with the predicted P and Q 443 

values. 444 

(5) Through the comparison of 2.5 at. pct Ti and 5 at. pct Ti alloying additions on grain 445 

refinement, this work suggests that despite the formation of intermetallic phases at 446 

inter-dendritic region plays a role in grain refinement, the constitutional supercooling 447 

and growth restrict factor are dominant factors in refining grains. 448 
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