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a b s t r a c t 

To accelerate the exploration, screening, and discovery of structural high-entropy alloys with targeted 

properties, the newly developed High-Throughput Hot-Isostatic-Pressing based Micro-Synthesis Approach 

(HT-HIP-MSA) is employed to efficiently synthesize and characterize 85 combinatorial alloys in a 13- 

principal element alloying space. These CoCrFeNi-based high entropy alloys span 1 quaternary, 9 quinary, 

and 36 senary alloy systems, and their composition-structure-property relationships are characterized 

and analyzed experimentally and computationally. From the single-phase FCC CoCrFeNi alloy base, with 

Mn, Cu, Ti, Nb, Ta, Mo, W, Al, and Si as principal element alloying additions, we find (1) the extended 

Mn solubility in the single-phase FCC CoCrFeNi-Mn x alloys, (2) the destabilizing behavior for most of 

the quinary and senary alloys, and (3) the distinctive solid-solution-strengthening effects in the alloys. In 

combining the computational methods, the HT-HIP-MSA can be systematic and economic to explore and 

refine the compositions, structures, and properties of structural high-entropy alloys. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

For structural alloys, there are two exciting trends in the past 

wo decades. One is the fast-growing development of high-entropy 

lloys (HEAs), and the other is the accelerating advances in ma- 

erials infrastructure via the Materials Genome initiative. Differ- 

nt from the conventional alloys with one or two principal ele- 

ents, the HEAs contain five or more principal elements, which 

re also characterized as multi-principal-element alloys (MPEAs) 

r complex concentrated alloys (CCAs) [ 1 , 2 ]. This special way for

lloy-design considerations provides the exciting opportunities to 

xplore in the vast alloying-composition space with combinations 

nd variations of different elements. For structural HEAs, it also 

oses a grand challenge to design promising alloys through seem- 

ngly limitless composition-processing-structure-property possibil- 

ties. To accelerate the discovery, understanding, and maturation of 
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ew materials, the Materials Genome is steadfastly advancing to 

rovide new computational, experimental, and data tools. Concern- 

ng the broad HEA composition space, the high-throughput Mate- 

ials Genome engineering tools have been increasingly applied for 

he research and development of HEAs aiming for desirable mi- 

rostructures and properties (e.g., good ductility with high yield 

trength, great resistance to oxidation or corrosion). 

To efficiently screen for promising structural HEAs with tar- 

eted properties, computational methods, such as first princi- 

le calculations [3] , calculations of phase diagrams (CALPHAD) 

4] and parametric criteria [5] , have been proposed for the high- 

hroughput large-scale screening of alloy compositions in the de- 

ign of HEAs. Recently, the data-driven machine learning (ML) also 

ntered the materials toolbox, e.g., it is utilized in combination 

ith experimental design and feedback to search for high entropy 

lloys (HEAs) with higher hardness [6] . For these high-throughput 

omputational and data-driven approaches, experiments are vital 

o verify, validate, and demonstrate promising HEA compositions 

y the computational design [ 7 , 8 ]. Furthermore, high-throughput 

ynthesis approaches are used to increase efficacy in alloy pro- 
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essing and screening. Laser additive manufacturing as an effi- 

ient rapid solidification technique is used for synthesizing bulk 

EAs [9] . Combinatorial thin-film synthesis is used for the effi- 

ient formation and exploration of broad composition spread [10] . 

he rapid alloy prototyping (RAP) [11] , as a semi-continuous high- 

hroughput bulk sample preparation approach, can process tens of 

lloy compositions in parallel. Diffusion-multiples enable the for- 

ation and characterization of composition gradients covering al- 

oying space of interest [12] . 

One of the earliest and the most investigated HEA composi- 

ions is Cantor alloy, the equiatomic CoCrFeNiMn HEA with a sin- 

le FCC phase. With recent progress, the Cantor alloy has been 

xtended to an expansive regime in a multicomponent compo- 

ition space with a single- or near-single FCC structure. Specifi- 

ally, this Cantor alloy regime is expanded in various ways: (1) ad- 

itions, e.g., CoCrFeNiMnCu equiatomic and CoCrFeNiMnAlx non- 

quiatomic six-component single-phase alloys; (2) variations, i.e., 

oCrFeNiMn x non-equiatomic FCC alloys; and (3) replacements, 

.e., CrFeCoNiCu and TiCrFeCoNi quinary alloys [1] . However, even 

ith the exceptional mechanical properties demonstrated in the 

antor alloy and its related alloys [13–15] , the progress is still hin- 

ered by the lack of foundational data. Based on the HEA studies 

ia experimental, theoretical, computational, and data-driven ap- 

roaches, even for Cantor alloys, the high-throughput synthesis is 

alled upon [4,16] to provide much needed new data, new phe- 

omena, and new experience to probe and evaluate the enormous 

umber of potential structural HEAs. 

For structural HEAs, their composition-processing-structure- 

roperty relationships are more critical, and more complex. 

o overcome some of the shortcomings of the current high- 

hroughput synthesis methods for structural HEA studies, we em- 

loy a new method, High-Throughput Hot-Isostatic-Pressing based 

icro-Synthesis Approach (HT-HIP-MSA), where 

• elemental powders are used to provide the design freedom for 

synthesizing combinatorial HEAs, 
• Honeycomb-array structures are used to make separate HEAs 

with distinctive chemistries, to efficiently use powder for mak- 

ing the 4-mm cross-sectional diameter alloy samples. This 

honeycomb-array structure maintains structural integrity is 

scalable to larger sizes during processing, and enables the syn- 

thesis of multiple HEAs in parallel. 
• HIPing the HEAs at the high temperature for a prolonged time 

to ensure the elemental consolidation and interdiffusion, to 

achieve the polycrystalline microstructure, and to maintain con- 

sistent processing conditions. 

This HT-HIP-MSA enables us to integrate high-throughput char- 

cterization tools, computational tools, theoretical models, and ex- 

sting data to explore the CoCrFeNi based HEAs, where 

• Mn, Cu, Ti, Nb, Ta, Mo, W, Al, and Si are considered principal 

alloying additions for the CoCrFeNi-based quinary and senary 

HEAs, 
• A total of 85 alloys spanning 1 quaternary, 9 quinary and 36 

senary alloy systems are synthesized, characterized and ex- 

plored systematically and efficiently, 
• Processed by the common parallel HIPing, the composition- 

structure-property relationship are studied for 85 bulk alloys. 

With the opportunities and challenges spurred by the HEAs 

ith the wide space of compositions, to overcome the short- 

omings of the traditional one-at-a-time experimental design al- 

orithms, we present an integrated approach to explore and 

creen the CoCrFeNi-based HEA compositions with systematic 

igh-throughput synthesis and characterization as well as model- 

ng and analysis for the combinatorial design of 85 HEAs. This ap- 

roach thus accelerates (1) the establishment of the composition- 
270 
icrostructure-properties relationships, (2) the efficient acquisi- 

ion of large datasets, and (3) the direct observation of new phe- 

omenon not only for exploring new structural HEAs but also for 

mproving, verifying, and validating the related alloy theories and 

odels. 

. Results 

.1. Combinatorial design and high-throughput synthesis of 

oCrFeNi-based HEAs 

CoCrFeNiMn and its derivatives exhibit interesting microstruc- 

ures and outstanding performance, including superior strength 

t both ambient and cryogenic temperature, exceptional fracture 

oughness, excellent resistance to oxidation and corrosion [17–

1] . Even though extensive effort s are highlighted on Cantor al- 

oys, much of them are performed within a limited adventure into 

he alloying elements and composition ranges from this known 

ingle-phase HEA to investigate the microstructures and mechan- 

cal properties. This is largely due to not only the lack of the criti- 

al data of phase boundaries or mechanical properties, but also the 

dded complexity from the varying processing methods and condi- 

ions. To accelerate the structural HEA exploration and design, the 

igh-throughput experimental approach, HT-HIP-MSA, is developed 

nd applied in conjunction with theoretical and computational ap- 

roaches. 

Hence, the equiatomic CoCrFeNi alloy base is selected to illus- 

rate the efficacy of high throughput method, i.e., the HT-HIP-MSA, 

o systematically examine the various principal-element alloying 

ffects on structures and properties and to efficiently screen the 

romising HEAs. With respect to the CoCrFeNi alloy base, there 

re nine principal element additions are considered, namely Mn, 

u, Ti, Nb, Ta, Mo, W, Al, and Si. In the quinary HEAs, the fifth

rincipal element is added by the replacement alloying element, R 

R includes Mn) with varying atomic ratio ( x ) in contrast to the 

antor alloy of CoCrFeNiMn. Furthermore, Mn and Cu are con- 

idered as base alloying elements. We select W, Nb, Ta, and Mo 

s the refractory alloying elements. Al and Si are selected as the 

ightweight alloying elements. The quinary alloys span 9 quinary 

lloy systems and 48 alloys with the fifth principal element addi- 

ion ranging from 0.5 to 2.5 or 3 at a 0.5 interval in atomic ratios,

s displayed in Fig. 1 (a). Moreover, the senary alloys are designed 

y adding principal elements (A) to the CoCrFeNi-R alloys to make 

ombinatorial equiatomic CoCrFeNi-R-A HEAs. These senary alloys 

re distributed in 36 alloy systems, as presented in Fig. 1 (b). In 

his combinatorial alloy design, the total of 85 alloys, including the 

oCrFeNi alloy, are aimed to the systematically study the effects of 

he most commonly used 9 principal elements (Mn, Cu, Al, Ti, Ta, 

b, W, Mo, and Si) and their composition variations on the struc- 

ures and properties of HEAs. 

.2. Compositions and structures of the CoCrFeNi-based HEA library 

As depicted by Charles Darwin in 1859 “the comb of the hive- 

ee, as far as we can see, is absolutely perfect in economizing la- 

or and wax” [22] , the marvel of the geometry of the honeycomb 

tructure inspired us to make use of this structural design to house 

he bulk discrete-alloy-array containing 85 different HEAs, as de- 

icted in Fig. 2 (a, b). Each cell represents one HEA composition 

 Fig. 2 (c–p)). Firstly, the honeycomb structure provides us the effi- 

ient use of powders, the maximized volume of each cell, the max- 

mum number of cells, and the consistent shape of cells. Hence, 

he maximized number of cells allows more different HEA alloys 

o be accommodated in one sample. Secondly, the advancements 

f modern processing technologies allow us to employ the laser 

dditive manufacturing to realize the desired honeycomb structure 
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Fig. 1. CoCrFeMn-Based HEA design strategy: (a) CoCrFeNi-R x , i.e., R (replacement alloying element) with x (alloying variation in atomic ratio); (b) CoCrFeNi-R-A (addition 

alloying element). 
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n precision, and the automated mechanical milling for simulta- 

eously pre-mixing dozens of HEAs with starting elemental pow- 

er mixtures. After filling up each honeycomb cell with designed 

nd pre-mixed powder compositions, HIP as the near-net-shape 

orming consolidation method is utilized to process in parallel the 

ealed honeycomb sample filled with designed HEA powder mix- 

ures. Therefore, all 85 HEA compositions, which are processed in 

his manner, improves an order of magnitude savings in the HEA 

ynthesis cycle time and cost, compared to the one-alloy-at-a-time 

ynthesis approach. Thirdly, as displayed in Fig. 2 (q), the HT-HIP- 

SA processed 85 HEAs at 10 0 0 °C for 4 h retained the hexagonal-

hape cell structure as the original design, which is the key to reli- 

bly scale the sample size as per design and to effectively orches- 

rate the high-throughput characterization tools. 

For high-throughput elemental characterization, μ-XRF with a 

pot size of 20 mm is automated to map the intensity distribu- 

ions of 13 key elements over the entire surface of the HEA library 

ample consisting of 85 alloy compositions. The resultant elemen- 

al mapping ( Fig. 2 (d–p)) for 13 principal alloying elements reveals 

omogeneous elemental distributions of the HEA within the alloy 

ell. The SEM-EDS results ( Fig. 2 (q), Supplementary Table S1) show 

hat the as-HIPed HEAs have actual chemical compositions of each 

lloy in reasonable agreement with the nominal design composi- 

ions, demonstrating the HT-HIP-MSA’s processing capability and 

eliability. 

As they dictate physical and mechanical properties of HEAs, 

hemistry-phase constitutions are of great importance to HEAs. 

owever, many of them are unknown and cannot be reliably 

redicted. For the speedy characterization of the honeycomb- 

tructured HEA library with 85 compositions, and further exam- 

ne the reliability of the HT-HIP-MSA for HEAs, the μ-XRD is em- 

loyed to automatically collect and analyze diffraction patterns. 

his high-throughput structure characterization technique collects 

he crystallographic structure data of 1 quaternary CoCrFeNi HEA 

cell 1), 48 quinary CoCrFeNi-R x HEAs (cells 2–49), and 36 senary 

oCrFeNi-R-A HEAs (cells 50–85) ( Fig. 3 (a)) in less than 4 h. As

 result, all the observed phases of 85 alloys are compared with 

he CALPHAD predictions and previous reports in Table 1 . As ex- 

ected, the quaternary CoCrFeNi HEA illustrates a single FCC phase, 

onsistent with the results reported [23] . Surprisingly, CoCrFeNi- 
271 
n x HEAS retain single FCC phase with Mn addition ranging from 

.5 to 3 atomic ratio. Moreover, as Mn content increases, the 

orresponding major peak move to left, indicating the increas- 

ng lattice parameters, which is due to the large radius of Mn 

lement. The CoCrFeNi-Cu x alloys result in different thermody- 

amic properties compared with other CoCrFeNi-R x alloys. The 

alculation and XRD result indicate that no intermetallic com- 

ounds are formed by Cu addition, but it tends to form two FCC 

FCC1 and FCC2) solid solution phases, which can be attribute 

ue to the large positive enthalpy of Cu with other component 

24] . Al is another mostly studied alloying element in the CoCr- 

eNi. When Al increases from 0.5 to 3 atomic ratio, the primary 

hases of CoCrFeNi-Al x alloys change from single FCC to FCC + BCC 

o BCC phase, which is also observed in literature [25] that Al 

estabilizes the FCC structure in the same HEA system. Simi- 

arly, for the CoCrFeNi base alloys with the addition of Nb, Mo, 

a, or W elements range from the 0.5 to 2.5 atomic ratio, the 

bserved phases vary from FCC to FCC + BCC to Nb-, Mo-, Ta-, 

r W-rich BCC phase, which is due to the excess addition of these 

lements exceeding the solubility in the matrix. Moreover, excess 

b or Ta alloying additions encourage laves-phase formation in 

oCrFeNi-Nb x and -Ta x HEAs, as both alloying additions can also 

e attributed to exceeding the solubility in the matrix [26] . The 

CC solid solution phase and the tetragonal closed packing (TCP) 

phases (FeMo, FeW) are found in CoCrFeNi-Mo x and -W x al- 

oys. Increasing Ti and Si elements from 0.5 to 2.5 atomic ratio 

eads to the phase formation from FCC to FCC + complex inter- 

etallics (IMs) to IMs. In Ti-containing HEAs, the negative enthalpy 

f Ti with Fe, Ni, and Cr promotes the formation of intermetallic 

2 compounds and Laves phase together with BCC solid solution 

hase, which were predicted and experimentally verified [ 28 , 29 ] 

s well. It is suggested that the principal alloying element addi- 

ion of Mo or Ti contributes to destabilizing the FCC solid solution 

nd favoring the second-phase precipitation as also observed in the 

arlier XRD results [24] . 

Moreover, the high-throughput characterization reveals that 

hen replacing element addition of -R x extends to higher atomic 

atio, the single-phase FCC CoCrFeNi base alloy structure will more 

ikely be destabilized. For all 36 senary CoCrFeNi-R-A HEAs, the al- 

oy structure is of a multiphase. For quinary CoCrFeNi-R x HEAs, the 
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Fig. 2. (a–c) The design of honeycomb-structure; (d–p) The HIPed samples with 85 compositions; (q) The SEM-EDS results of 85 cells. 
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Fig. 3. (a) The XRD pattern of 85 alloys; (b) The classification of phases in quinary alloys. 
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Table 1 

The summary of experimental phases, phases from literatures, phases by Calphad, experimental hardness, and calculated hardness. 

Cell No. Designed atomic 

percentage 

Experimental Phases Literature’s Phases Calculated phases Experimental 

Hardness (HV) 

1 Fe 1 Cr 1 Co 1 Ni 1 FCC FCC [1] FCC 

2 FeCrCoNiMo 0.5 FCC + μ FCC + σ [48] FCC + σ 403 

3 FeCrCoNiMo 1.0 FCC + μ FCC + σ+ μ [49] 

FCC + BCC + Laves [50] 

FCC + σ 619 

4 FeCrCoNiMo 1.5 FCC + μ – FCC + σ 783 

5 FeCrCoNiMo 2.0 FCC + BCC (Mo) + μ – FCC + σ 845 

6 FeCrCoNiMo 2.5 FCC + BCC (Mo) + μ – FCC + σ 1 + σ 2 857 

7 FeCrCoNiMn 0.5 FCC – FCC 268 

8 FeCrCoNiMn 1.0 FCC FCC [51] FCC 266 

9 FeCrCoNiMn 1.5 FCC – FCC 266 

10 FeCrCoNiMn 2.0 FCC – FCC 254 

11 FeCrCoNiMn 2.5 FCC – FCC 248 

12 FeCrCoNiMn 3.0 FCC – FCC 251 

13 FeCrCoNiW 0.5 FCC + BCC (W) + μ FCC + μ [37] FCC + σ+ μ 410 

14 FeCrCoNiW 1.0 FCC + BCC (W) + μ – FCC + σ+ μ 550 

15 FeCrCoNiW 1.5 FCC + BCC (W) + μ – – 539 

16 FeCrCoNiW 2.0 FCC + BCC (W) + μ – σ+ μ 693 

17 FeCrCoNiW 2.5 FCC + BCC (W) + μ – BCC + σ+ μ 648 

18 FeCrCoNiSi 0.5 FCC + IM Si 0.2 FCC + Unknown [52] FCC + Cr 3 Si 728 

19 FeCrCoNiSi 1.0 BCC + IM – FCC + Co 2 Si + Cr 3 Si 748 

20 FeCrCoNiSi 1.5 IM – BCC + Co 2 Si + Cr 3 Si 911 

21 FeCrCoNiSi 2.0 IM – Co 2 Si + Cr 3 Si + MSi 727 

22 FeCrCoNiSi 2.5 IM – Co 2 Si + MSi + Cr 3 Si 850 

23 FeCrCoNiSi 3.0 IM – MSi + Co 2 Si + Cr 3 Si 912 

24 FeCrCoNiNb 0.5 FCC + Laves FCC + Laves [27] FCC + Laves 441 

25 FeCrCoNiNb 1.0 FCC + Laves FCC + Laves [53] FCC + Laves 588 

26 FeCrCoNiNb 1.5 FCC + Laves - FCC + Laves 658 

27 FeCrCoNiNb 2.0 BCC (Nb) + Laves – Laves 650 

28 FeCrCoNiNb 2.5 BCC (Nb) + Laves – Laves + μ 627 

29 FeCrCoNiTi 0.5 FCC + HCP FCC + Laves + R + σ [29] FCC + BCC + Ni3Ti 416 

30 FeCrCoNiTi 1.0 FCC + BCC + IMs FCC [54] FCC + BCC + σ 627 

31 FeCrCoNiTi 1.5 BCC + IMs – BCC1 + BCC2 652 

32 FeCrCoNiTi 2.0 BCC + IMs – BCC1 + BCC2 + Laves 690 

33 FeCrCoNiTi 2.5 BCC + IMs – BCC1 + BCC2 + Laves 665 

34 FeCrCoNiTa 0.5 FCC + Laves FCC + Laves [27] FCC + Laves 458 

35 FeCrCoNiTa 1.0 FCC + Laves FCC + Laves [27] FCC + σ+ Laves 643 

36 FeCrCoNiTa 1.5 FCC + Laves – BCC + Laves 740 

37 FeCrCoNiTa 2.0 BCC + Laves – Laves 730 

38 FeCrCoNiTa 2.5 BCC + Laves – Laves + μ 706 

39 FeCrCoNiCu 0.5 FCC1 + FCC2 FCC [55] FCC1 + FCC2 218 

40 FeCrCoNiCu 1.0 FCC1 + FCC2 FCC1 + FCC2 [35] FCC1 + FCC2 196 

41 FeCrCoNiCu 1.5 FCC1 + FCC2 – FCC1 + FCC2 184 

42 FeCrCoNiCu 2.0 FCC1 + FCC2 FCC1 + FCC2 [56] FCC1 + FCC2 170 

43 FeCrCoNiCu 2.5 FCC1 + FCC2 Cu 4 FCC1 + FCC2 [57] FCC1 + FCC2 160 

44 FeCrCoNiAl 0.5 FCC FCC [58] FCC + BCC [59] FCC + BCC 332 

45 FeCrCoNiAl 1.0 FCC + BCC + Order BCC FCC + BCC [60] BCC1 + BCC2 + σ 432 

46 FeCrCoNiAl 1.5 BCC + Order BCC BCC + OrderBCC [61] BCC1 + BCC2 463 

47 FeCrCoNiAl 2.0 BCC + Order BCC BCC + orderBCC [62] BCC1 + BCC2 481 

48 FeCrCoNiAl 2.5 BCC + Order BCC BCC [24] BCC1 + BCC3 478 

49 FeCrCoNiAl 3.0 BCC + Order BCC BCC [24] BCC1 + BCC3 535 

50 FeCrCoNiMoMn FCC + Oxide FCC + BCC [63] FCC + σ 479 

51 FeCrCoNiMoW FCC + BCC + Unknown FCC + BCC [63] BCC + FCC + σ 669 

52 FeCrCoNiMoSi FCC + HCP (Ni) + IM + Unknown – Cr 3 Si + Co 2 Si + σ 722 

53 FeCrCoNiMoNb Unknown – σ+ Laves + Ni 3 Nb 726 

54 FeCrCoNiMoTi FCC + BCC + HCP (Cr) FCC + BCC [63] BCC + Ni3Ti + σ 757 

55 FeCrCoNiMoCu FCC + Unknown – FCC1 + FCC2 + σ 391 

56 FeCrCoNiMoTa BCC(Mo) + FCC + HCP + Unknown – Laves + σ+ μ+ Ni3Ta 791 

57 FeCrCoNiMoAl BCC + σ Mo 0.5 Al BCC + σ [64] BCC + σ 626 

58 FeCrCoNiMnW BCC (W) + FCC + HCP (Cr) FCC + BCC [63] FCC + BCC 453 

59 FeCrCoNiMnSi BCC + IM – FCC + Cr 3 Si + MnNiSi 560 

60 FeCrCoNiMnNb FCC + HCP (Cr) + Unknown – FCC + Laves 549 

61 FeCrCoNiMnTi FCC + HCP (Mn) + IM FCC [63] FCC + BCC1 + BCC2 + σ 521 

62 FeCrCoNiMnTa FCC + BCC + HCP(Cr) + Unknown – FCC + σ+ Laves 672 

63 FeCrCoNiMnCu FCC1(Cu) + FCC2 – FCC1 + FCC2 261 

64 FeCrCoNiMnAl FCC + BCC + Oxide FCC + BCC [65] BCC1 + BCC2 + σ 471 

65 FeCrCoNiWSi FCC + BCC + IM – FCC + Laves + Ni5Si2 737 

66 FeCrCoNiWNb BCC(W) + Unknown – FCC + Laves + μ 680 

67 FeCrCoNiWTi BCC(W) + HCP(Cr) FCC + BCC [63] BCC1 + BCC2 + Laves + Ni3Ti 735 

68 FeCrCoNiWTa BCC + Unknown – FCC + μ+ σ+ Laves 715 

69 FeCrCoNiWCu BCC + FCC + Unknown – FCC + μ+ σ+ CuB_A13 392 

70 FeCrCoNiWAl BCC(W) + BCC(Fe,Cr) + Unknown – BCC + R + μ+ σ 566 

71 FeCrCoNiSiNb FCC + BCC + IM – Liquid + Laves + M11Si 8 + Cr 3 Si 794 

( continued on next page ) 
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Table 1 ( continued ) 

Cell No. Designed atomic 

percentage 

Experimental Phases Literature’s Phases Calculated phases Experimental 

Hardness (HV) 

72 FeCrCoNiSiTi BCC(Fe,Cr) + FCC(Ti) + Oxide – Liquid + Laves + Cr 3 Si + G 749 

73 FeCrCoNiSiTa BCC + IM + Unknown – Liquid + Laves + Cr 3 Si 881 

74 FeCrCoNiSiCu FCC + IM FCC1 + FCC2 + σ [66] FCC1 + FCC2 + Co 2 Si + Cr 3 Si 574 

75 FeCrCoNiSiAl BCC + IM BCC + σ [67] BCC3 + BCC2 + Cr3Si + Co2Si 779 

76 FeCrCoNiNbTi BCC + IM – BCC + Laves + Ni3Ti 573 

77 FeCrCoNiNbTa BCC + IM + Unknown – Laves + σ+ μ 650 

78 FeCrCoNiNbCu FCC + Laves + Unknown - FCC + Laves [66] FCC1 + FCC2 + Laves 438 

79 FeCrCoNiNbAl BCC + Unknown BCC + Laves + B2 [68] BCC1 + BCC2 + Laves 555 

80 FeCrCoNiTiCu FCC + Unknown FCC + Laves [69] BCC + FCC1 + FCC2 + σ+ T6CuNiTi 488 

81 FeCrCoNiTiAl BCC BCC1 + BCC2 [70] 

BCC1 + BCC2 + Laves [54] 

BCC1 + BCC3 584 

82 FeCrCoNiTiTa FCC + BCC + HCP + Unknown – BCC + Laves + Liquid 680 

83 FeCrCoNiTaCu FCC + BCC + IM + Unknown – FCC1 + FCC2 + Laves + σ 485 

84 FeCrCoNiTaAl BCC + Oxide – BCC1 + BCC3 + Laves 614 

85 FeCrCoNiAlCu FCC1(Cu) + FCC2 + BCC + IM FCC + BCC [71] FCC + BCC + σ+ Liquid 385 
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ormation of the FCC and BCC phases resulting from varying re- 

lacing elements is illustrated in Fig. 3 (b). Clearly, the FCC solid so- 

ution is limited in the alloys with low concentrations of replacing 

lement, but for CoCrFeNi-Mn x HEAs, the FCC phase is maintained 

p to 3 atomic ratios of Mn. For CoCrFeNi-Ti x , -Nb x , -Ta x and -Al x 
EAs, when the replacing element alloying additions increase to 

bove 1.5 to 2 atomic ratios, the major structure change from the 

CC to BCC phase. For CoCrFeNi-Si x HEAs, when the Si addition is 

bout 1.5 atomic ratio or more, the alloy structure becomes inter- 

etallic completely. By integrating a high-throughput techniques 

f synthesizing and characterizing, we can efficiently obtain the 

omposition-structure dataset for a wide range of HEA composi- 

ions, and the observed HEA phase constitution is consistent with 

he available literature data. 

.3. Composition and structure relationships of the CoCrFeNi-based 

EA library 

Phases formed in the present CoCrFeNi-based HEAs, as mea- 

ured by the high-throughput XRD and summarized in Table 1 , 

xhibit alloy structures ranging from single-phase solid solutions 

o complex structures with IMs. With elemental additions ranging 

rom 0.5 to 3, combinatorial alloying additions of the 9 principal 

lements into the CoCrFeNi-based alloys above a certain level will 

nduce the matrix phase transformation or precipitate new phases, 

.g., the increased addition of Al or W will lead to the phase trans-

ormation from FCC to BCC phases. Only four types of alloy systems 

xhibit simple-single or dual-phase FCC solid solutions with the in- 

reased amounts of replacing elements, i.e., Mn x , Al x , Cu x , and W x .

he other quinary or senary HEA systems present multiple com- 

lex phases, including B2, μ, σ , or Laves phases in a disordered 

olid solution, which can significantly affect the mechanical behav- 

ors of such alloys. Additionally, oxide phases are also observed in 

ew of the Mn-containing HEAs and possibly can be attribute to 

he powder contamination. 

To screen alloy compositions, high-throughput computation 

ethods integrating empirical rules, first-principal calculations, 

ALPHAD, and others are proposed to predict the solid-solution 

hase formation in HEAs in a fast and effective way. For an em- 

irical approach, the Hume-Rothery rules are broadly applied in 

EAs [30] . Due to the efficacy and success in composition-phase 

elation and alloy design studies, these rules are also used in the 

pplication of high-throughput investigations. Among the devel- 

ped parameters of the Hume-Rothery rules, the atomic size dif- 

erence ( δ), the enthalpy of mixing (�H mix ) , entropy of mixing 

�S mix ) , and an � = 

T m 

S mix | �H mix | , combining �H mix , �S mix , and melt- 

ng temperature, T m 

, are mostly applied [31] . These parameters are 
275 
dopted in the present study to predict the solid solution (SS) or 

M phases formation, and to compare with the experimental re- 

ults (Supplementary Table S1). With increasing the amounts of 

lloying elements, the δ value increases monotonically, while the 

value presents an opposite trend. From Table S1, it is apparent 

hat the studied HEAs are more likely to form FCC solid solutions 

ith the small addition of an alloying element, which should be 

ue to the FCC structure of the CoCrFeNi base alloy. With increas- 

ng the amounts of refractory metal of W, Ta, or Nb, the original 

CC phase tends to transform to a BCC phase because of their BCC 

rystal structures of alloying elements. 

� and δ are highlighted as the combination of them is more 

ffective in phase prediction, and the � was plotted against the 

value to predict the IM or SS phases in HEAs, as presented in 

ig. 4 (a). According to the previous studies [31] , the critical bound- 

ry of δ = 6.6% and � = 1.1 are drawn to demarcate the location of 

he SS and IMs formation region. It is suggested that the solid so- 

ution and IMs domains could be successfully separated by the �

nd δ values, i.e., � > 1 and δ < 6.6% favor the formation of a sin-

le SS, while beyond this region, a complex IM tends to form. How- 

ver, this empirical criterion breaks down compared to our exper- 

mental results as there are a large number of HEAs with SS plus 

Ms formation in the region of � > 1 and δ < 6.6%. Moreover, the 

omain of SS is overlapped by the SS + IMs area, as indicated in the

ig. 4 . Actually, as in one of the HEA review [1] , many HEAs favor

he formation of the SS + IMs, rather than the single solid solution, 

hich is largely due to the limited solubility, complex electroneg- 

tivity, mixing enthalpy and other important interactions amongst 

he alloying components. 

The average valence electron concentration (VEC) and itiner- 

nt electron, e/a, are other criteria employed to determine the 

tructure and stability of solid solution alloys, similar to those 

omposition-weighted terms of the Hume-Rothery rules, as de- 

cribed as below: 

EC = 

∑ 

i =1 
c i VE C i (1) 

/a = 

∑ 

i =1 
c i e/ a i (2) 

here VEC i and e / a are the valence electron concentration and 

tinerant electron of the element, i , respectively [32] . They are usu- 

lly intended to identify the crystal structure of the existing solid 

olutions when a limited number of alloys were considered within 

 given alloy family. The examined e / a in a quinary system were 

lotted against VEC and their corresponding experimental struc- 

ure, as shown in Fig. 4 (b). As seen in Fig. 4 (b), Nb- and Mo-

ontaining alloys display different trends of solid-solution forma- 

ion from other replacing elements with the variation of e / a and 
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Fig. 4. (a) Phase formation determined by � and δ ; (b) Phase classification determined by VEC and e / a . 
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EC value. High e / a and VEC of e / a > 1.55, VEC > 7.6 result in an

CC-structured solid solution. Beyond this region, Nb and Mo al- 

oys exhibit stable BCC and FCC + BCC structures, respectively. 

While for Mn, Cu, Ti, Ta, W, Al, W, and Si alloys, an FCC struc-

ure is more likely to develop with high VEC and low e / a values,

ying on the region with VEC > 7.6 and e / a < 1.88. As e / a increases

nd VEC decreases, the structure changes from an FCC + BCC dual 

hase to BCC solid solution, which is different from the previous 

nvestigation that an FCC structure is stable for VEC < 7.5 or 1.8 

 e / a < 2.3 whereas an FCC structure develops for VEC > 7.5 or

.6 < e / a < 1.8 [11] or e / a < 1.65 to be FCC, 1.65 < e /a < 2.05 a com-

lex phase, and e / a > 2.05 is an BCC structure [33] . In Ti and

a-containing alloys, the e / a is almost constant and the increas- 

ng the VEC value favors the formation of an FCC structure. In Si- 
276 
ontaining alloys, only IM is found as e / a > 2.3 and VEC < 7.2. It is

pparent that the fixed critical boundary of VEC or e/a cannot sat- 

sfactorily define all the HEA composition-structure relationships. 

A more scientifically sound CALPHAD method with an assessed 

6-element HEA database is applied in this study to evaluate the 

omposition-phase constitutions. For the 13 principal alloying el- 

ments of our study are all in the HEA database as documented 

34] , where all the 78 related binaries are assessed in a full range, 

2 out of 192 ternaries are assessed in a full range. Our evaluation 

eveals that the CALPAHD predictions matches nicely with the ex- 

erimental observations of the major phases in HEAs, much better 

han empirical rules. However, with respect to the minor phases 

r second phases, such as σ or μ, the predicted and experimental 

esults are mostly inconsistent. It should be noted that different 
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Table 2 

Apparent FCC volumes V n for all alloying elements. 

Element n Apparent volume n ( Å
3 
) 

Ni 10.94 [45] 

Co 11.12 [45] 

Fe 12.09 [45] 

Cr 12.27 [45] 

Mn 12.60 [45] 

Al 14.10 ∗

Cu 12.80 ∗(11.80 [43] ) 

Mo 15.91 ∗

Ti 16.02 ∗

∗ indicates value calculated in this work. 
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hases and various levels of decomposition and inhomogeneity are 

ound in the similar HEAs in the literature data, which is likely 

ecause of the nonequilibrium state of studied alloys and the var- 

ed processing conditions. For example, the as-cast results overes- 

imate the extent of SS. Such disadvantage can be avoided in the 

urrent high throughput experiment since all 85 alloys are synthe- 

ized and treated under the same processing conditions. Without 

dded complexity due to processing, the composition effects on 

he phase formation or mechanical properties are obtained more 

onsistently. 

Based on these 9 replacing elements in CoCrFeNi-based HEAs, 

he transition among the FCC structure, FCC + BCC dual phase, 

nd BCC structure in low and high-alloying element HEAs is ex- 

erimentally evaluated and predicted by means CALPHD and em- 

irical rules, which can serve as the guide to design the HEA 

ompositions with targeted phases. It is suggested that all mea- 

ured solid-solution alloys meet the two combined-parameter cri- 

eria of the empirical Hume-Rothery rules, but alloy predictions 

eeting these criteria are not always determined to be solid so- 

utions, as illustrated in Fig. 4 . As demonstrated by current experi- 

ental results, the empirical criterion is not always valid to predict 

he composition-phase constitutions in the HEAs, the CALPHAD 

pproach with assessed database can reliably predict the major 

hases in the HEAs. Thus, our high-throughput approach is vital to 

fficiently identify the phase formation or mechanical properties of 

esigned composition, and to provide large datasets with compa- 

able processing conditions to improve the existing computational 

odels and empirical rules and to develop new ones. 

.4. Mechanical properties of the CoCrFeNi-based HEA library 

Automated micro-Vickers hardness experiments enable high- 

hroughput testing of all 85 cells in the honeycomb-structured HEA 

ibrary and can be conducted to effectively screen the promising 

ompositions of HEAs based on hardness values. For 1 quaternary 

nd 9 quinary HEA systems, varying trends in the hardness val- 

es of 45 representative individual HEAs are illustrated in Fig. 5 (a). 

he quaternary base alloy, i.e., the CoCrFeNi HEA, exhibits a micro- 

ardness value of 245 HV. Regarding CoCrFeNi-R x HEAs ( R = Mo, 

n, W, Si, Nb, Ti, Ta, Cu, and Al, x = 0.5, 1.0, 1.5, 2.0, 2.5, and

.0), there is a clear correlation between the hardness and molar 

raction of alloying elements. As shown in Fig. 5 , microhardness 

ncreases along with the increasing Mo and Al contents in both 

oCrFeNi-Mo x and CoCrFeNi-Al x HEAs. In contrast, the additions of 

n and Cu reduce the hardness of the CoCrFeNi base alloy and 

how decreasing trends in both CoCrFeNi-Mn x and CoCrFeNi-Cu x 

EAs. Moreover, a peak hardness value emerges in the CoCrFeNi- 

a x , -W x , -Ti x , and Nb x HEAs. Interestingly, the addition of Si im-

oses a less clear effect on the hardness of CoCrFeNi-Si x HEAs. All 

he examined hardness values of 85 alloys in one sample was com- 

ared with the previously-investigated alloys from many different 

esearch groups, as presented in Table 1 . The CoCrFeNi-based HEAs 

ith contents of Cu 0.5 , Cu 1.0 , Ta 0.5 , W 0.5 , Ti 0.5 , Nb 0.5 , and Nb 1.0 in

his investigation have similar hardness values to the reported ones 

 27 , 29 , 35–38 ]. It is noted that hardness values of all CoCrFeNi-Al x ,

oCrFeNi-Nb x , CoCrFeNi-Ti x , and CoCrFeNi-Mo x HEAs are compa- 

able with the values in the literature [39] .The relationships be- 

ween the addition of alloying elements and resulting hardness of 

ll 36 senary CoCrFeNi-R-A HEAs (R, A = Mo, Mn, W, Si, Nb, Ti, Ta,

u, and Al, respectively) are more complicated, which is exhibited 

n Fig. 5 (b). The representative hardness values range from 260 to 

80, as indicated by the colored legend. Some systems show clear 

rends, e.g., additions of Cu and Mn result in lower hardness, whilst 

dditions of Si and Mo increase the hardness of HEAs. 

As exhibited in Table 1 , the hardness values of 85 alloys are ef-

ectively measured by the high-throughput methodology. The de- 
277 
iation of hardness in the current experiment from literatures 

ould be due to the different casting, deformation process, or heat- 

reatment parameters that cannot be avoided in conventional ex- 

eriments. Whereas in the current work, these processing varia- 

ions are limited since all the 85 alloys are synthesized and treated 

t the same time in one sample, which can ensure the consistency 

f tested materials. These harnesses data enrich the information 

nd knowledge of the designed compositions efficiently and reli- 

bly, and they also provide consistent datasets to verify and vali- 

ate the theoretical simulation of hardness or strength. 

To quantitatively understand the trends in hardness for the 

oCrFeNi-R x alloys, we apply the theory of Varvenne et al. [40–

2] that has been used successfully for many alloys in the FCC Can- 

or alloy Co-Cr-Fe-Mn-Ni family. Within this framework, the zero- 

emperature yield shear stress τy0 and energy barrier �E b for dis- 

ocation motion in an FCC alloy are 

y0 = 0 . 049 

[
�

b 2 

] −1 
3 
[
μV 1 + νV 

1 − νV 

] 4 
3 
[

2 

∑ 

n c n �V 

2 
n 

9 b 6 

] 2 
3 

(3) 

E b = 2 . 58 

[
�

b 2 

] 1 
3 

b 3 
[
μV 1 + νV 

1 − νV 

] 2 
3 
[

2 

∑ 

n c n �V 

2 
n 

9 b 6 

] 1 
3 

(4) 

here b is the Burgers vector, { c n } the alloy composition, 

= 0 . 123 μ110 / 111 b 
2 the dislocation line tension with μ110 / 111 = 

 C 11 − C 12 + C 44 ) / 3 , and μV = 

C 11 −C 12 +3 C 44 
5 , νV = 

3 B −2 μVoigt 

2( 3 B + μVoigt ) 
, B = 

 C 11 + 2 C 12 ) / 3 are the Voigt-averaged alloy elastic constants. Most 

mportantly, �V n is the misfit volume of element n in the alloy 

efined as �V n = V n −
∑ 

n c n V n where V n is the apparent volume 

f element n . At temperature T and strain-rate ˙ ε , the shear yield 

tress τy ( T , ˙ ε ) then follows as 

y ( T , ˙ ε ) = τy0 exp 

(
− 1 

0 . 57 

kT 

�E b 
ln 

˙ ε 0 
˙ ε 

)
(5) 

here k is Boltzmann constant and ˙ ε 0 = 10 4 / s a reference strain 

ate. This strengthening is the intrinsic strengthening and does not 

nclude finite-grain-size Hall-Petch effects. 

For the CoCrFeNi-R x alloys, we start with the apparent volumes 

or Co, Cr, Fe, Ni and Mn as derived by Varvenne et al. [40] . For

ach solute R, we consider the dilute composition c R = 0.033 corre- 

ponding to FCC CoCrFeNi-R 0.14 and compute the alloy elastic con- 

tants and apparent volume for R using first-principles DFT (details 

resented elsewhere). Changes to the elastic constants are small 

nd not clearly correlated with R and so we use the values for the 

ase alloy. The apparent volumes are shown in Table 2 and follow 

xpected trends, although the Cu volume is somewhat larger than 

hose of fcc Cu (11.80 Å 

3 ) and Cu in RhIrPdPtNiCu (12.15) Å 

3 [43] . 

Since hardness typically corresponds to the flow stress at ∼10% 

lastic strain, a direct comparison of the theoretical yield strength 

nd the measured hardness is not possible. We thus follow the 

trategy of Bracq et al. [42] and examine normalized quantities. 
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Fig. 5. (a) The microhardness variation with the CoCrFeNiR x ( x = 0.5–3.0); (b) The microhardness variation with the CoCrFeNi-R-A. 
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he predicted yield strength of CoCrFeNi-R x is normalized by the 

ield strength of CoCrFeNi, τy ( CoCrFeNi − R x ) / τy ( CoCrFeNi ) . The 

xperimental hardness 240 HV of CoCrFeNi suggests a grain-size 

all-Petch (H-P) hardening of 122 relative to the measured hard- 

ess 118 HV at infinite grain size [44] . The H-P contribution is typ-

cally weakly alloy-dependent [44] . For comparisons with the the- 

ry, we thus consider an HP-corrected and normalized hardness 

 H V – 122)/118. 
278 
Fig. 6 shows the predicted normalized yield strength and the 

easured normalized/HP-corrected hardness versus composition x 

or R = Mn, Al, Cu, Mo and Ti at x = 0.25, 0.5 at T = 300 K

nd ˙ ε = 0 . 001 ; note that the model assumes the alloys are FCC.

n additions are observed and predicted to cause a slight in- 

rease in strengthening that is nearly constant over the compo- 

ition range, consistent with previous results on the Cantor alloy 

oCrFeMnNi [45] . With the DFT-estimated apparent volume, Cu ad- 
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Fig. 6. Normalized yield strength predicted by solute-strengthening model and nor- 

malized hardness from experiment; For CoCrFeNiCu x , the predictions from different 

apparent volumes (12.8 Å 3 and 11.8 Å 3 ) are both presented in the figure. 
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itions are predicted to show a small strengthening while exper- 

ments show a slow decrease. Predictions using the apparent Cu 

olume of 11.80 Å 

3 are, however, quite consistent with the exper- 

ments. Al additions create reasonable strengthening, as found in 

iterature studies and as predicted [46] , although the predictions 

re higher than experiments. Mo and Ti additions are predicted 

nd observed to cause much higher strengthening even at low con- 

entrations. The experimental hardness ratio is much lower than 

redicted, but these alloys are not single-phase FCC. The observed 

ormation of the μ phase likely removes mainly Mo/Ti from the 

CC lattice, leaving a matrix with lower Mo/Ti content and, hence, 

ower strength while the (large) μ –phase particles contribute little 

o strengthening. 

The predictions here capture the major trends in hardening ob- 

erved across the solutes R examined experimentally. Theory with 

igh-throughput computations in the dilute limit can thus broadly 

dentify attractive solutes for experimental study. However, high- 

hroughput synthesis for the range of solutes identified theoreti- 

ally remains essential to investigate single- vs. multiphase behav- 

or and to quantitatively evaluate mechanical and other properties. 

. Discussion and conclusions 

To evaluate HEAs for structural applications, it is vital to estab- 

ish composition-process-structure-property relationships. The tra- 

itional approach, which often focuses on one principal element 

lloying at a time, is increasingly becoming a bottle neck to explore 

he vast multicomponent HEA space. In the present work, we draw 

n widely-studied CoCrFeNi-based HEAs with 9 replacing princi- 

al elements and spanning 9 quinary HEA systems and 36 senary 

EA systems. To explore the composition-structure-property rela- 

ionships including the crucial composition-phase limit and hard- 

ess in the vast space of multiple component compositions, the 

eplacing principal elements vary in a relatively wide range from 

he 0.5 to 3 atomic ratio in the quinary CoCrFeNi-R x alloys, and 

he replacing and additional principal elements represent all 36 

-A binary combinations in the senary CoCrFeNi-R-A alloys. Com- 

inatorial pure elemental powder mixtures are prepared as de- 

igned and processed in single HIP experiment to produce 85 or 

ore HEAs in one batch. This approach in fact realizes the HEA 

esign freedom in elemental combinations and reduce complexity 

nd limit variation due to processing. We explore the broad alloy 

omposition space with efficient synthesis of bulk samples, acquir- 
279 
ng composition-structure-hardness datasets for the HEA library. 

e identify the conditions of forming single -phase solid-solution 

EAs, and verify the elemental effect on the phase stability and 

ardening. We characterize and analyze the composition-structure- 

roperty relationships experimentally and computationally. 

The HT-HIP-MSA is demonstrated highly efficient in testing 

ultiple hypothesis or elemental combination, aiming to find the 

ardening effects and phase-formation boundary, e.g., the appear- 

nce of the second-phase (CoCrFeNi-Mo x ) or the transition to an- 

ther structure (CoCrFeNi-Al x ) in one sample. Based upon the cur- 

ent results, we will focus on CoCrFeNi-based HEA system with re- 

uced alloying amount and varying elements to optimize HEAs for 

argeted applications. We will apply this high-throughput strategy 

o quickly capture the phases, mechanical properties, and their re- 

ationships of specific HEAs. Furthermore, in combining the com- 

utational methods, the HT-HIP-MSA offers a new strategy in de- 

igning and exploring new structural HEA compositions, and can 

e applied broadly to other alloy systems with significantly re- 

uced cycle time and much lowered cost. 

To explore the seemingly limitless compositional space of HEAs, 

t is of great importance to develop reliable and efficient theo- 

etical, computational, and experimental approaches in evaluating 

nd screening of HEA compositions. The present work presents 

n innovative High-Throughput Hot Isostatic Pressing (HIP) Micro- 

ynthesis Approach (HT-HIP-MSA) to realize a combinatorial design 

f 85 CoCrFeNi-based HEAs in a single sample and in a single pro- 

essing cycle from elemental powders to alloys. To rapidly map the 

hemistries, structures, and mechanical properties of these HEAs, 

he alloys were characterized by micro X-ray fluorescence, micro X- 

ay diffraction, and micro Vickers hardness techniques in the high- 

hroughput fashion. With the same controlled processing condi- 

ions, the resulting chemistry-structure-property data not only of- 

ers better evaluation and direct comparison of alloying effect on 

tructures and properties from the selection or combination of Mn, 

u, Ti, Nb, Ta, Mo, W, Al and Si alloying additions, but also provides 

uch needed exploration and validation data for the structure and 

roperty prediction models. Compared to a single FCC phase CoCr- 

eNi alloy, we show that quinary HEAs with Mn additions up to 42 

t.% remained an FCC structure, with Mn or Cu alloying additions 

ad comparable micro hardness, and with other alloying additions 

long with all senary HEAs destabilizing single phase structures 

nd yielding higher micro hardness. The CALPHAD-based struc- 

ure predictions with assessed HEA database are superior to Hume- 

othery empirical rules, and the model of Varvenne-based strength 

redictions provide insights and validated trend for single-phase 

olid-solution alloys. The HT-HIP-MSA permits reliable and efficient 

ynthesis and exploration of the alloying space for HEAs, and in- 

egrating computational models the greater power lies in the ex- 

anded use of such a method and its resulting data libraries for 

argeted design of HEAs. 

. Materials and methods 

Traditionally, the HIP process is to fill the alloy powders in 

 container, vacuum the container under an intermediate tem- 

erature to remove the air and moisture, seal the container by 

elding, and to consolidate powders in Argon under an elevated- 

emperature and high-pressure condition. In contrast to this one- 

t-a-time consolidation process, we employ a high-throughput 

owder-metallurgy synthesis via HIP, where tens or hundreds of 

lloys can be processed in parallel, and the experimental pro- 

ess is schematically illustrated in Fig. 7 . We design and manu- 

acture a honeycomb structure array containing 85 cells by laser 

dditive manufacturing (AM). Different mechanically-milled pow- 

er mixtures are loaded in each cell and then HIPed to make a 
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Fig. 7. Honeycomb-array container preparation: (a–e) procedure of honeycomb-sample HIP preparation; (f) detail of HIP process g components of 85 HEAs; (h) honeycomb- 

structured HEAs library. 
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iscrete-materials-array to enable high throughput characterization 

nd screening alloys efficiently. 

The honeycomb-structured sample with 85 cells ( Fig. 7 (a)) are 

ormed by AM. The gas-atomized pure titanium (Ti) powders 

99.9 wt.%,), with the spherical shape and the particle size in the 

ange of 15–45 μm, are used as the starting materials. The param- 

ters of the AM machine (BLT S310, Xi’an Bright Laser Technolo- 

ies Co., Ltd., China) are conditioned with the laser power of ∼
00 W, laser-spot size of 80 μm, laser scan speed of 1100 mm/s, 

ayer thickness of 50 μm, overlap of 55 μm, and interlayer rota- 

ion angle of 67 ° Furthermore, the AM system is equipped with 

n automatic powder-layering apparatus, and an inert argon gas 

rotection system. Dimensions of honeycomb arrays are 50 mm in 

iameter, 20 mm in height, ∼ 0.4 mm in wall thickness, and the 

iagonal length of each cell is 5 mm. Additionally, the honeycomb 

rrays is placed into a carbon steel container with 50 mm in di- 

meter and 2 mm in thickness. 

In designing CoCrFeNi-based HEAs, 13 pure spherical powders 

purity > 99.0 wt.%, particle size in the range of 15–45 μm) are 

elected, including Fe, Cr, Co, Ni, Mo, Mn, W, Si, Nb, Ti, Ta, Cu, 

nd Al ( Fig. 7 (b)). Four elements of Co, Cr, Fe, and Ni were chosen

s the HEA base elements, and the other 9 elements were used 

s the variable components to for alloys in 1 CoCrFeNi quaternary 

ystem, 9 quinary CoCrFeNi-R x , and 39 senary FeCrCoNi-R-A HEAs 

 Table 1 ). According to the HEA design, the powders are manu- 
280 
lly weighted and loaded into ball-mill jars in less than 4 h. Af- 

er the weighing process, 85 mixture powders were divided into 

wo groups, and each group was milled for 24 h by the high- 

hroughput milling machine designed by the Central South Univer- 

ity, which can mill 56 jars at one given time ( Fig. 7 (c)). In each

roup, every ball-milling jar with stainless-steel 304 alloy balls ro- 

ates at 80 rpm in an airlock condition. After the milling process, 

5 mixture powders are manually loaded into each cell of honey- 

omb arrays ( Fig. 7 (d)) in about 2 h. After the filling process, the

arbon-steel top cover with an exhaust tube is welded onto the 

teel container. 

The welded steel container then goes through the typical pro- 

essing cycle of HIP, which includes vacuuming the container 

t room temperature to 10 −4 Pa, vacuuming the container at 

00 °C for 8 h to further remove air and moisture, sealing the 

xhaust tube on the container to prevent additional air leaking 

nto the container, loading the container into the HIP furnace fill- 

ng with argon to perform the densification and thermal diffu- 

ion at 10 0 0 °C and 150 MPa for 4 h, cooling down to ambi-

nt temperature with a controlled rate of 10 °C/min., and remov- 

ng the container from the HIP furnace ( Fig. 7 (e)). The detail of 

he HIP-processing temperature cycle is presented in Fig. 7 (f). Af- 

er the mechanical removal of the bottom and top of the con- 

ainer, the honeycomb-structured HEA library with 85 discrete 

ompositions ( Fig. 7 (g)) is obtained and metallurgically polished 
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own to the 1 μm surface finish for further characterization 

 Fig. 7 (h)). 

The compositional distribution of the honeycomb-structured 

EA library is scanned by the micro X-ray fluorescence ( μXRF, 

ruker M4 Tornado) with a spot size of 20 μm, step size of 80 μm,

can area of 50 × 50 mm 

2 , acquisition time of 100 ms, and total

easurement time about 10 h. The compositions of 85 HEAs are 

ssessed by energy-dispersive spectroscopy (EDS, Aztec max 50) at 

he center of each cell within a ∼ 2 × 2 mm 

2 area. Additionally, 

he diffusion of Ti of the honeycomb structure into the honeycomb 

ells is measured by EDS. The phase compositions of 85 HEAs are 

haracterized by the micro X-ray diffraction ( μXRD, Rigaku) with 

he parameter of Cu K α radiation between angles of 20 ° and 100 °, 
nd a step size, 2 θ , of 0.02 °, and spot size of 100 μm. The mor-

hologies of microstructures are observed by scanning electron mi- 

roscopy (SEM, Zeiss) with a backscatter electron (BSE) mode. The 

ardness of 85 HEAs is tested at about the center of each cell by 

he high-throughput micro Vickers hardness (MVH, Qness Q10A + ) 

nder a load of 2.0 N. 

We calculate composition-phase relationships using the 

hermo-Calc Software version 2020a, and the database used 

s TCHEA4 containing 26 elements [47] . Both are developed by 

he Thermo-Calc Software AB [47] . We calculate the composition- 

hase relationship for each design of HEA library using the aim 

hemistry as inputs, and the equilibrium temperature is set as the 

IPing temperature of 10 0 0 °C. The computed equilibrium phases 

ith respect to the design HEA chemistry is tabulated in Table 1 . 
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