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Fig. 1. Crystal models and equivalents for points: (a) Al,CrgFegNis; (b) Al,Cr;FegNipNb; (¢) AlgCroFe,Nig; (d) AlgCryFeNigNb.
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Fig. 2. Wear performance test of AICrFeNiNb, HEAs: (a) Friction coefficient; (b) wear rate.
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Kl 3 AICrFeNiNb, it SEM & EDS & (a) 2= 0; (b) 2= 0.1; (¢) 2= 0.2; (d) z= 0.3; (e) z = 0.4

Fig. 3. SEM and EDS plots of AlCrFeNiNb, HEA wear: (a) z = 0; (b) = 0.1; (¢) 2= 0.2; (d) = 0.3; (e) z= 0.4.
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Fig. 4. XRD patterns of AlICrFeNiNb, HEAs: (a) 10°-90°; (b) 44°-45°.
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Table 1.  Component values at each phase.

Alloys Phases Al/% Cr/% Fe/% Ni/% Nb/%

BCC 1041 44.02 3757 7.99 0

NbO

B2 3796  9.03 13.15 39.86 0
BCC 10.77 46.23 35.73 6.70 0.57
Nb0.1 B2 32,70 13.13 1697 3586 1.34
Laves 9.33 2283 31.60 10.86 25.37
BCC 9.13 4635 36.03 6.23 2.26
Nb0.2 B2 3227 13.85 16.60 3592 1.36
Laves 10.41 23.43 29.39 11.05 25.72
BCC 10.30 4297 36.25 7.04 3.45
Nb0.3 B2 37.34 1014 13.26 3781 1.45
Laves 10.73 23.36 29.40 10.84 25.67
BCC 10.79 39.49 35.14 7.36 7.23
Nb0.4 B2 34.32 1244 15.00 36.80 1.47
Laves 11.45 23.53 27.58 11.20 26.24
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Fig. 5. BSEM and EDS plots of microstructure of AICrFeNiNb, HEAs: (a) z = 0; (b) z = 0.1; (¢) z = 0.2; (d) = 0.3; (e) z = 0.4.
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Fig. 6. (a) Microhardness and (b) room temperature compression curves of AICrFeNiNb, HEAs.
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Fig. 7. (a) Load-displacement curves and (b) nanohardness and Young's modulus of BCC phase and B2 phase before and after doping.

2 RRIERER BETE R R 545G hE
Table 2.  Total energy, defect formation energy, heat of formation, and binding energy of the systems.
System Site E; H E Eiotal
Al,CrgFegNi, — — -0.11667 -3.62827 -29079.07198
AlCrgFegNi,Nb Al site 1.17184 -0.05808 —3.84808 -30623.59838
Al,Cr;FegNip)Nb Cr site -0.00317 -0.11683 -3.90007 -28335.21599
Al,CrgFe;Ni,Nb Fe site 1.10657 -0.06134 -3.85692 —29872.04588
Al,CrgFegNiNb Ni site 0.76522 -0.07841 -3.92992 —-29358.95247
AlgCr,Fe,Nig — — -0.34288 —-3.47834 -18426.86037
Al,CryFe,NigNb Al site 0.51441 -0.31716 -3.73102 -19972.04421
AlCrFe,NigNb Cr site -0.67442 -0.37660 -3.78370 -17683.67563
Al CryFeNigNb Fe site -1.45347 -0.41555 -3.83498 -19222.39432
AlyCryFe,Ni;Nb Ni site 1.26742 0.40625 3.88161 18708.77351
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Fig. 9. Electron density difference of systems: (a) Al,CrgFegNiy; (b) Aly,Cr;FegNiyNb; (¢) AlgCryFe,Nig; (d) AlgCryFeNigNb.
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1
Br = (4)
(S11 4 Sa2z + S33) + 2(S15 + S23 + Si3)’
G 1 (5)
R =
4(S11 + S92 + S33) — 4(512 + So3 + S13) + 3(Cag + Cs5 + Cep) ’
|
B = (By + Br)/2, (6) U Oy S st ) B2 o K, 5 3R SR i S R
FRHWOCR. WAL, BRI [REL R B DL SRR
G =(Gv+GRr)/2, (O H, TR T gt 2729
. . 9BG
# 3 Nb#BA4HiE BCC iR R E=—"_ (8)
Table 3.  Bond populations in the BCC phase be- 3B+G
fore and after Nb doping. 0.585
H,=2(G*/B*)""" 3. (9)
System Bond Population Length
Ni—Ni 0.01 3.54777 e "
_ . F 4 NbIBZEHIE B2 tHENM AL
Fe—Ni 0.1 3.24825 Table 4. Bond populations in the BCC phase be-
Fe—Fe 0.07 3.34922 fore and after Nb doping.
Cr—Ni 0.03 3.48801 System Bond Population Length
. Cr—Fe -0.05 3.15932
Al,CrgFegNi, Al—Al 0.01 3.20558
Cr—Cr -0.37 3.28039
. Al—Cr -0.44 3.07520
Al—Ni 0.11 3.42543
Al—Fe 0.11 3.20017 Al 0-24 247738
Al—Ni 0.27 2.70429
Al*Cr 0.08 3.05610 AISCrQFeQNiS
Al—Al 0.00 4.80639 Cr—Fe -1.00 244941
Ni—Ni -0.02 3.73872 Cr—Ni -0.40 2.50288
Fe—Ni 0.10 3.32775 Fe—Ni -0.15 3.07799
Fe—Fe 0.07 3.34938 Ni—Ni -0.20 3.21284
Cr—Ni -0.09 3.65638 Al—Al ~0.02 3.93276
Cr—Fe 0.05 3.13931 Al—Cr 096 394161
Cr—Cr -0.39 3.12486 Al—Fe 0.21 2.84415
Al—Ni 0.13 3.40228
ALCr,FegNi;Nb Al—Nb 0.00 2.65091
Al—Fe 0.11 3.23175
Al—Ni 0.24 2.87858
Al—Cr 0.10 2.99913 Al Cr,FeNigNb
—F -0.73 2.46354
Al—Al 0.00 4.85985 Crte 'Y
Ni—Nb 0.57 2.58120 Cr—Nb 226 245989
Fe—Nb -0.03 3.32742 Cr—Ni ~ 2.74444
Cr—Nb -0.31 3.75318 Fe—Ni -0.14 3.22725
Al—Nb -0.14 3.66437 Ni—Nb -0.33 3.26054
b AR BN AL
Table 5.  Elastic stiffness constants of systems.
Al,CrgFegNi, Al,Cr;FegNi)Nb AlyCryFe;Nig AlyCryFeNigNb
Cy 128.29975 736.29805 270.3648 127.11465
Cyy 177.42665 215.33585 691.93215 203.93235
Cs3 267.0162 -375.11635 250.2832 1766.9252
Ciy 178.20038 343.45855 93.53145 74.19628
Cys 160.14022 —33.38788 81.9077 256.06083
Ci3 177.82828 304.61232 97.42585 345.99403
Cy -92.7819 167.42425 31.8253 59.76855
Css 22.91365 568.51245 53.94125 71.5073
Chs 81.31915 333.01795 64.64615 31.13195
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Table 6.  Elastic flexibility constants of systems.
Al,CrgFegNi, Al,Cr;FegNi,Nb AlCryFe,Nig AlCryFeNigNb
S -0.0156972 0.0004691 0.00475 0.0242321
S99 0.0010798 0.0025236 0.0015446 0.0065644
S33 0.005798 0.0088133 0.0054491 0.0021923
Sio 0.0131561 0.0029681 -0.0004152 -0.0019679
So3 -0.0082161 -0.0063358 -0.0003173 -0.0007382
Si3 0.0026282 -0.0003899 -0.002034 -0.0055097
Sy 0.0106177 -0.0063815 0.0665176 0.0392295
Ss5 0.0225751 0.006832 0.0391124 0.0261333
Se6 0.0115169 —0.0040258 0.0181006 0.038512
KT OBIRRMRE R AL
Table 7.  Elastic constants of systems.
Systems B/GPa G/GPa E/GPa Hy/GPa
AlyCrgFegNi, 168.320 107.811 266.529 15.356
Al,Cr;FegNi,Nb 216.860 137.470 340.468 17.906
AlCryFe,Nig 178.191 63.838 171.084 5.431
Al,CryFeNigNb 221.891 79.373 212.751 6.325

T HIH T I EARR RS R TR R
B Nb 4% )5 BCC A B2 AH A (A4 B 37 D14
i W OB SR P S K T8 2600, iXX Uil T Nb
PETF TR RIEGTIE I BE J1 LA B AR 2R iy i J3E 29901,
XEUET Nb Xt BCC #l5 B2 M J12# PR R M I8 15
YEH.

AHIFGEIE Ao S0 A 55— R AR 2
4, ZGi#E7R T Nb L& X AlCrFeNiNb, & &
SO LA | 2k B S B A/ AILBE,
LU B2

1) Nb B 22427+ T AICrFeNi & 4 1Y i} JBE
Pk, Nb 8B24)5, & & n AL bR E ol 3
REAR Ry LA RSN 32, RIBHERE T & & 1Ak
V.

2) 4 T B 4 fE 1 B VR T LA R A 4R
Nb 52 B E 4L T AlICrFeNi &4 IO 41,
PR A T 2 BT, DT 4 A T 3 L) 2 Jeg AR
5 B 7 A DE T BTk, JLrh, Nb0.4 & 4RI
o AR e AR LA R e T s

3) Nb #4284 T AlCrFeNi & 4 BCC
5 B2 I HL 454, BRI T+ T = AR e M,

FEXT G A 2 B 0 AR IR AR . — 7 T e
FER) Laves MH#T 1, 55— A T4 4/ BCC
AH L B2 Al G2 B PR AH Y ) 2R BE. tAh,
Nb i85 P45 G 4 4 U RS S PEfg, e
B A A S5 T S
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Strengthening mechanism and wear behavior of AICrFeNiNb,,
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Abstract

AlCoCrFeNi high-entropy alloys have consistently attracted attention due to their outstanding strength-to-
ductility ratio. However, the substantial content of expensive cobalt in these alloys has somewhat limited their
engineering applications. Consequently, there is an urgent need to design and develop high-performance, low-
cost cobalt-free high-entropy alloys. AlCrFeNi alloys exhibit microstructures and properties similar to
AlCoCrFeNi alloys. Simultaneously, the absence of Co significantly reduces costs and markedly improves
casting performance. These alloys represent a potential structural material for harsh environments,
demonstrating promising engineering applications. In order to explore the phase modulation mechanism of Nb
element on AICrFeNi alloy, this study combines experiments with first principles calculations to systematically
investigate the effects of Nb on the microstructure, mechanical properties and wear resistance of AlCrFeNi
alloy. The research results show that the AICrFeNiNb,, high-entropy alloy has the best mechanical properties
and wear resistance.The doping of Nb changes the wear mechanism of the AICrFeNi alloy and improves the
wear resistance of the alloy. This is attributed to the phase modulation effect of Nb on AICrFeNi alloy. On the
one hand, it induces the precipitation of Laves phase, which has high hardness, and on the other hand, it solidly
dissolves in the BCC and B2 phases of the alloy, significantly improving the mechanical properties of the two
phases. In addition, Nb doping refines the microstructure of the AICrFeNi alloy, which leads to an increase in
the phase interface density, thus enhancing the hardness, yield strength and wear resistance of the alloy. First
principles calculations show that the Nb atoms change the electronic structures of the BCC and B2 phases in
the AlCrFeNi alloy, thereby enhancing the stability of the two phases and confirming the solid solution
strengthening effect of Nb on the two phases. The Nb atoms form strong antibonds with most of the atoms in
the two phases, which further explains the nature of the generation of a large number of Laves phases in the

microstructure of the alloy after Nb doping.
Keywords: AICrFeNiNb, high-entropy alloys, first principles, mechanical properties, wear behavior
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