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BCC TR, MIMTBERA &8N, Kk, vk
TEAE A BCC A, Hil#& LA MaE R i1 FCC
RAEEES, Wit N FeygNipsMn,sCrgAlg i
e NS

g5 LRTR, ARRFFE T R FCC @il
&, KR “DURE S+ 5B Theds ™ il & HH M
(1] FCC $fk &4, JFAFIT T AL A Cu X% FCC &
A SO L5 12 M RE R

A SEI6 DL B2 $0=99.9% AL <45um )
Fe. Ni. Mn. Cr. Cu Al ALy R NERl . #EE/REE
il FeasNirsMnygCrsCug M1 FeygNipgMnysCrsAlg A&
FI¥ R NTHEREE, T 30K FeyxgNigMn,ysCrgCug f&
FRN HEA1, FeyNisMn,sCrsAlg F5N HEA2. BEJ5,
VRGN E SR AT ERES . BRES R RS 1.2,
BB Y 10:1, FHUAEN 300 t/min, BN TREAE
QM-3SP2 BUTE AEREN ka7, BREBEFEH, f
b g AR 5], I &S E A LR S
I3 BIXTEREE 0 hy 20 he 40 h P K HEAT XRD i
WM& S A S M ARIER TSRS T, B
JG7E Dr. Sinter825 JHHLSE B T & LG A &
Ao A SPS KA EFERBCN: 1%, M 4 min ¥4
HE BRI 600 C; B3, ML 4 min KR E
FEE £ 900 'C; /5 F A 2 min J#k#] 1000 'C. JEH
£ 1000 C FR#IE 8 min, F&/Mpeghid FE (R RRE %,
JE 384 30 MPa, e 2R3 A SR R4 d 20 mm X
8 mm. AR EIR TR RS, HATE . ot
FIAREHEAT fa 2Rt .

ANV R BE I 8] & 00 2R LA S 45 5 (R S BRI
XRD KH X HATHU(XRD, Bruker-D8 Advance,
Germany) 3 17 & 0 . SR A 14 B 7 B 5UBE (SEM,
NOVA NANOSEM 430, USA)X& & PRI Hom 2R
TESATIIEE, IR RERE Tt & & h %5 X3, A
ZUHAT e A . A S AR 24 DR P P 0 e U)K
F HVS—1000 Y 2 flffi 2 v e Bl o 48 PQBSFE (1) 25
BN EEAT 2.94 N FERIE 15, BEAFEM 7
H10 A AT iR5e, LiimoNE . MBS BCF 1
YENGEGIEE . #R N d 3 mmX4.5 mm )48
RE CE 7R 5 AE 71 AL (AG-100NX, Shimadzu,
Japan) XA 4 (1 2 00 R 46 Ve Re AT I, K e
SLFEMEZE A 027 mm/min, & J4E 45 B,
=R, WrfERE.

2 HBRS57h

2.1 XRD &5 #r

BB A ER S I A AN R Bk K 1) XRD 1
K 1(a)fT7n A HEAL ¥3 A ) XRD it . #IEEIRZS(0 h),
HEA1 H T 7GR XRD FT5 0635 mT A s2 3 ek
&I ) 2115 20 hiF, 0] DA 2170 2 06 1 58 5 B 2 ek 55
RPEME S RPEICR O Gk BRESHH
K Z 40 h i), HIMESALTER, WAL T FCCr
BCC 45M10 il G ki, B 20k AT 56 06 (1) 5 55 1
I, RBHEREE L G A S AR SRk, A AR I
j<[23]0

Bl 1(b)FT7~ N HEA2 #3K1 XRD #%. 5 HEAL
[ XRD #2210, HILERAR(0 )i, o0& AT 5147
W AT D0 o BREE 20 h J5, JoE K TS I8 E B B R %,
H AWk, W 40 h )5, XRD fiThtlgk &Lk,
KU R EE BRI G S, BERR T
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Fig. 1 XRD patterns of two high entropy alloys with different
milling times: (a) HEA1; (b) HEA2
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FCC+BCC &SR . 5 HEAL AFEFZ,
HEA2 ' BCC ¥y KB, £H: 4 Cust&k
B AL TR BRE, ALK SRR AR BCC AHITE
KRFERFN Al TRWETFERERT &85 HAb
TOER MR T2A4%, 8RR A% WA, T BCC AH Y
FEEECT FCC, ARITWARERRK; Cu N
RS E TR F, R FCC M. Kk, BREZ )5
HEA2 ' BCC M & 8% T HEAL ' BCC M & & .

Kl 2 Fion N4 SPS be4h f5 HEAL A HEA2 =&
SHRP) XRD EE; Hh HEAL JEAL T FCC+Cr,Cs
ZHZ, 1 HEA2 MM H—1) FCC 4544 . SAAW Rl
TG SR ARAE SPS JRES G # KA TAHAR, IS Ja
AR 1) 5 B R R Dk oK IR & A & — NP
HRRA T L 2R, EREVMEEZHE T, &
TR RFESAL TR AN G & PR IA T, X RERIZ 1A
TEARZE T R oK & ath, A TR T RS i
A . hAh, TERRES R =22 T KEMAPK &,
SER AR B R, TITE R ARG AR T KR
Bhe, BARTHAZRRNE B, &% mEEE8h
KIE SPS A BUEN R, BT EiR bl & miy. H
Y. FETHSHEZ BN REERT, TR
A BCC AR SRS R A B2, e 28T AR X 5 A e
(1] FCC 45t BlJ5, KHHEKIENAS HEA1 A1 HEA2
HAR B B2 59 96.4%H1 97.3%. T, HiFhE
WG S BIR B TR R B B .

2.2 BR{NEIIELE AR AR LE 2R

PiFh G 1S BN B (BSE)R il 3 fr
o M 3(a) T LLE B HEAT HA TR K0 At
190, 72 32 F R () K £ DX 33 4 R 43 BRI TR AN B 1)
R I B 4. B 3(b)FT~ N HEA2 (B 51

=— FCC
*— Cr;C5
[ ]
e 1 B =, HEAI
[ ]
/L A A A2
- N
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B2 WRER S EPURR) XRD %
Fig.2 XRD patterns of two bulk high entropy alloys

(2)

B3 PidmER S e BSE &
Fig. 3 BSE images of two high entropy alloys: (a) HEAL;
(b) HEA2

WHTEMR, WTLER], 5 HEAL A4&4H1l, HEA2
RO 23 TC R R0 AT R B A R X3, B
X C IR EX I D. 5 HEAL Bl & & A2,
X3k C FIX 3 D # o ATH 3550, BRI R T XRS5
Mo F4h, WTLLE BB G U R T /N S
¥i, FH HEA2 SR FIRAZZE B/ T HEAL . #
T i & e PR 1 BT 73 BT (EDS) S5 RT3 1 e
FEh, RTTEERAE, HPRERE S ST S EET R
K C LR H AR A 1S 1551 T3 210,
ADERIERIR 4 H, BRT Cr M8 8548 UK
SRS, HEn R BIIA S| T I, Ui SPS
FRAEJE LR T Loy LRI S 4 fEIX 3k B 1, Cr
& R T4 gy, e Cr 8 MXIE C 7t
FNSEMHEIR, XYL EE Cr. CH
AMICERRET KM PAEXME Cr MKIRKEEZEZ
KA Cr ks S E T HEAL AT ER, B
RYEAR, TENLIR A £ th 3 72 o xiE DA 7 B A o
BT Cr uR MW B4, 7 HEAL ', Fe. Ni.
Mn =MIcERZEE T I BB REE R FCC [HiE 4
HAPO, i Cu 5 Ni Z A RSB AR I Hh R A [, ARAER
2, WK1 Cu 5 Cr Z[AIFNRER B RMIEE, {15
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F1 FiFE 44 EDS/BSE Reilf /b4 R
Table 1 EDS/BSE analysis results of two high entropy alloys

Mole fraction/%
Alloy Area
Fe Ni Mn Cr Cu Al C
Nominal composition 28 28 28 8 8 - -
HEALI A 28.89 29.51 27.7 5.45 8.44 - -
B 10.3 3.99 10.64 28.16 1.19 - 45.72
Nominal composition 28 28 28 8 - 8
HEA2 C 32.15 30.08 27.46 3.49 - 6.82 -
D 22.9 12.63 27.98 31.88 - 4.61 -

R2 HORETHRERD

Table 2 Chemical mixing enthalpy of binary equiatomic alloys®”

Mixing enthalpy/(kJ-mol ")

Element

Fe Ni Cu Mn Cr Al C
Fe - -2 13 0 -1 —11 =50
Ni -2 - 4 -8 =7 —22 -39
Cu 13 4 - 4 12 -1 -33
Mn 0 -8 4 - 2 -19 —66
Cr -1 =7 12 2 - -10 —61
Al -11 —22 -1 -19 -10 - -36

C =50 -39 -33 —66 —61 =36 -

Cr JCRFIAMELLE N, FECER XM Cr JoR M EE
IR BB = T4 XAy, I S5 RS GE k)
FEER R A= E I C JCRIR N . MR SCHR[27]7]
PLNIELE Fes Ni. Mn. Cr. Cu ZILET K CriCs
FT 1 B B RERAR, I, Cr,Cs M REA e K
ESTIpAR

HEA2 FIREE 73BT 45 5 : BRI X3 D i,
Cr LR SRS, 1M Feu Niv Al X=FIc KB
IR BB T % UGy FEXEK C R RIn R i 1E
BB U5 X D M . X FEERZKNY Cu LR Al
FTEBNE, HT AL Cr ZE AR, 456
REJJ3R, W T CrocRIRE, B, KT
JitgH Cr oeRE C ouRRMATRE, i1 HEA2
RIERL T FCC 45 IIAH, FHARKIN CrCs HIAFAE. [R]
i, MRAEE 2 ATLAEE Mn s0E 5 HAL &R 2 8 KR
Blamtbin®, FHik, Mn it 5&4&F LT
EI DAL I N

Bl 4 B MR s & 4 TEM B354% UL AiT
WITERE . I 4(a)fi7~ AN HEAL &4 TEM 8514, &
4(a") T A AL A W01 TR AT FAERE . T LAR S8
KL A I SRR EERE R FCC, THEAS B i i 40k 0.364

nm, HHRHE XRD R0 0.363 nm 7%k

HEA1 &4 EDS/TEM 455 415% 3 fidl, 255K
TEGRRL A HBR Cr JeER A, HATTRN & &R T
gy WA, TEHG IR A e WS R T AR
RE R 4(a)F B LBl 157 1 B /N RORE (i Ao
OWAEAE, HRYEH# ) EDS/TEM 55, 0 LA E i
$i B AL C 43 B4 Cr,C3 AT MnO. Kk, HEAL &
SrA RN M FCC ML fEED ) Cr,Cs M
PAKE ] MnO, =FAH I &R RS 20 4R 2.5
pum. 1.5 pm 1300 nm. & 4(b)Fi7~N HEA2 @l
&) TEM B3 ARG Fr S HATT S AERE, W LA tH HEA2
G &M R HEAL o408, RIEE 3 oF HEA2 &
4x1%) EDS/TEM 45 SR v] LUK I HEA2 &G ah &
BAFAEPIR 7 O A RIAH(FCCL #1 FCC2), 45ie
W37 AR HE A AT LARA SE FCCL 1 dikis RS04 500 nm,

i FCC2 [ &R ~FZ1h 300 nm. PIAFORT ST ERE 2
S 40RO AT7R . AT LA 2 I B R 1R A A 4
%19 FCC. it i+ & FCC1 AHAT FCC2 A&
B HOr BN 0361 nm A1 0.360 nm, %45 H 5 iR
XRD 15 HEA2 H FCC I db k& & £ 25 54(0.360
nm) . BAh, WIE 4y kBT, RIL T
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4 PAERA SR TEM %

*(022)

a1

Fig. 4 TEM images of two HEAs: Bright field image(a) of HEA1 and SAED pattern(a’) of grain 4 along [011] zone axis; Bright
field image(b) of HEA2 and SAED patterns of FCC1 phase(b’) and FCC2 phase(b”) along [011] zone axis

3 WiFhm# S 4 EDS/TEM RERE 7B 3
Table 3 EDS/TEM analysis results of two high entropy alloys

Mole fraction/%

Alloy Area
Fe Ni Mn Cr Cu Al C (¢}
Nominal composition 28 28 28 8 8 - - -
HEAI A 30.18 29.93 26.93 4.42 8.51 - - -
B 10.07 0.39 11.62 53.55 0.11 - 24.22 -
C 0.67 0.31 40.64 0.26 0.15 - - 57.94
Nominal composition 28 28 28 8 - 8
HEA2 FCC1 33.36 26.07 28.89 7.99 - 3.66 -
FCC2 28.56 31.31 28.56 4.11 - 7.43 -
Area shown by arrow 0.51 0.79 0.45 0.01 - 34.16 - 64.06

5o A E/NERL, H EDS/TEM 45 3R HIZ L8 /N5
KA ALO;.

23 BEEENHEMRE
Xt HEA1 A HEA2 Wiy i & 4 0 = i R 4 1 e

HEAT WA 0 5 PR v 05 & e B ) 4 IRAERE . BT S
R LR =T R e =8 m WA ) AV R s 5 K5 RN
5 HRTLUER], HEAL & 4 2 I s 40 iom
FE WRBmAE . W RiAR DL KA BE 46 10 ) 2 P RE S 4
Sr9N: 716 MPa, 1908 MPa, 38.6%, 267 HV; T
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Table 4 Mechanical properties of HEAs at room temperature

Alloy Process o,/MPa Omax/ MPa &% Hardness, HV Refs.
Fe,sNiysMnysCrgCug SPS 716 1908 38.6 267 -
Fe,sNirsMnysCrsAlg SPS 1181 2111 26.1 482 -

FeNiCoCuCr SPS 869 1856 32.2 321 [22]
Fe3oNiyCosMnyo SPS 1164 1806 33.2 339 [28]
FeNiCoCr Casting 136 871 75 - [29]
FeNiCoCrCuTig s Casting 700 1650 21.6 - [30]
25 f AR o (LR XRD B, 76474 Al JGE ) HEA2
i} HERAT, BCC 4514 [ ¥ AR 1 LA 2 0 8 g
S HEA1 /) BCC MLl
g 2) 7E43E 1000 CHf) SPS He44)5, HEAT 15 HEA2
& LemAR R TRAN BCC AR AE T HASHAS o
b R FCC M. Hoh HEAT B T FCC+CrCs Af
'L%” _—_ggﬁ g5k, T HEA2 (5305 4 PR AOWE 4H 2R3 000 S B S5 1Y) 794 A
450, 43 AINE FeNiAl AHFIE Cr AH.
g T T T 3) R OV 2H 2 ) B R T AU 5 B A 4 1)

Engineering strain/%
5 PRI A < ) R A N ) — AR 2
Fig. 5 Compressive strain—stress curves of two high entropy

alloys at room temperature

HEA2 50056 400 B 2 TUPE REFR AR 23 il e 1181
MPa, 2111 MPa, 26.1%, 482 HV. ¥ HAth #i A4 f¢) FCC
REBEEMERSAHERIER 4 . BIAEEKX,
HEA1 5 HEA2 &l &35 BoA w1 A R AP
WY, XFEERHTHMAEZ R FCC A4 K, Fitk
BB, FE, BT S8 R R
NN, BRI, R o e 00 A R A B 1 e R
i, T HEAl &4, HEA2 mia & A ES
(R R, AR ol 2 JEE P it P 18 B S, (L IR WA A o
CEABERT R AT AT, 3 BRX B R A At RE 22 5 1)
B F B JEF R T SR N E, HEAL FAHR &
KL AK/INAN 2.5 um; T HEA2 ZEAHF 38 8k AR
JE 500 nm(FCC1 K42 2°8 500 nm, 1fj FCC2 fIFifE
Z1°4 300 nm), MIEF HEA2 & Ft o e 5 i ie &,
% HEA2 1) e Ml i B2 25 ey HLZE MRS AR

3 #ZEig

1) HEA1 5 HEA2 Sl & & RIERREE 40 h J5
FER T Eatt, JFHETERT FCC 4581 BCC 45t

e R ARG/, A S SRAGBCR 3, fH43 HEAL Al
HEA2 #B3 I vy P e 40 568 B R0 R UF 1 PR 4 9Pk ot
4h, BT HEA2 {85 HEAL [IEE 4/, 3 H Cu
TCEME LR Al TR E, B E R K
SR AN A SRAGAE A, NI 875 HEA2 & &1
FEEm =T HEAL (1), (HEBVERG T T I
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Microstructure and mechanical properties of Fe,sNi,sMn,sCrgCug and

FeysNipsMnysCrsAlg high entropy alloys
prepared by powder metallurgy

XIA Ze-bang, CHEN Wei-ping, JIANG Zhen-fei, FU Zhi-qiang

(Guangdong Key Laboratory for Advanced Metallic Materials Processing,
South China University of Technology, Guangzhou 510640, China)

Abstract: Fe,gNixsMnygCrgCug and FepgNigMn,gCrgAlg high-entropy alloys (HEAs) were prepared by mechanical
alloying (MA) and spark plasma sintering (SPS), and their microstructure and mechanical properties were studied in
detail. The results show that a combination of FCC+BCC structure phases forms after MA in both HEAs. Compared with
Fe gNisMn,gCrgCug, the content of BCC-structured solid solution phase increases evidently in Al-containing
Fe,gNisMn,gCrgAlg. After SPS sintering, one FCC and a small amount of Cr-rich phase can be observed in the bulk
Fe gNisMn,gCrgCug HEA, while FeygNipgMn,ygCrgAlg has two FCC phases. Additionally, both HEAs exhibit good
compressive properties at room temperature. However, compared with Fe,gNi,sMn,gCrgCug, the Al-containing
Fe gNisMn,gCrgAlg shows a higher strength with a lower plasticity. Compared with FeygNipgMnysCrgCug, the yield
strength of Fe,gNipgMnygCrgAlg increases from 716 MPa to 1181 MPa, the compressive strength increases from 1908
MPa to 2111 MPa, and the hardness increases from 267 HV to 482 HYV, respectively, but the plasticity decreases from
38.6% to0 26.1%.

Key words: high entropy alloy; mechanical alloying; spark plasma sintering; microstructure; mechanical property
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