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We investigated the microstructure of an FeCrMnNiCo alloy fabricated by spark plasma sintering un-
der different sintering temperatures (1000-1100°C) and times (1-600 s). All sintered alloys consisted

Received: July 9, 2024
Revised: September 20, 2024
Accepted: September 21, 2024

of a single face-centered cubic phase. As the sintering time or temperature increased, the grains of the

sintered alloys became partially coarse. The formation of Cr,C, carbide occurred on the surface of the
sintered alloys due to carbon diffusion from the graphite crucible. The depth of the layer containing
Cr,C, carbides increased to ~110 um under severe sintering conditions (1100°C, 60 s). A molten zone
was observed on the surface of the alloys sintered at higher temperatures (>1060°C) due to severe
carbon diffusion that reduced the melting point of the alloy. The porosity of the sintered alloys de-
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creased with increasing time at 1000°C, but increased at higher temperatures above 1060°C due to

melting-induced porosity formation.

Keywords: High entropy alloys; Powder metallurgy; Spark plasma sintering; Microstructure

1. Introduction

I MNEZ1] FH(high-entropy alloy, HEA) 2004 Yeh [1]
4 Cantor [2]°] 9Jsf| A|t=| gl om, 5717] o]4ke] YAE FYUst
At H=3 A& B &R E5to] rEolzlth. SYAE 9
FeCrMnNiCo ¥+, Cantor &) =2 i AEZ 0| 9
oA ohFet FA/71AH B St 25T E Be AEYS
AAoEA] ekal WA YR X (face-centered cubic, FCC)2e] T
T-8A FHIE FETH FEA AT, 41. ol= s, 7]&E &
A e el AR §E A7t Aol % 71AE £ 7HA
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o7 &HA Qtt[5-8]. HZT I xﬂ_ﬁ A AUz
(body centered cubic, BCC) [9]U} 24 20]A4] QH st Supzg L
Z(hexagonal close-packed, HCP) [10]& 233t -84 JIAE=R

1 ek F7IE /idE L ik
E5], YA ] FeCrMnNiCo -2 oF= &-3fi[11-15], o]
Zd(16, 17], B84 ZS2H18, 19] ¥ IZR= &3)20] 5 o
¥ T8L Bl ARE glow, Ao v xA] 7| A4
EAo) #et dA-E0] JAHI 9t} Otto Sl13]2 ot2 &3
95} A= FeCrMnNiCo = F2AE #43F A2(1200°C,
48A17) &, 500-900°CollA] 5009 F9F oLt njM| x2S
Bakoltt. T152 900°CollA old® S o FCC @2 XI5t
ATk, 500°C2F 700° CollA= o1'd® Folli= Cr-rich ¢ 4, BCC_
Cr 4}, L1,-NiMn%} ¥ B2_FeCoA} 5°] &Itk B 15HY

°_>tL
ol

o)
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t}. Wagner 5201 A8 % &3fo]l 2Js Alx% FeCrMnNiCo
e F2AE ol8sta] Az thE 2&(840, 1050, 1200°C)ollA
ofddgsto] A H 2719t A B4 AT 152 olE®
2=t 37l et 2™ 2717F 6 umollA 242 ym o= St
stlom, o B2 WY Aol ot w2 WY B3t £ wiE
A2(-196"C)elA A1 570l 7P =krhal Bkt shAT,
o] =9 ¥ 7IAH EA0E St AR 3 F EAdst
= 24 23} E= o]AFY S Alofsh] dEthe A
of At

F2 oFH(powder metallurgy, PM)2 7|42 g5t 4 24 5
AH| TS AA £ T AFLE W= 7ol 2
ofFoll ofsf AlxH 28 A= F2A o] AES 22418 7HAAL
of 7|A1A E/do] Spoh, 2= At} B2 FAg RSl o5
AR FFE = Ao E LA U211 FeCrMnNiCo 59
A WS et=ut A (spark plasma sintering, SPS)& ©1-83 &
A Azof tigt A5-7F o] ML AeH22-24]. Joo S231=
ZF 940 BEE SPSE ©]-83to] FeCrMnNiCo e A%
i, 71A1A B AIRK20, 603)T 42 25(900, 1100°C)oll w&
oA 2] #el 7] A2 4 dis ARSI 152 71414 2
B 604  w'Eo] FCC o= 95| 2391%1, 900°CollA &
2 Aol 2FAl(<1 ym) 28 EE 7L 45 2 A BEE S
AlZIotal B35kt Laurent-Brocq 52412 FeCrMnNiCo 3
o F2A 71AA dPRAE LR SPSE ol-85to] Alxgt
A2ZAE Hlaste] 2ARBIA. 152 F2A4] ti8] 24419 2%
H 2717F 2L B ghol o, AZA A= C B 09 2F
ol 9J&l] Cr ©3Hz(carbide) E+= Mn AF8FE(oxide)E°] A3/3Ech
I Btk AZ2A9] R(FAEANA, &, 5 55 F23-
26]) .Gl ofet &okE 9 ARSkES] AL 71A1A 49 Aske

A& Alofstr] gt 7M1 A7 a5t

meh], B AoAE &F 270 B2 FeCrMnNiCo IINE
21 g9] v)A| 22| Wsls ARSI TtAREHO Z A2 E
S YA FeCrMnNiCo e wE2 U Eet=2ul AZ2& o]
23}9] 1000°CollA &2 AlZH1-600%)°] WHE M=} A2 T2
27 25(1000-1100°C)olIA 602 B9+ A4 AMES A %3519
o} o|F, &F 24 w2 AFH MEQ Y A7), oA A

% 9 713 wsto] dhal =olstgict.

2. Experimental Procedure

£ AFolA 7kARERFHo 2 A2H FeCrMnNiCo ¥+ &9
(MK Ltd., Pyeongtaek, Republic of Korea)o] AFE-E]%]O0H, F1=
AHE R o SFE A 7] (ICP-OES: ICPS-7500, Shimadzu)E: ©]
435to] A5 5}st 242 Fe-18.22Cr-19.34Mn-20.42Ni-
21.07Co (wt.%) T} FAPAAFA ] (SEM; SU3900, HITACHI)
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£ o]&5to] ¥ FeCrMnNiCo && #8293 F4olH(L
1), BEY Y= D50 = 32.5 um, D90 = 51.1 ym=E 735

e BS 95d 59 E5(917% 35 mm, W 20 mm, 0]
40 mm)°l| 16 g¥ 71510 ~1 MPa ¥ o2 Ba-g Hets) 519
ct. 1 &, e Z2k=ot 24(SPS; ELTEK Korea Co.) FA|E ©]
8ot 23 E9171(<30 mTorn)ollA A= THE 2%(1000-1100°
0% AI7H1-600%)014 £Z2-& ZdPstct. 22 A (e 20 mm x 6
mm)= 7Hf A &= 42 ~80 MPa, 52 4% 1000°C/min, Y2t
412 200°C/min 27 oA A 2= Tt

Az A2 9] vM2A] HEFE 2] Yol X-A 314 &
A]7](XRD: XRD-6100, Shimadzu)S AF&351%.2H, Cu Ka EHZ
(\=1.5406 A)2.& 40 kV<} 30 mA 27 3lollA 20~100°2] 20
HRE 2°/ming] A7 £E2 BAS9H AZAE 7|AZHCR
Anlst 5 Bsken] 4 (OM; EPIPHOT 200, Nikon)@ FARAAE
1] 74(SEM; Gemini 500, ZEISS / SU3900, HITACHI)Z ©]-8-5]
of A2 Ty} EHO n|A x2S FESIAT 714 W] A +F
B HoliA AALEE FAPEAER A (FE-SEM; SU-70, HI-
TACHD®] A2t o 7] B4 X-4 23 (EDS)SF T4kt A
2t 38 2|(EBSD)E AH&sH3th. EBSD Z3H= x 300092 x
100000114 Z+2F 0.10 um+ 0.03 pme] A% 37| ZZA0A A9
O, TSL OIM Analysis 7 2ZEgo}E o]-§5}o] ALRlS F&5}
At 715 WHEELS Image] Z2IH[271E ARESH] X 100°]
A SEM Al 58 S45to] Wit 42 ottt 22A 714
A EAE 2R el vIAAE =5 7|(TIME, TH-715)F ©|
8310 515 0.05kgf, FUAIZE 152 AN 22 EHo] H&
E 5795t 534 S F B 4-2 okt

Fig. 1. Scanning electron microscopy image of FeCrMnNiCo alloy
powder fabricated by gas atomization.
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Fig. 2. Scanning electron microscopy images of the central region of FeCrMnNiCo alloys sintered under different conditions: (a) 1000°C, 1's,

(b) 1000°C, 60's, (c) 1000°C, 600 s, and (d) 1100°C, 60 s.

3. Results and Discussion

3.1. AZF|2| O|M| =%

9 2(a-d)e 422 240 02 2ZA 9 9 FAE-2] SEM
Apzlolt}, 1000°COllA] 12 B3t 229 ME(1E 2()00A 2
9] gifo] LY, BT WHet AAC A2 499 715
(porosity)o] ZAI5HATt. &2 Al7ko] 602(71F 2(b) E 6002
(13 2(0)= 371l whet 7]Fo] A2t Aasted], ole =
W 47 A7 5ot Bako] E(neck)Q] Aol 71913 Aty 1
=tH28]. HHE, 1100°ColA 60% St 422% AM=(T19 2(d)ol
A 713EL 1000°ColA 6002 Bt 2Z2H (19 2(0)3
AHAY B A FHEOH, 22 AF 2L0A 249 5 4
o] 714351E] 9SS UEhdTh 472 270 BAglo] 2AEE
2 543 AHo] T FHE TN, 7] HIH Fe-
CrMnNiCo INEZ T 79| A4 223} 2 LAt cH23,
24]. 1000°CollA &2 Alzto] F7Fgo] met 24 ¥ 27]= ~10
umo A ~50 um7HA] S7FEAaL, 1100°ColA 60% B9t 22
AE9] AHHE2 50 pm °1F2] 2712 Sk }let

O9 32 A2 b2 AZF A AzE 2249 XRD £4
Avtoln, RE AZF ZANA cubic 729 FCC (Fm 3 m;
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Fig. 3. X-ray diffraction patterns of FeCrMnNiCo alloys sintered
under different conditions.

a=0.360 nm [29))9] (111), (200), (220), (311), (222)¥°] 35}
= 5709 oagk IEEQ o] At Alxd HE AFAAT
At FCC @9 71A 24 0] B U2 Hehdtt. 2249
FCC 714 A} A= 3.598-3.603 A2 24 EloH, o]= Li
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130100 oJsf Harel M4 o] A 8-(selective laser melting,
SLM)°ll 2J5fl Az FeCrMnCoNi g2 AR} AF4(3.596-
3.602 A)2F YA|5k= Aot} 117 4(a-c)= 1000°COlA 6002
B AR £ZEA] FAF|A S EBSD Z¥o|th. SEM A
FA(CH 4@)NA FEH R H24 HEo| EAst9oH, ol
2 274 F 49 194 713 (closed pore) 2= FZAE Y AF
Aol AL E(99.33%)° & FFE WX A EZF}. IPF(CLH
4(b)) & phase(“1H 4(c)) map< 7127} FCC @402 2A-&
Kol ol 117 39 XRD A¥et & dXgic}, E3h 249
i E= ZF A & ol o 413, 14], ©3F=(23-26]

SrEol TABHA] e HoiErt

3.2. 27K EHOIML| EEH HS
1% 5(a-dje &4 230 U 224 G| FHFN B

(a)

f

closed pore
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H OM ¥ SEM ARE Kozt AZA| 9] A4 ZAHA
of HAE o|xpAEo] AL, 1000°CollA &2 A7Ho] 600
27| F7¥gol| whet o]abdo] WAE] o] Qli= S(segregated lay-
er)® PO ERE Zlo|7} ~30 umOIAl ~110 um7HA F7151%
TH1E 5(a-c)). 1100°COllAl 60% Bt A% ME(T1+ 5(d)9
HAZ Zol= ~110 yumE FARBEROH, 2 A4 25 = IS
|| ~70 um ZHol9] FHA o2 &gH Fo] YA}t
2 ARt =7 S71Rk] wet AR ME] AAY A7+
7¥otoledl, ol AM olvA] Zraol 711get 17 6a-d)= &
A 27 4E AZA B4 IEE SEM ARIS HojE
1000°CollA AZ2% MEC] 249 = 2AHA 0 ojapdo] &
Aatlon, T3 59 £ T I Aukel & A5kt wt
H, 1100°CollA] 60% &7t A7 WENA EH| EA5k= %
AES FALISHA 3 of I R skl

oN P

—_

Fig. 4. (a) Scanning electron microscopy image, (b) inverse pole figure map, and (c) phase map for the central region of the FeCrMnNiCo
alloy sintered at 1000°C for 600 s. Black lines in (b,c) indicate high-angle grain boundaries with a misorientation angle greater than 15°.

(bl)
1

segregated layer

(d 1 ) molten zone
segregated: layer:

segregated: layer

Fig. 5. Cross-sectional (1) optical microscopy and (2) scanning electron microscopy images near the surface region of FeCrMnNiCo alloys
sintered under different conditions: (a) 1000°C, 1 s, (b) 1000°C, 60 s, (c) 1000°C, 600 s, and (d) 1100°C, 60 s.
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Fig. 6. Scanning electron microscopy images of the surface region of FeCrMnNiCo alloys sintered under different conditions: (a) 1000°C, 1 s,

(b) 1000°C, 60's, (c) 1000°C, 600 s, and (d) 1100°C, 60 s.

1% 7@ (b)I 2ol oA dES #Est7] $1si 1000°ColA
600z Bt AT AE FEHE O SEM A<l EDS 94~ v 2
5 At EDS B4 B3 299 U B 24 A &4
Bl O|AAFEL Cr-richdt A& Zel=E 9, 19 709} ()=
77+ 1000°COllAl 12 2 1100°COllA] 60% 57t 223 AE0] 11
0] ARl A €& EBSD A& HojErh EBSD w4 23t
AE HHE &t oA EL orthorhombic +29]
Cr,C,(Pnma; a = 0.451 nm, b = 0.690 nm, ¢ = 1.208 nm [31])
2 A=t} Joo 512312 CoCrFeMnNi 32 SPSE 53 &
23 ), 39 B9} JF g 224 BHE ~200 um2] Cr
SoHE So] At Bastelet. whaEkA], E AtolA AZA
Rl EA5ts HAZ(~110 pm)°ll EA5H= Cr,C.E2 42 5
of & EE2RE 9 C it s AH Aoz At &
I CF S T2 22 82 ppmt 43 ppm O E S E1 O
o] ujg- Ho] AZA EHONA Cr,C, BN A FTFS 1A
E2RS Aoz wditt, 31 1100°CoflA 22" AE EHo
E8H FFNA EA5ks IARFEE Cr,C,2= IRI=IH. &
|8 FYoflA 277t 2 Cr,C= B 48 5 12(>1200°C)°]
A &AL F A =97 wiZol 2t Azt

% 8(a-0)2 AR & C g2 7H4 FeCrMnNiCo 9]

)

410

250 2 HPAJEL] ¥shE HolFH, FactSage T2 139
FactPS tlo]g{H|o] AR ALt=Qict. C nIH7H1E 8() | F%
S17F Z1gEel wat 1310°CollAl FCC Aol A=t CE 1
wt. %1% 8(b)2k 3 wt.%("LH 8(c)E H7Foto] A4t H-¢
FCC A9 BA2=7t Z+2F 1260°CSF 1181°CE WobHom,
M7C3 AFo] 1221 1230°Ce} 1219°ColA A== Aoz &
= Qich. T3 C Hrhego] S7Fgel uhet AZA9] 0] 1274°C
oA 1116°CE Wobd Aoz di&Hd wah, 1100°ColA 60
B9 AT AHE] HHONA §-8H P DL 2FA YRE
Co| ghalstol| whet §-3do] Wolxl7] wiiolet A ZHnt. ojejo=
A Akbo] 2Ist BCC 2 MC #39] o]AAEL & Ao A
WEEA] dgtor, o= a9 44 ¥ #wE Y4&4E(200°C/
min)°] 9]t Azt P

3.3. 2AZH| LHR2| 7|3 Hst

717 9(a)= 1000°ColA] &Z AlZtol| TE 9] 71 HAE
& 9 At E #5kE HolEth 1000°CollA 12 53F &85 4
Z BUES} FARNAY] 718 HAEES 727 6.5%% 5.4%=2
2L, AYUEE 94.81% %2 SHE AT &Z A7) 600
Z7MA] Z7Fsol whet 718 HAEES 0.2%2} 0.4%= FASH
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Fig. 7. (a) Scanning electron microscopy image and (b) energy-dispersive spectroscopy element mapping for the surface of the FeCrMnNiCo
alloy sintered at 1000°C for 600 s. Electron backscatter diffraction results showing the presence of the Cr,C; phase in the surface of the

FeCrMnNiCo alloy sintered at (c) 1000°C for 1 s and (d) 1100°C for 60 s.

100 —— — 100 100
Liquid (b) Liquid . (C) Liquid
< 801 § 80 = 80+
s E :
= 604 c 60+ S 60+
g 2 3
8 4. g 40l BCC(Fe,Co) £ 40/
= BCC(Fe,Co) = g © BCC(Fe,Co) M,C,
2 3 g
g 20 g 204 £ 201 VC
3¥2
BCC(Cr,Mn BCC(Cr,Mn) BCC(Mn

Temperature (°C)

; ; ; ; . ; : 0 T ; ; : ; . : 0 : T T ; . . T
0O 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600 0O 200 400 600 800 1000 1200 1400 1600
Temperature (°C)

Temperature (°C)

Fig. 8. Equilibrium phase fractions as a function of temperature for FeCrMnNiCo alloys with different C contents: (a) 0 wt.%, (b) 1 wt.%, and

(c) 3 wt.%.

1, A= 99.33%7H4] S715HAH. o= OM % SEM ARl
(1% 29} 5)0llA st A 20 w2 w|A|R2] 9 wistet &
AR|gI}. AF A7ko] F7HgH) whet AZ A9 EHEL}L F41 RO

& Zol= A FAsIYEd, ole o B2 £U9 &
i Zolt}, 19 9(b)= AR THE & =04 60% Bt &
29 MEQ 7% wHEE 4 A 2x9] HIE HoEr
1000°ColA] A4 AE AR 7|F AHEEL 1.5%A L,
1040°C7HA] &4 2&7}F S713te] what 0.5%714] ZHasstict. o]
F, 2271 1100 “C7HA] S71eol weh AZA EHRe] 718 |
HEEE A 1.4%71A] F7Fetlth. &4 2&7) 719t w2t
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£228% T AT 97.88%01A4 99.04%7H4] Z7}5HQich.
o] A7H= 1060°CHEl AZA BHE 88 9 A&l 25t 88
o Gl 9] Adigt 715 FA(CLH 5(d)oll gt Aoz BZH
o} BHE, 1100°ColA 2Z% ME SARNA 71T HEEES
0.2%= 7Fg @A =9l

3.4. A7 X0 ME B Hs}

7 102 AZ ohE 2504 602 59 223 gho] X
EHEO HAA 7 ATfoltt. AZAA EHFA 1000°Cet
1040°Col A &4 9] =& ~300 HVE SAE it v,
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10 5 = 100
b

8 F96
X
>
° —0o— surface = ‘®
—O— center 5
°
4 88 o
=
©
24 84 ©
o

- = 0

0 T . . : T 8
980 1000 1020 1040 1060 1080 1100 1120
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Fig. 9. Effects of (a) sintering time (at 1000°C) and (b) sintering temperature (for 60 s) on the areal fraction of porosity and relative density
of the FeCrMnNiCo alloy. The relative densities of the alloys sintered under various sintering conditions are also plotted in (a) and (b). The
results for the alloy sintered at 1000 °C for 60 s were used repeatedly in (a) and (b).

1100°CollA 423 H=9] Hk+= ~900 HVE o2 F=Hch
otom, oli= AR =5 &5 o3t Cr,C, ©3=2] HAE
7t 2o 2 ARETHTLE 6). ZE a2 EHRNA F4
2 45E HAA FE 32 150-170 HVZHA] Sobg o, 1100°
ColA 423% 9] Ak 74(~680 MPa)7} 714 Zith. o] Ax}t
£ 2ZAY FARE 255 ZA--EA Cr,C, T©8hEe] B
A] G w2 T Aot XFITHE 5). A7) AaER
B &7 5 449 Cr,C, ©51E0] AZA9 7|A1F E4& At
4 5 00te A2 & & Stk wEbA, &2 270 02 7E, 2
9, Agtol| ogt AHSE 11351 FeCrMnNiCo 2] %3]
A4 272 1000°C, 6027F A5t A0 2 b

L o

4. Conclusion

£ AroA s AR b2 24 FA =t AE(SPS)S
53] A|Z%t FeCrMnNiCo MIEZ T $H9] ujN| 22| ¥l
i8] ZASIITE XRD, OM, SEM 9 EBSDE ©o]-&3lo] 427
o] v|N =3 Hshs IR T, st ALk F3) C gl ot
2 ZLE St & A9 F8 Ak vt 2
(1) SPSE 53 A=H FeCrMnNiCo $&2 4272 243
o] FCC 2o & F4d=of glglom, AZA Yk 7|5
o] A5ttt A 71 1000°CollA &2 AlZte] &
7¥gto] wat ~10 umOl A ~50 um7HA] S7FsE% AL, 1100°C
oA 60% 4£A% MBI 2HHEC] B st =
t},
() 22A1S) ZHCZRE o 110 pm7HA] oxFe] |4
Z0] 245191, o]E2 AF Fo S EE2HE C 4t
o o AgH Cr,C,=2 FRI=At. AZA HEE C &4t
of oJ5] §-&o] WolA 1100°CollA 423 M=o AL #
Ho 885 o] Yot

412

1400
—s—1000°C,60s
1200 - —=—1040°C,60 s
& ——1100°C,60s
© 1000 -
S
T 800 + \
? 600
Q
c
T 4004
j(:U A
2007 —p—t—t—a
0 T

0 50 100 150 200 250 300
Distance from surface (um)

Fig. 10. Variation in the Vickers hardness of FeCrMnNiCo alloys
sintered at different temperatures for 60 s.

(3) 1000°CONlA &F AJ7to] F7Fghol| what o] & %o
Qlste] AZA EHFSL 4R 71F HAHEEC] BF 7
Askeleh. 24 227t F7Fgel wet 1040°C7HA] 718 |
ZBgo] Zastd oL, 1060°CHE A24] AR 8§
o] WAt wet 7|5 HAE-&o] S7IstATt. W, 1100°
CollA 22" ME SA4IFA= &-80] TAYSHA] ot 7]
T WA R 0] 0.23%%2 7P W)

(4) 1100°ColA &A% 3] BHF] Ak gr2 T 250
A AA% FFET 9o, ol AR BAHH Cr,C,
ESE wjEo|tt §h, 2= TAglo] AFA| FARAA
£ Cr,C, ©&3HE0] A=A got A& gtol fAkskth 4
A 279 2 71, ZAH, Jeol 93t Adsts 1Est
o A9 &7 272 1000°C, 60Z°]ct.

N
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