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Effects of Heat Treatment on Secondary Phase Formation
and Nanoindentation Creep Behavior of Nanocrystalline CoCrFeMnNi
High-entropy alloy

Dong-Hyun Lee*' Jae-il Jang**
*Department of Materials Science and Engineering, Chungnam National University,
Daejeon 34134, Republic of Korea
**Division of Materials Science and Engineering, Hanyang University, Seoul 04763, Republic of Korea

Abstract In this study, the effects of heat treatment on the nano-scale creep behavior of CoCrFeMnNi high-
entropy alloy (HEA) processed by high-pressure torsion (HPT) was investigated through nanoindentation tech-
nique. Nanoindentation experiments with a Berkovich indenter were performed on HPT-processed alloy sub-
jected to heat treatment at 450°C, revealing that the hardness of the HPT-processed alloy (HPT sample)
significantly increased with the heat treatment time. The heat treatment-induced microstructural change in HPT-
processed alloy was analyzed using transmission electron microscopy, which showed the nano-sized Cr-, NiMn-,
and FeCo-rich phases were formed in the HPT-processed alloy subjected to 10 hours of heat treatment
(HPT+10A sample). To compare the creep behavior of HPT and HPT+10A samples, constant load nanoindenta-
tion creep experiments were performed using spherical indentation indenters with two different radii. It was
revealed that the predominant mechanism for creep highly depended on the applied stress level. At low stress
level, both HPT and HPT+10A samples were dominated by Coble creep. At high stress level, however, the mech-
anism transformed to dislocation creep for HPT sample, but continued to be Coble creep for HPT+10A sample,
leading to higher creep resistance in the HPT+10A sample.
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Fig. 1. TEM image and the elemental distribution maps of HPT sample.

7} A3ds ARgsle] - AvkE st o
EATES Y=t A1E 7](-Micro Nanoinden-
tation, KLA Co., Milpitas, CA, USA)E AF&31%
©™, Berkovich 4UAE AM838le] Uut A= 3hS
T3t o] W, HHSF(P,, ) 100mN, 4
e S5 ((dPh/PYE 0.05/s% AT =28
A9E e TIAE ALBsIgon, o
R s %;ao ¥t 1l W3 Rol ~5.4
oF ~32.4 umSl 7 7N FIUPAE ARSI
?ﬁé%ﬁx}ﬂ s % fused silica®ll 4UT+ 237}
Hert21an A Bl AxE Ao FEA
15 A ‘]'?017]- f—E(dP/dt) = 1 mN/s, s

AR 1000 s2 agste] TRk Hojeks &
(P, =100 500 mNlA Z2]Z 2L $=3319]
o BE WA e WA el 499 HPT
Tl2m QoA Fa= Sl

gxg] Ay} Fo] wAHZFZ2 TEM(transmission
electron microscope; Talos F200X, FEI Co., Hills-
boro, OR, USA)S B3l 43t3.2™, Nova 200
NanoLab(FEI Co., Hillsboro, OR, USA) & H|]Z
FIB(focused ion beam) &S 43J3}] TEM A|
FE AZeHTh TEM 4 52 EDS(energy
dispersive X-ray spectroscopy)s 53} s}skda W

JP

[kl r&
m[o

E o
!\’00

Z

i

:10 >

B APl Y G W ol @ B
/\
=

HEJIT.

(segregation) J=E

w
[N
(o

|. al _T]_ial-
Fig. 25 HPT, HPT+1A, HPT+10A, HPT+72A
AlEE9) ] Berkovich YUAE U= ddr S
Fasie] 4o A9E e g 1" W AR
H agzes 2 ARl 4L sl S U
E]—Lth ]*‘ Oliver-Pharr WPH[16]2 o]&-3] AxKsE
T gk w9l zefaze] YehiQltE HPT 34 &
450°C 25olA] EAE] Al HdjslksollAe] ¢4 2
o7} FAsHA FHadhs Alo] o], Al 9
3 Axrt 7RSS 58 ¢ Aok AAE,
HPT 7% % CoCrFeMnNi $§59 7
GPaEs UEl =T, Exi8] Akl et Aot &
3] Z718] HPT+10A AlZo|M= 7H=7} ~8.9 GPa
S YERRILE. HPT+72A A1F2] 4%+ HPT+I0A
|ERT oF7F & 93 GPaE 1047t o3 2=
GAel o3t Bx Wzt =4 = 74% £
ARt wWERA, Fo R o] AR A4 EAY
dsko] 714 =A T2E HPT+10A0] VHBHHJ 7
syt

0—‘—‘—— ~67

>

_{



AT CoCrFeMnNi IIE23]3kg2] dxfelel] uh o2 34 Bl el Z2|2 75 Wist a7 131

10
T,=450°C
= []
a 97 I ——HPT
g 1001 HpTH1A
---= HPT+10A
g o, Wi HPT+72A
O 87 £ o
= =)
@
5 |E i
L 7 20
i B "
0 200 400 600 800 1000
Displacement [nm]
6 T T T T T

0O 10 20 30 40 50 60 70 80
Annealing time [h]

Fig. 2. The variation in nanohardenss with the heat
treatment time (with inset image showing the representative
load-displacement curves for each condition).
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Table 1. Chemical compositions (at.%) of the phases existing in HPT+10A sample

Phase Co Cr Fe Mn Ni
NiMn 4.7 23 23 40.6 50.0
Cr 43 81.2 8.2 43 2.0
FeCo 41.6 1.8 41.1 9.0 6.6
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Fig. 4. Typical examples of load-displacement curves obtained during spherical indentation creep tests for indenters with

(@) R=32.4 pm and (b) R = 5.4 pm.
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Fig. S. Typical examples of strain rate vs. holding time (with the inset showing creep strain vs. holding time) obtained from
indenter with R = 32.4 um; (a) HPT sample and (b) HPT+10A sample.

0.005

a ) . & 200 mN
10° 5 o
0.004
— HPT @
‘Tw R=54um N 0.003
—y =X
Qo £ o002
o] g
© =
w
= o 0.001
= Lo @ !
@ 1074 @ !
= G 0000
73 0 400 800
s Holding time [s]
6 ('////////,m, I, AN
U @)
-8
1074

400 600 800 1000

Holding time [s]

0 200

1200

b) . X
10— o
HPT+10A ©
- R=54um &
n =}
—
c
L s
© =
= (2]
a
£ 4074 @
© 2 —
- o 0 200 400 600 800 1000 1200
iy Holding time [s]
3
s I
(&) e
L T T TP TR TRy
104

400 600 800 1000

Holding time [s]

200

Fig. 6. Typical examples of strain rate vs. holding time (with the inset showing creep strain vs. holding time) obtained from
indenter with R = 5.4 um; (a) HPT sample and (b) HPT+10A sample.

A7 0, 0 D 1 FFZ Aot VES Ea
Aojxl g7g4] th ld'g]r'—“i DO ZA, tholdoﬂ ot
2 Iz S5 7 F o, oo figh Ay}
S Fig. 529} 5b9] wIQl 22f=zol] YehAlt s
t& HAHE R=54um?] YUAZ L& Zjol| 1
sl9om, o] uf A& HPT E HPT+I0A A5
e 9] 8= ASS 247 Fig 6a9t 6boll A
25kt

i el

Fig. 5%} Fig. 6014 & 4= l=0], e ZolA
D 1, VI WG S0} DA 4
o] Rl glom, ol Fall & A7 ey
AR 23 slollM A e 2o A 2RI
2 ok gozE o2 AL HA AHIQSS,
quasi-steady-state) T-{tol2} W 53], HPT

>

JEXT}F HPT+10A AZolA4 QSS T1tollA 9] =g

= o} gujEos o we o] wagglon,
O]Eii:sl. 73_5;) OL?JX]' HP?—‘lo] Z_]—.__ u;H E] EE%:J,(_-S‘,_}”

T

EPES B 4= 9lt) o]2 E3), HPT+HI0A A&
o] Z2)3z A3HAdo] HPT AlE R} 83 7HZe
2 IRIF = AUt
durAo=  QSS THH] FATE £he
25(7), ARY A7) (@p] IA I= ‘S}EP
glom A (2)@— 7o) Laﬂﬂo}%}ﬂ-[ 9, 2

s -2 o(2) o
79 e AR 2 2% oEshs Agold, G

FIF £

A &4 Al (shear modulus), b= Burgers



134 ol Ed

vector, O Fg]3Ze) gt 433} oA,
A 73, pe AYY F7] A9(grain-size exponent),
ne 38 X|4(stress exponent)S 2JF|ST} 4] (2)
M &8 AFme T8 FYZ WAUSTS FE
o f83 XE2 2 dEA JTH19, 20]. (A
Fitol] 2]3h) Nabarro-Herring I8 2 (23R4
kol oJsh) Coble F2]Za) e i Tz
735, n=101", 2%HA 71128J-(grain boundary
sliding)®] 74-%- n=2, A %|(dislocation) Z&|3Z£2] 7
F n=3-85 YERATE wWEbA, HPT 2 HPT+10A
Algolxe] PAISH T8z WAYUSS AR $J3)
PA A 7 49 FBZ Hlo[HZHE n(=0ln
goss | 0Ino) B ARkstaiat sl o714 QSS
FE|T &Rt 4 =1000 ZolM e AHESIAe
o, 28 7S Tabore] AFAR] o :’g (H= A=,
Ce TEAAE 9u)h)e 83819 4,,,= 1000 =]l
A9} Ax gozRE ATk 9714 ¢ e
A A AY(fully plastic regimeyS 7FEsk 3
S ARESIATH 5] ol=ig R EC] E83fod,
=324um (Fig. 5) @ R=54um (Fig. 6)] H
olE{ZRE] 3] WE QSS IYZ &% WIS
T 4 0o, HPT ¥ HPT+0A%] W3t Inc
vs. Ingggs L ZE Fig. 791 YERAS R=
324 ume] FUAE SFS) Al AlEe ZRIAE 89
o] R=54um YPAHET} FJjFo g o RS &
T Aok ole 78 GYAe] vgo] HoldsE v}
A= o] ZTlsle dUA 7] E3H(indenter
size effect) W2 AL Z AR HUT21]. Inc vs.
Inggss LeHZ W 23} HEZ A3 A=H-S 330
dofxj= 7127125 E n S 73 23, R=324
um YARRIM= HPTS HPT+I0A Al &5 n~
12 Kol ¥hA| R=54 um FYANE HPT Al
8+ n-3, HPT+I0A AlEE n-12 AZ UE »
Y& Rt ol G4 A% I8 Wy A
wslshe 2S ojwlgith. &, HPT A5 739
= &8o] F71g wEt FZEZ wigo] ik
ofgt Fg|3zellA] ZfJol] <t FE|ZF WFALZ]
3131 ®FAdl, HPT+HI0A AlEoME W 3-8
T o} e $E A3eME FRZ A%l
shatol] oJa) AujEle AL B 5 ok

ko o8 ofdoA] HPT ¥ HPT+I0A A& &

& 7]

=~ lo

r

§,\l
o

o

fE E L 2 o

J

2

1

10°

T H @ HPT
2. O O HPT+10A =327
. :
o
©
| S
= n=1.21
©
S 0% n=1.44
[72]
S n=097
o
(&)
()]
2 R=324um R=54um
g, .
10 ; ; ;
0.4 1 3 4

2
Stress (=HIC ) [GPa]

Fig. 7. Relationship between QSS creep strain rate and
stress, of which slope corresponds to the creep stress
exponent, 7.

T n=12 Filof| o3t I Wy o] SAs) F
Alge] AAY =77} 22 ~40 nm, ~60 nm= 7
T A2 s 1EEEs W, T AR BT A%8™
AE &3 g ZFZ wAYUFR] Coble F7]2z0]
SAISE Aoz AlgH) dutso g AXHUAE w
2 3t Ege 2A8aelu 2 (22-24], edd A5o)
785 oM E frofu)st ik A Mol LAY
7hsstal A 3lef[9, 17], & A7 At o=
AT g3 2S5 ok HPT+HI0A A8
7%, FCC 3Rt o2} Cr, NiMn % FeCo 7
I L oJaPFEo] EARER, AFYAET o
2} Xt AW (inter-phase boundary)® EA)$Hc}. 8
Aqk, g7 AUE AHAI vIsSA wE gk
F22 g3 Z[25], o] Aol= Coble 2|7}
AL & = Stk o]*¥ Coble |27} -
Algt 739, 21 2019 p 32 302 QSS A=
E£ov AR A7) &gt mEpA, B 8
F7HlA HPT+10A AlE7} HPT Al82¢} FAKSH
QSS FHE HEE ehlls A9l WedAY
Z g3l Aoz Ay7Ist 4= gk

Hide, =2 38 JJoA= HPT Al5¢
HPT+10A AlE7F A2 B n k& YepH, 212
el F AlE FFe] QSS P &% Apo|w AR
= AL B 4 o Iy g, FU3 A o
3 APz APS I o 7RiAl= SEo] S}
ol wet Zz wAYEe] G A7 (n= 1)
A 29 FFZ(m=3-8)F o7} Frjar dHA



247 CoCrFeMnNi I ERS|3Ze] Gajgel] ul o3k A 2! vy F=|E A% s J+ 135

Table 2. Comparison of phase composition, grain size, hardness, and stress exponent in HPT and HPT+10A samples
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71 4= AF 5o, 6,5 wE -2 (threshold
stress), n,2l 712V 88 AGE nlgt). o=
A2} 52 QA Ao E RIgH AskFHE2 Y
AU A A=y Ago] == Frolth20]. Wt
A, 2 G B2 AT 919 A9)o] A
= G (n=3-8)°14 e, s FGellM M=/
YA A3t AZY Ino vs. Ingggs LEHEE 71A
Bt} Ing, W LEZSE ol He A&
vttt &, A/ 783t AmelA 7RV %
QSS ZEZ &5 Ye7] SAE o, 5H<]
71421 8 B3} Q=M Coble ] ZAA A
9 Agj=ZE Holrh Wlshs 68 BY o S
7Fhe 21& oWt Fig. 7914 E 5 %l
HPT+10A A1E914 Coble F&]Zol|X H$| =)=
2 Aols= 5L 2.6GPa o3 Aog A7ty
, o, 3 12GPa o3 Ao= FAddr). o7)
A TS Zle 78 ShiAelA dojzl &9 @t
< A Z7) B2 QS vlaE ~Ade] 89
FET Frhe ot} wEhA, 6,8 Hoigkel] o]
£ Z7|HTR= HPT+I0A AEIA f2v]dt 6, %t
o] EAIEIH, 22 A3f E2 8 FXIeIA HPT

© o

1
1=

L Ak rlo

A|EHTE G2 QSS T Z E=E et Aol
23 2E 997 Jdu. S, HPT A|ZHT
HPT+10A AlE00A 99 F-21do] A|gHALS A
Akl olHgt AvE Al mE A% Wsk(Fig.
2)%} YX|gitt. webx, HPT+I0A A2 9, 4
el o AAE NiMn 2 FeCo A3 & &
EBER A8 A SRS 2AY A
ERem, 1 Avg we 38 PlME F=
HAUEC] Coble TE|ZE fA|=o], 9] F2ZE
el HPT AlERHTH O] 22 F8Z £5&2
E2 I AP)S e ZeE 48 W &
ATk, HhH, o] vk Frloa= H9le) g &2
2|3z o] -SR] 2o} HPT A5} HPT+10A
A7 B 0S5 322 fAUST A 43S Uel
d A2 HE AL F Aok HPT A 59
HPT+10A AlEd tigt 747, 289 27], B=,
58 A= vusk Ay Table 25 #ars}y] vf

g},

4. 4

rhu

B dpexie 1EHiEY 380 Akt e
AXY CoCrFeMnNi TAEZIFF(ARH =7]
~40 nm)2] W AN AR FE)Z Ao wHE
Axjele] Fee AuEgker, 1 AxE gokslH
ofefe} At

1. 450°C o552 da)g] 2], dA)g] Azl wet
=AY CoCrFeMnNi $HE(HPT A12)9] AE7}
A 7R 10ARE D3] Al A=) oF 8.9
GPaZ 7} & A= T/ Hyo), O 2
e Z/1EZ7E Bef T2ARE EXe] Folls 7
7} <F 9.3 GPaZ 71231

2. A= F7HEe] 7P 1043

FEAE A=
(HPT+10A A1) tis]l TEM £48 ¢

T A,



136 o5&
Ht YA Z777F ~60 nm= 2Fke] Zohslr) Ay
stem F7HO = Cr, NiMn 2 FeCo 3 2
< oaPdo] FAdHo] TEEU ©] F NiMn 2
FeCo -2 F571318ME2 I 93t A= S}
o] 8 UAAS AL k.

3. Al AL TP MEge BE Y 24
oM BE=RA oL, A8 TheliRl= 57 7RIl wt
2t o w7 USo] BEE diFes v &

g7k HPT 2 HPT+10A AlE E5F Coble
FE)Z7} SAE. v, AdiHes wo 3
M= HPT Alge A9 FZZE HAYZ]
3SR, HPT+10A AlE2] 73 Coble F2]=Z
2 A& £A7} Ho] HPT AERT H& Fg=
AgPdS HofFar Qiot.

aAlel =

o] A¥= 2023d% AF (A7 RFAIT )]
ANLoE AT e AU ol 3E A
(NRF-2021R1F1A1048393)34Cc}.
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