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Fig. 1. Atomic nanoindentation simulation of physical model for single crystal high entropy alloy CoNiCrFeMn and single crystal
Ni: (a) Single crystal Ni; (b) single crystal CoNiCrFeMn high entropy alloy; (c) polycrystal Ni; (d) polycrystal CoNiCrFeMn high
entropy alloy; (e) uniform distributions of five elements in CoNiCrFeMn high entropy alloy.
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Fig. 2. Temperature effects on curves of load versus indentation depth at nanoindentation simulation for four samples: (a) Single
crystal Ni; (b) polycrystal Ni; (c) single crystal CoNiCrFeMn; (d) polycrystal CoNiCrFeMn.
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Fig. 3. Atomic snapshoot of shear strain deformation induced by maximum loads at nanoindentation test ((a), (b) loading and (c)

unloading process) during extremely low temperature 5 K for single crystal and polycrystal material (Ni and CoNiCrFeMn ) that

can be seen from XY horizontal plane perspective view.
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Fig. 4. Temperature response of the mechanical properties of nanocrystalline Ni and nanocrystalline CoNiCrFeMn high entropy alloys.
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Fig. 5. Surface topography snapshot of nanocrystalline nickel and nanocrystalline high entropy alloys at maximum loading moment

for testing four specimen with ambient temperature (5 K~1100 K)variations as shown in Fig. 5(a)—(d), among then, the locked posi-

tion of virtual indenter was indicated with black dotted line. In addition, whose corresponding contact area was statisticed and

quantified at Fig. 5(e) and 5(f).
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J5, B REAL N ) e s Gy AR R M, )
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DRI TN, BB e il X 1 F 7 AN WA B AL HERL,
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SAVEAE T B B 07 5 AN 2 85 4 sCARAIE , S P A
N 5 (B 25 SR L N 3R T, LA B 22 (8] AH A
0, (TR R B R AR S, X
CoNiCrFeMn =5 A 4 B9 A 20 220 2 3 3 5
Ni i E K. A 6(d) AIHI, 54 CoNiCrFeMn
T 4 9 52 387 A ) FE 7 g 4 o R A A N (KL
K 6(b)) T &, 5K 6(c) MIE 6(a) XF R A7
FEAL RS B Sk, RIWIHYE CoNiCrFeMn
A A o DR VS AR ALV FH 5 | A 4 X 1) P 1 g

(a) Single crystal Ni+5 K

Dislocation nucleation

Stacking fault

(o ! x

(c) Single crystal CoNiCrFeMn+5 K

—20 I

Nucleation cluster

Stacking
nucleation

Dislocation loop

A

x

von Mises stress/GPa

- 0

Bl 6 40KENi (a), (b) 4K fh CoNiCrFeMn Fi & 4x (c), (d) MRImMRIR T A9 S 4 4 T8 AL SR AE

Fig. 6. Micro-structure evolution characteristics of nanocrystalline nickel (a), (b) and nanocrystalline CoNiCrFeMn (c), (d) high En-

tropy alloy at extremely low temperature.
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Y
(b) Polycrystal CoNiCrFeMn+5 K

B 7 49K Ni(a) FI99K & CoNiCrFeMn i 5 4 (b) v e IR T 04 3 205 4 i AR AR AE

Fig. 7. Micro-structure evolution characteristics of nanocrystalline Ni (a) and nanocrystalline CoNiCrFeMn high entropy alloys (b)

at extremely high and low temperatures.
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Single crystal Ni+d = 3.1 nm

5000

(© Polycrystal
CoNiCrFeMn [ Ni
4000 Single crystal

I CoNiCrFeMn [0 Ni
3000 [ 752.15 853.07

721.87

Total dislocation length/nm

2000 r
1000
0
5 300 800 1100
Temperature/K
T=5K T =300 K . T=1100 K
I Shockley Frank

(b) Polycrystal Ni+d = 3.1 nm Polycrystal CoNiCrFeMn+d = 3.1 nm Bl Stair-rod il Perfect
y L { Hirth

T=1100 K

B8 4K fh Ni FI4H K f CoNiCrFeMn 5 1 & &4 R U A AL 85 28 B A Sk 43t (a) 244 Ni fl CoNiCrFeMn; (b) £ f
Ni fil CoNiCrFeMn

Fig. 8. Distribution characteristics and data statistics of dislocation types in nanocrystalline Ni and nanocrystalline CoNiCrFeMn
high entropy alloys: (a) Single crystal Ni and CoNiCrFeMn; (b) polycrystal Ni and CoNiCrFeMn.

Loading Unloading

(a) (c) Single crystal (e) Single crystal
Polycrystal Ni+5 K Ni+5 K CoNiCrFeMn+5 K

(b) Polycrystal (d) Polycrystal (f) Polycrystal
CoNiCrFeMn+5 K Ni+5 K CoNiCrFeMn+5 K

von Mises stress/GPa

20 I B KU

B 9 i 5 K T RA0K e Ni 1 CoNiCrFeMn =i & & MR 10 RE () Ik 28 Ni; (b) R T £ & CoNiCrFeMn;
(c) %5 B Ni Al CoNiCrFeMn; (d) #13%J5 £ & Ni Fll CoNiCrFeMn

Fig. 9. Atomic stress distribution of nanocrystalline Ni and nanocrystalline CoNiCrFeMn high entropy alloys under extremely low
temperature with 5 K: (a) Polycrystal Ni under loading; (b) polycrystal CoNiCrFeMn under loading; (c) single crystal Ni and
CoNiCrFeMn under unloading; (d) polycrystal Ni and CoNiCrFeMn under unloading.

HEELE B Ni 2R 2, ERIRIRT R RS SRR T S b R Ty, ARl X A T4
SWRINHEIZ B or B MEEIE 10 1, Rk TR N 155 . BEAEIRLE ThR, AORHN R S
fih DX F 440K b Ni AN K i CoNiCrFeMn =i 5 JE RO, A4ORE N A 5 o B AR AR T 5
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(a) Single crysal Ni+d = 3.1 nm
, o

i

(b) Single crystal CoNiCrFeMn+d = 3.1 nm

al Ni+d =3.1 nm

(d) Polycrystal CoNiCrFeMn+d = 3.1 nm

von Mises stress/GPa

—20 I

S ;0

Bl 10 mE A K S Ni FIZAK 5 CoNiCrFeMn =i 5 & 48 4 I 1 4346 52 i WL LAY S I (a) 080 Ni; (b) 254 Ni; (¢) 540

CoNiCrFeMn; (d) £ fii CoNiCrFeMn

Fig. 10. Atomic stress distribution of nanocrystalline Ni and nanocrystalline CoNiCrFeMn high entropy alloys effected by temperat-

ure variations at loading process: (a) Single crystal Ni; (b) polycrystal Ni; (c) single crystal CoNiCrFeMn; (d) polycrystal

CoNiCrFeMn.
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Abstract

Physical property and material mechanical performance of nanocrystalline (single crystal, polycrystalline)
CoNiCrFeMn alloy can be known well through an in-depth understanding of the micro-evaluation behaviour of
micro dislocation, so that it can better be used in defense fields, such as nuclear reactor cladding tubes, aircraft
engines, jet turbine blades and others. In this paper we propose to study the correlation between micro-
structure evolution and mechanical properties for nanocrystalline CoNiCrFeMn high entropy alloy. The force
driven material deformation behaviors and mechanical properties of nanocrystalline alloy and Ni material are
studied by using the nanoindentation method, and effects of temperature on the mechanical properties and
micro-structure evolution are compared as well. Research results show that the mechanical properties
(maximum load, hardness, Young’s modulus and contact stiffness) of single crystal alloy are superior to those of
single crystal Ni, which mainly stems from the fact that the single crystal high entropy alloy with a drum-shape
structure is produced under loading period, and the slip and expansion of dislocations in the bulge structure are
blocked. At a low temperature (5 K), the maximum load, hardness, Young's modulus and contact stiffness of
polycrystalline Ni decrease by 28.9%, 20.27%, 32.61% and 36.4% respectively in comparison with those of single
crystal Ni. The maximum load, hardness, Young's modulus and contact stiffness of polycrystalline CoNiCrFeMn
material decrease by 21.74%, 23.61%, 23.79% and 22.90% respectively with respect to those of single
CoNiCrFeMn high entropy alloy. In addition, the mechanical properties of polycrystalline alloy are more
sensitive to temperature than those of single crystal high entropy alloy, whose mechanical properties decrease
approximately linearly with temperature increasing. For polycrystalline CoNiCrFeMn and Ni material, the grain
boundary is not merely the origin region of dislocation breeding, expansion and reproduction, but also the
concentration region of defect initiation, crack expansion and failure. Its mechanical properties are weaker than
those of single crystal materials due to micro-structure evolution of grain boundaries driven from stress
concentration and defects existence.

Keywords: CoNiCrFeMn high entropy alloy, nano indentation, temperature response, mechanical

performance, molecular simulation
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