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o] 2 2 A (Summary)

Mo

[ . Title :

A Study on the Change of Properties at Cryogenic Temperature by Controlling
Deformation Mechanism of FCC High Entropy Al loy

[l . Purpose :

Through this 2 year project, we developed damage-tolerant TRIP high-entropy
alloys for sustainable arctic materials, which improves durability under
extremely low temperature compared to conventional low temperature materials:
1) Development of TWIP/TRIP high-entropy alloys by controlling alloy
composition in FeCoNiMnCr—based high entropy alloy system due to manipulating
stacking fault energies for activating twining behavior

2) Evaluation of mechanical properties, especially fracture toughness at
room/liquid nitrogen temperature

3) Investigation of deformation mechanism of developed alloys with TWIP/TRIP
behaviors

4)  Database construction for material degradation in polar (simulation)
environment

Ill. Contents :

In this project, the novel TWIP/TRIP high-entropy alloy was developed for
sustainable arctic materials in polar environment. Arctic material undergoes
extremely severe operating conditions, especially cyclic low temperature. For
sustainable application of developed novel TWIP/TRIP high entropy alloys,
fracture toughness should be higher than conventional low temperature
materials.

IV. Results :

The TWIP/TRIP high-entropy alloy developed through the first stage of this
work exhibit high strength at room temperature. (yield strength > 500 MPa,



fracture strength > 950 MPa) Moreover, these alloys show very large fracture
toughness over than 150 MPa - m1/2.

Moreover, during the 2nd year of this work, we optimized the HEA composition
and measured the mechanical properties at Ilow temperature, 200 K. The
imoroved  low temperature mechanical properties of novel TWIP/TRIP
high-entropy alloy compared to conventional low temperature alloys will be
explained by verifying the deformation mechanism of developed alloys.
Finally, based on the discussion with Korea Polar Research Institute, we will
construct database for material degration in polar (simulation) environment.

V. Expected Contributions :

As a frontier of arctic materials research, the field of the structural
materials in pole environment is in the beginning stage. The development of
damage-tolerant TWIP/TRIP high-entropy alloys with superior fracture
toughness and strength provides reliability and predictability as novel
arctic materials for structural application. Indeed, our research results
show that the application of these paradigm-shifting materials can be greatly
extended by using the developed TWIP/TRIP high-entropy alloys as a arctic
structural materials. This would in turn permit a more widespread and
cost—effective application in various industries with extreme conditions.
Utilization of novel TWIP/TRIP alloys with ultra-high strength and toughness
in structural metallic alloys may present a new breakthrough application of
metallic materials in the near future.



A 2 = X (Contents)

Chapter 1. Introduction
Verse 1. Research necessity
1. Research necessity of low temperature materials
2. Difficulties of studying low temperature materials
Verse 2. Significance of the study
Chapter 2. Current Status of The Technology
Verse 1. Domestic/International Status of low temperature materials
Verse 2. Novel approaches
Chapter 3. Experimental Results
Verse 1. Research methodology
1. Purpose of study
2. Research methodology
Verse 2. Contents of research
1. Manipulating stacking fault energy of high entropy alloys
2. Solid solution strengthening of high entropy alloys

3. Property control by alloying Al with FCC high entropy alloys

Verse 3. Excellence of results



Chapter 4. Achievements

Verse 1. Achievements by year

Verse 2. Overall evaluation

Chapter 5. Application plans

Verse 1. Possibility of application to low temperature materials

Verse 2. Potentials for commercialization

Chapter 6. References
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Winter season

Ballin
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Canadian

artic
archipelago
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Barents
sea

[Laptev
sed

(month.) 10 9 10-12 12 9
Temperature (C) |22~ 41| 11 ~ 51 |30~ -50| 10 ~ -39 | 33 ~ -53
Wave height (m) | Max 126 ND Max 14 | Max 10 Max 10
Wind speed (m/s) | Max 29 ND Max 43 | Max 32 Max 51
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I = 2pAGY ¢ + 20

I' : Stacking fault energy i
p = molar surface density along {111} P= 53
AGY™¢ : Molar Gibbs energy of transformation

o : Surface energy of interface (5 —15mj/m™2)

a8 6. g5 o
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AG(hcp-fcc)

1 Cr20(MnNi)40(FeCo)40 1927.8 slip
2 Crz20(MnNi)36(FeCo)44 1494.4 slip
3 Cr20(MnNi)32(FeCo)48 1108.4 slip
4 Cr20(MnNi)28(FeCo)s2 771.0 twip
5 Cr20(MnNi)24(FeCo)s6 482.9 twip
6 Cr20(MnNi)20(FeCo)60 245.3 trip
7 Crz20(MnNi)16(FeCo)e64 59.4 dual phase
® 2. §% 949 Martensite 43 Austenite 4 7be] Gibbs A olU A zho] & 1o w

WY 717e] WEE e =
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A Thermocale D Cr Co Ni
Database : S50L6

@ 900°C CrCoNi 333 333 33.3

1.Col 35 G G5

2.Col0 35 | 10 | 55
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8.Co50 . 35 50 15

Cr {at.%)

39 9. Co-Cr-Ni 3974 &= A = =4 2 A AL A3z

36



T v g g mme e g

{1/}

EHWER

A

&004

b b
20
£
U b
A0
& i it i i
Content {at.%)
3008
o
250 M%N
109 o
2
1500 T
;
3HH *
'_,
48 e
w0
¥
8 ¥
388 %
006 =
18 £ 380 #34
Temparslure (K]
29 10. Co-Cr-Ni 397 &= A4 &0 W& SFE

et FECd) % e 240 e

ZFol (&h)

37



{rasCounNisz

. § 131
(200 | e

. wmmwEk - H E

5

3

g .

) D—ﬁpaﬁ:ag-f-éagsfsvir:i )
e N

Brteigey {oaiiy)

{1-spaging §Angerrain]

CraloaNie

HEEER IR EAE M ST

i ospaacing A ngstrom§

N

29 11 WE 7)ol mE A7 XA 8" R
ZE!

38



1200 A

Cr35Co2ONIAS (70 G

i

;

1000 - b
KM‘MW “\
@ 800 T
-
Gt e —
ﬁ ’_/'/- W\M'M 5
-;;' %G - /‘:.- v_,-w,»“"j_fw
® i Cr35Co20Ni45 (300 K
o 400. 7
rd
& g

!

i

?
Ll 55

3 10 20 33 4D 50
strain (%}

1200 o~ :
1o0n L ﬁfSEC@EG?ﬁi{"}? mi{; _!
e a :
1 ﬁx-’w :
e o
€ = ~ q
ﬁ - /— _{_,,.«”"MN % :
hial 5‘3& = A o . =
& i 7 Gr3BCoBUNI3S {208 X
g o/
£ o400/
o I H
|
. }%‘

& g 24 3¢ &0 3

strain (%}

a9 12, SA(T0K)oNA o] AFA Pl 2§ F=-"gdsE 78

=

39



calculoted bv TORE 8 dotohose af therma-onle software
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T =7 (at.®) A Greptec A Fep-res
H Mo Co Cr Al (J/mol) (J/mol)
1 5 23.75 | 23.75 | 23.75 | 23.75 6470.18 5763.78
2 10 22.5 | 22,5 | 22.5 | 22.5 5955.43 5433.65
3 15 21.25 | 21.25 | 21.25 | 21.25 5451.85 5103.53
4 20 20 20 20 20 4987.32 4773.40
Fe 5 25 18.75 | 18.75 | 18.75 | 18.75 4541.79 4443 .28
6 30 17.5 | 17.5 | 17.5 | 17.5 4108.91 4113.15
7 35 16.25 | 16.25 | 16.25 | 16.25 3683.64 3783.03
8 40 15 15 15 15 3262.31 3452.90
9 45 13.75 | 13.75 | 13.75 | 13.75 2842 .64 3122.78
10 50 12.5 | 12.5 | 12.5 | 12.5 2423 .66 2792 .65
11 | 23.75 5 23.75 | 23.75 | 23.75 7966 . 86 6253.15
12 | 22.5 10 22.5 | 22.5 | 22.5 6837.14 5759.90
13 | 21.25 15 21.25 | 21.25 | 21.25 5847.74 5266.65
14 20 20 20 20 20 4987.32 4773.40
i 15 | 18.75 25 18.75 | 18.75 | 18.75 4244 .36 4280.15
16 | 17.5 30 17.5 | 17.5 | 17.5 3608.09 3786.90
17 | 16.25 35 16.25 | 16.25 | 16.25 3069.54 S295 6
18 15 40 15 15 15 2622.72 2800.40
19 | 13.75 45 13.75 | 13.75 | 13.75 2246.33 2307.15
20 | 12.5 50 12.5 | 12.5 | 12.5 1918.93 1813.90
21 | 23.75 | 23.75 5 23.75 | 23.75 4614.52 2949.40
22 | 22.5 | 22.5 10 22.5 | 22.5 2731.45 3557.40
23 | 21.25 | 21.25 15 21.25 | 21.25 4061.23 4165.40
24 20 20 20 20 20 4987.32 4773.40
Co 25 | 18.75 | 18.75 25 18.75 | 18.75 5761.21 5381.40
26 | 17.5 | 17.5 30 17.5 | 17.5 6379.57 5989.40
27 | 16.25 | 16.25 35 16.25 | 16.25 6836.90 6597 .40
28 15 15 40 15 15 7133.79 7205.40
29 | 13.75 | 13.75 45 13.75 | 13.75 7270.95 7813.40
30 | 12.5 | 12.5 50 12.5 | 12.5 7247.29 8421.40
31 | 23.75 | 23.75 | 23.75 5 23.75 6208.49 5887.53
Cr 32 | 22.5 | 22.5 | 22.5 10 2., 5823.58 5516.15
33 | 21.25 | 21.25 | 21.25 15 21.25 5415.19 5144.78

42



34 20 20 20 20 20 4987.32 4773.40
35 | 18.75 | 18.75 | 18.75 25 18.75 4540.61 4402 .03
36 17.5 17.5 17.5 30 17.5 4077.35 4030.65
37 | 16.25 | 16.25 | 16.25 35 16.25 3599.81 3659.28
38 15 15 15 40 15 3110.23 3287.90
39 | 13.75 | 13.75 | 13.75 45 13.75 2610.86 2916.53
40 12.5 12.5 12.5 50 12.5 2103.92 2545.15
41 | 23.75 | 23.75 | 23.75 | 23.75 5 1448 .56 3013.15
42 | 22.5 22.5 22.5 22.5 10 2858 .64 3599.90
43 | 21.25 | 21.25 | 21.25 | 21.25 15 4036.22 4186.65
44 20 20 20 20 20 4987.32 4773.40
45 | 18.75 | 18.75 | 18.75 | 18.75 25 5720 .66 5360.15
46 17.5 17.5 17.5 17.5 30 6247.73 5946.90
47 | 16.25 | 16.25 | 16.25 | 16.25 35 6582.77 6533 .65
48 15 15 15 15 40 6742.95 7120.40
49 | 13.75 | 13.75 | 13.75 | 13.75 45 6747.74 7707.15
50 12.5 12.5 12.5 12.5 50 6619.58 8293 .90
¥ 3. &5 942 AGhep—fee #FolE vEFI %
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High SFE / Aluminum addition
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1000 ’ Tested by ASTM E8 Oy (MPa)  UTS (mpa)
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& 800
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Before deformation

After deformation
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Thermal conductivity (W/m-K)
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oy/k ratio (MPamK/W)
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EXTERN_0
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