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ABSTRACT

High entropy alloys (HEAs) and medium entropy alloys (MEAs) are new classes of materials, defined as alloys
composed of five or more and four or fewer kinds, respectively, of alloying elements with (near-)equiatomic
concentrations. In the present article, we reviewed our recent works on ultra-grain refinement of HEAs and
MEAs. CoCrFeMnNi HEA and its sub-system MEAs were highly deformed by high-pressure torsion and
subsequently annealed under various conditions to obtain fully-recrystallized microstructures with FCC single
phase having different mean grain sizes. It was found that ultrafine-grained (UFG) microstructures could be
casily obtained by simple thermomechanical processes. Grain size and chemical composition dependence on
mechanical properties of the HEA and MEAs were evaluated by tensile tests at room temperature. UFG HEAs
and MEAs exhibited characteristic phenomena, such as discontinuous yielding and extra-hardening, similar to
other UFG metals. In addition, the UFG HEAs and MEAs showed better strength-ductility balance compared with
conventional UFG metals. Friction stresses of HEAs and MEAs were determined from Hall-Petch relationships
and found to be much higher than those of pure metals and dilute alloys having FCC structure. Analysis based on
theoretical models suggested that the high friction stress reflected atomic-scale heterogeneity in HEAs and MEAs.

KEY WORDS
high entropy alloys, medium entropy alloys, grain refinement, severe plastic deformation, ultrafine-grained
metals
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CoCrFeMnNi /N4 = ¥ b o ¥ —4&4 (LLF, HEA) i3,
Cantor 5", 3 X U8 Yeh 52 |2 X o T 2004 4E |2 s S 72 i
¥ D HEA T 5. CoCrFeMnNi HEA X, il T FCC
HAHBEE R 2 22 1P L, JRICIRRIC B W CTEN /2R -
HEVENS 2% R SRS NIRDRE, SHETIC
¥ DR ENTWBE®, F72, CoCrFeMnNi HEA %
R 25 MBEOITCHE,S 2 - 4MEEZRINL, Zho %5
FFRTHEBEEESZ LICL - TH FCCHAMBEREZE S
NBEEEDDH L. ZH LAEE REozy to—
AHEA I EIEZEL BnwZ &b, IF4 74y b —
44 (Medium entropy alloy: MEA) & IHENTW5S. Bz 1L
CoCrNi MEA 1 I 5 Vi 38 C FCC HAH B AR 2 TR L,
CoCrFeMnNi HEA X ) & W Wi - M/ NT A, iy
PEZRTIEFMOENT VB, RS 0fRIE, Hils
SHFEH (REOTY Fut—) OBMALT LISk
D RO EbIFTlE R L, EROMmMA AL kI,
HEA % MEA O4FEDSHRIC L o TRELSEET AT & 2R
BLCTWw5b., o, fx RO MEA I L CTHEARD
FTARMLEBEZ T = & T, WLV SRR T 5
SEA R OB IR A 2 MR 5 S L ISR L7z, RSB
WTZDIFREZFHE L, 155N K% b LI SRR
ARG A D TI A UE I O S S B ARAT M <o M ARAT 1 L2 T
TR R E T TE .
22 FEERTF

CoCrFeMnNi HEA 47 « ¥ A7 A DO HTH, CoCrFeNi
CoFeMnNi, CoFeNi, CoMnNi, FeMnNi %% J§ii - & MEA, B X

U (CONi) 100Cr, (x = 5, 20 at.%), Cony(CrNi)g, FE25 51 MEA
1, ®iRCFCC AR B AR Z BT 5 2 L 2 BATHIEL D
o ZeoTnadYY, 2 THET -V HEMEZHVTS
NODEEDKRY Y - 4 Ty Pl L. BRI
99.9 wt.% UL L O G K OMEIR AL L7z, s T M
WCHEET BRI ZIY B 20, £ Ty % 90% & T
L, 1200°C iI2B\WT 24 h OEALME % it L 72512 K%
T2 THREMEMERLZ =205 — 450 X H5t
B DWMENDS, MBEMOMKSAAE—TH D L 2
L7z,

BB 25 EL10mm, JEE08mm D5 1 A 7 RS
ZYJH L, High-Pressure Torsion (HPT) ¥:IZX BAE KO$ A
MT %ML 2" HPT X, RikZB\WT 6.0 GPa DS
Db L, 02rpm O HEE T 1800° (5[EfE) F Tl 7-.
CORE, T4 AT KRB IG5 SN D KEAR O A
12196 TH S, HPT LA ICHK LT 600 ~ 1100°C D B 12
BWT10s~72ks DREFLZATVAKRITT HZ & T, Har P
WAk 2 T A A AL MM 2 . A RA M D
AHAERR &R S HE 1, XARIEIPTIC & Y SRed 72, XHREPTIC I
Cu-Kafi (1 =1.540598 nm) % FIv>, [H#7 44 260 = 30 ~ 100°
DOFIPHE 0.013° s OHE TR L7z, 74 A7 ROEEH
MmO B, XHEPTIZ X ) FCC HMFBRATH B 2 &
WHERINIZ DD KNS, WGREBER (F— V)
0 1.0mm x 0.50 mm x 2.0 mm) ZEIH L7z, 5lEERERR #
ML, SICHEMK, BLOFAYEY FR—A M EHTH
WA L7z, 2ok, KiRT, 10 vol.% MIEFENE + 90 vol.%
LY ) = VERNTRERIES 2 2 LT, BWAIEROINT
J& &2 WY B < LIRS, 1 IR 2RI & $6 1R L7z

NS R ERER P 7 — D oMKk IS %, YTE T (Back-
Scattered Electron: BSE), 3 X O kGl T-mIHr (Electron
Back-Scattering Diffraction: EBSD) & Hi#if % ¥ 3% L 7= %8 f# ik
W S AR TR - BE A 8% (SEM; JEOL, JSM-7100F / 7800F) %
JAWTAT o 72, B%2IF @ working distance (& BSE & EBSD %
NENOLEET3ImmB LN 15mm & L 7. EBSDD 57—
U4 LRI I21E, Z 2R TSL solution @ TSL-OIM data
collection ver. 5.31, EDAX OIM analysis software ver. 7.3 % H
Wz SEA TR AOHLRR IS BT 2 BER AL BE R & A e I R
f A £% %, SEM-BSE f§ 3 X 0" SEM-EBSD @ Grain boundary
map CRIFEA 15°LLE) X0, BIWrEZE Fw TRk 7z

ARG RGBT & W CEIRG IR 2179 2 & T, %&
TR SR O R % SR L 72, BRI O W)W O Ak
JEIE 83 x 107%s" & L7z, /NI RGRBR P IS EF R O A
F=YRRDATE I LIIRETSH 5720, REF RO O
3 A = MR RS (Digital Image Correlation: DIC) {2 &
DUEL, BB PATHOTIROT AL IEMEIC KDz Flik
BT RSO T v A — W E WIS ®BA L2k, =
775 EMCTHROS v 7 2L EATHIET, U5

CCD A AT HWTERIT Ny = OEMEE) ZLITE Dl
EE N7z DIC OF — ¥ fEHTIZ1Z Vie-2D software 2 i L 72",
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MEA ICHPT % fli L 7= 2 12 BESti 35 2 L TR O 7-% 4
TG S #Lk > — 1 & LT, Fig. 112 CoCrFeNi MEA @ SEM-
BSE{4%R$. EDREHIB VT D IR0 Gk 25
BRESARTHEINTBY, BN L TWw5AZ LATER
&M7z. HPT 5 [alfiZ D #4212 800°C T 30 s DBEST % il L 72584
TR AR O TR MR D R /N E <, 0.163um TH >
7z (Fig. 1 (@). F7z, HSLoOMHE & B2 2L 3 S5
ZEIZX YD, PIREREER 0.163 pum A 5 32.2 um F TR
ST B EDTRETH o7z (Fig. 1 (a—d). %D
MEA T4, HPT &I ORI L D, BN AES ST T
370V AT—VOIFITNE LR E H T %A
PG S BRI AL A S Lz, S OKSR & RS, T
& BEST D A T 5L AT SOB G ALK % 4737 5 HEA % fE#L
L7255, SRETICVL OB EIRTWSE,
HEA X MEA |2 3\ T2 ol R 2S5 2 124 5
NAHEHELTIX, ko220 EFz2 615, 9, (1) HEA
% MEA O R R ESIEF IR, —KREHNZETHO
HREDEALDER N TH DL E VI HTHSH. Hl 21X Lius"™
1&, CoCrFeMnNi HEA 2% L C#% [ & % Jiti L 72 12 FCC
HAIE R TR 2 1T - 72RO R BRI 2 T 5. Bk
5 DOFERTIE, CoCrFeMnNi HEA O Fi ik 5 O G AL = 4 v
F— 133217 kmol' TH V), B> FCC 4 12 R TIEH IS
FREMPENZ EARENTV S, R RN R E F721w/2
FETDYyryFilkoTRIBY. e ntENRS) Lo
7 HEA Tl&, FEDOTEIMAETIEK R Ty v v %

(a) HPT 1800°, 800 °C, 30 s

K- - »>

(b) HPT 1800°, 800 °C, 120's

T8 ¢=0.163 um

WE—ZFE-o> THEL, MEEZHEL T2 1TSS H
%. CoCrFeMnNi HEA ®# 7 « ¥ A5 A CTd % MEA T [
BOZENRI > TWwEEEZONLD, KR kinetics
LESMBORRIIRZIZEI S Do TR v, 220HOH
& LT, (2) HEA, MEA IZBESEARL R Z AR LR TV E W
9 H0sd %H. FCCHiAHD HEA, MEA ©% { IZHERMAK - FE
JE R AV F— %A 5720, TS B ORE
Bk BT DD 5. Hl 213 Fig. 1 (a) DBEHIAL T BE
Raeathty, 3200 P RNEL Th
Z10.163 pm, 0.590 um TH V), BB OFGAKE N
LW D, BTSSR D%  OFGIIETF OREED R
WY BRARTHY, FEEI/NS V. LD L) B2
HEA, MEA IZBWTIEMI & BES & v o 72 PRl i B 22
TEMIEOARTY, FHIEETH B Z S SN
LDEEFEZOND. HBIETIE, HEA DR FITHLET
B0 75 A CREFUAH) (2 X DA R 230l S &, R
Rk E LT 2RAD L IN TV B2,

B4 72 Pk R R % A T 5 e TR MEA 1K LT
MCHIRRBRZ 1T > THONLIB -0 F Ao —fFl & L
T, Fig. 2 (a) IZ CoCrFeNi MEA D $ % 7”4, P35 Sk %
DINEL BB L72h > T, BRRED ALz HHTX
EHLLT, FEHKRNESBLZ05um L TFoREHZE
WTRER BT 234 U T wiz, ZoRERERETIX, BCCHE
WO RFEM % ETHION TV SRBER T X 2O
BERLZDOEIEEZY, MRS EZHhTI2EED
5 LHHOBRANSIE - FETHBELTHONLHALT

o 4L

Fig. 1 Representative SEM-BSE images of the CoCrFeNi MEA heavily deformed by HPT up to 5 rotations and subsequently annealed at (a) 800°C for 30 s, (b)
800°C for 120 s, (c) 1000°C for 600 s, and (d) 1100°C for 1.2 ks”. Mean grain sizes counting twin boundaries (d) are indicated.
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(a) 12001
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Fig. 2 (a) Engineering stress-strain curves of the CoCrFeNi MEA with various
mean grain sizes, obtained by tensile tests at room temperature”.
(b) Hall-Petch relationships of the CoCrFeNi MEA®. Solid black
lines are fitting lines based on Eq. (1) in the ranges of grain size

larger than 0.553 um. Concrete Hall-Petch equations obtained are
shown in the figures.

BB Mo TY, FCC HMMREE A9 M4 @ HEA
2 MEA O SR8 % BAGHIAL L 7235612, [RRO BER mi B
THARISEZENFERINTWE?, &) - GE&oHES
RS RE L & S SIBBHRA B SRR AR T B R 2 2 5
FIHNZ F 72523 S DI o TV WS, B s h7:
1 % D FBRGIRE D /I & 70 KT O P AEAE S 5 ] Bhifis i R gz
BOBPREL LN LIZEBDEEZ 5N w4
TG SRR, MEA OB TBAFEICE L T 9 —DfEH TR
EME LT, BTG & BR8P NT VAR
FUIFHN B, B 213 Fig. 2 (a) & 0, “FIgks R £ 0.295 um
DB B TIZ RIS /] 720 MPa & 5% Wit 08 42% 2345 5
NTW3. % ORI SEME CEBRAEAD 1 pm DUF)
T, BORBRBREISEONL b O0, v 7 afERBIIIE
EAEIMTHAL L 27z, RIS L & 4 th 258K &
N, BIREEME (B9—MOY) 251 ~2% LT $ TR T §
HEVHRMEE N 7. LELaRs5HofER &%

{ DFCCHAHEA B X I"MEA O&121E, v 7370
BEETH > THRERBIC T2 T LB, K&
EPEDSHEFE S N B (7272 L Fig.2 (@ 2500 5MbY, F
WRAEAT0.163 um F THMIML SN B &, AR EHL
BN L, FIREMEI NS 2b 0L D). SEHEM
S BOIRL LK % A 9 5 HEA R MEA 237 €5 W i TR L g
ERTOW, TDAH =X LOFEMTEZHPI N TR,
Fig. 2 (a) DL J1-0 5 A MR 2 & 15 5 72 Re ) (o)
(02%M)) %, Pk @) O-12FOBKE LT
7ay b L72b D% Fig.2 (b) IZRT. —K&mIZ, Z#EME
DOFHFERBE (d) LR (o) OBICIZLIT OB
A RVASR

1
oy=0y+kd ? (D

Z MiZ Hall-Petch B4R L IIEN 5. o) (ZBEIRIG T & 11X
M, PR SRR R R O 356 OREL O BARREE ISH 24 5
5. FCC &g D¥41% 0, % Taylor - TH B Z LI Xk 5T,
HUEESZ B 2 AR AWNS ) & RSEOMED S H 5 72
B, oy \THEAL AT S TR &8 B 2 oI & L C R
NIRRT 5 2 & A5k 5. ki3 Hall-Petch 523 & IEIEH
AL ARSI HERT (pile-up) L, JGBHHERLIC A7 2015
12 & o TBEEER OBRf 37X Y ANEAL S v 7 | e RERATE
Z % EEZIZGAEOHRINTIR, MR OB E B L MBS
HHLEEZLNTVDEY. BRI TAE kb 72k
g (d>0.553 um) ORFOFT— 7 HicH LT, A1) %
AWT T4 v 74 ¥ T eftokiE%, Fig 2 (b) IZBWTH
DFEMRTEL TS, MRRFHIIBWTIE, 1) 27& <
B o TWa. —J, BRERET 253 5 2 @i iRe
BT, BRESR ) ol (Bogk#) 2 ko Tw
%. TN extra-hardening & IHENTHB Y, BEREET L &
b2 L OBMMR B ETRONLBG TH 5
extra-hardening {4 252 % 2 B & LT, #BHLHR Sk N o
HRALIR DAL B R R A S O 2 EAEm ST B
AT LM A = X L FEAEIIEH S TR o TV W,
WICEERIR ) (o) WCHEHT 5. FEBMYIZIE 5 17z Hall-
Petch B4R D YIF 5 thiE SN 7-HE 4 @ HEAY, MEA™ K O
MNP OBERIS % Y v 7 E# (E) THL L 72 fiti%, Fig. 3
RS, MENI QBRI ) 25 DK<, CoCrNi % Co,y(CrNi)g,
AN D 105 EDOBRIS N2 H LT DT EW0nb.
— IS FCCHEE & A 3 A fla)E Tld /84 v A s 239K
<, BEBISHR/NES e 5. ZhoMEeRICEETH
PN E N1, BEEF ORI EOI AT 4 v
b BTFOTHR) PELL ZOIRAT4 v ME, E O
W EHEAMER T 5 2 & CREEILZ b2 o3 2 &0 <
SH SN T 5. Fleischer™ % Labusch®™* & & [l # 551L 0
MEETVERBL, FMASIBTIREINET
WHBRE Y LD L) EEFRIGE O TWE. —,
HEA % MEA O X 9 %4502 EREERBART T, Bke 2K
EZOLENFHRETRIDE->TEBY, Fig 41THAMIC
AT LIS, HEETOIRKESODTATREEEZ OGNS,
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Fig. 3 Friction stresses (o,) of various alloys at room temperature (R. T.)
normalized by Young’s modulus (£) to eliminate the effect of elastic
constrants. The values of friction stress were obtained from Hall-
Petch relationships of pure Ni*", CoCrFeMnNi HEA*, and various
MEAs*.

Fig.4 Schematic illustration showing a locally-distorted lattice in a
multicomponent solid solution alloy with a dislocation”. The lattice
expressed by dotted lines indicates the average lattice determined
by the mean lattice constant and crystal structure.

Z U severe lattice distortion & FEIXIL, JEF L X)L DAY —
K L CHEA VR BELRFHMO—D L EZ ST 5.
I%¥ETIE Oh 5725, HEA, MEA OT 0§ A & iRt H
DESEEEORICHVHELG D 5 L\ ) BELIEM R
HELTWD, oL, 29 LoKERETOT A (severe
lattice distortion) & HEA, MEA OEEOMZRIE, ThFT
EMEMICL2ESNTI o7z, Wu b id, fi4 0 HEA
BLOMEA K L CTHEE &% #2420, Labusch £
ThaEdLIZZNLOMEL ML 572, EF VLN
ToUREEE AL S OFERME & T 5 &, KELICIAMHBE»H
2500, EFIVEHE L ERL O THEINCKE &S
h7z. oy, HEA R MEA X} L CHER D [ vA TR B R
BCIDBILIFITET, HOFLHRETNVILEL 55,
HEA, MEA (238 H 1] 58 7 5 AL BLER £ 75V 5L 4E W < D
REBENTWE, ZOPTHLERT—5 L RW—HZRTD
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(a) Original Labusch model

for conventional dilute alloys
Obstacles

Dislocations . .

Low-density obstacles

(b) Mean field Labusch model
for HEAs & MEAs
Obstacles
(Mave & ave)

Sesoiedsoss sy

High-density obstacles

Plateau region

Strength of binary alloys

Solute concentration

Fig. 5 Schematic illustrations showing distributions of obstacles around
a dislocation on a slip plane in (a) conventional dilute systems and
(b) high-alloy systems such as HEAs and MEAs, respectively. (c)
Schematic relationship between the strength of an isomorphous
system and solute concentration®.

@ & LT, Varvenne, Curtin 5 ®-E FI)IL* % Toda-Caraballo
SOEFNV DG L. AREMI LA 4 BT 7L T
HY, EHL5H LWL TLabusch EF V2 EIZEZ BN
T, KT, BMUPBELLEHEOETVE EIIHW
T, Fig 3WOR LB L G&MKOBREE57 5.
Labusch (¥, 0KIZBWTHEFOWMIMIIEROREY (F
HRTFOIZAT 49 M) OBV E ko %% %
M oEE3 5 (Fig.5 () &EZ, HEAEIIBT LAY
N DIFEREAWIES (0 K) BUTORTEESLZ L%
FEINIR LY.

2 2
T(ZK)oc(r]'z+a282)§p3 @)

ZZT, GREEOFAMBMEER o 3w ER I R
T4 b, eB3ETHAXIATA Y b THD. pldifiEiio
TR BT LEEYOHEEEZRL, HERTIIEE
MELSELWERZRET S L, ERICKVESNLHMES X
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CHHATEBZEDPHISNTVWS. aldETH Y, Labusch
Fa=16%WE L. £ DFCCEBDEGA, In] < |og T
HoH0% BWHERI ATy bOMBIIERTE L. K
@) 1E, ASRICE > TIEEIRIE 10 at.% R F TIERDY 7
DON%, —BMIITEHIRIESE L BB W) 2%k k5.
Z ZTFig. 5(c) ® & 912, WML 2 LRERHBERAEED
BREE L IR OWNREE 2 A, WHIRE SR TR
bk, WHEBBROXINIHEEE 20, AEOMEIEE
R (REWHEE) KFE LR btE2bN5. DF D,
LERTBASIIBVTE, pld—Elz2 %25 LN
T&%. KIZ, HEA, MEA D& %% 2 5. HEA, MEA|Z
BwTiE, BREETFRCTCHEETEVIRSVE->TWVET
W, AT A i S OB EY SRR E ISR &GO bR
BT CHEE)T 5 2 &2 % (Fig. 5 (b). Zhz FHmiig
SOREYLF UEECREFEO N [P L LT
ZABHI LT B T, ZHROGELEMRIC, FHETEN
EDOMBE T p IZ—EME %5 EIRET S, LLEA2S, HEA
RMEAIZBWTIE, RQZKRDIHITHEXHEZ LT LN
sk 2,

T(OK) 4
?maﬁvc (3)

CIZTenld, HFHAXIZT 49 b () DFIMEZE T
Wu &'91%, ffi £ ® HEA, MEA O Rtk B o i B AR 1k %
BEICHE L TWa., Ko TARIZETIE, S OfRE D LI,
Fig. 3 OBEBIE IO Z OK T THMF L7288, T v ¥ k)i
{75045 DA @ Taylor ¥ (=3.06) THLZ &I12X 5T,
0KIZBIT 2 AT AWRIET] ((0K)) % g L7z WICH
L% bDlide, &RDB)HETH S, Toda-Caraballo 5"
i, PHEFHAXIZAT4 9 b (6. ZRDD-DOMM
BERETNVEEZLTVLS. HEHOETVIZEINE, 64D
SERETER (@) ZROKXTHEE T2 2 &AMk S,

2K X+ 52K .x.
a:fZMxix_ )

J
7 SaKixi +5;K;x;

S ZTsp K, x, 1 IFNETNDLHICHEM OBT 1% KR
BEVESE, R (at%) 2 KT, fIREKTH Y, FCCHELD
Wd =2 ThDH, KR TIE, BETFREE LTEILHE
DEBHEAEEZHVEY. 2B, XR@ Lo TROO N
SRR, B EEEHE R HERRIC L D RO ST
EHE XL —HTHIENHREINTVEY), e DFHET
HHPFHFEFHFAXIZAT 49 b (6 12, ROKXTERKD
bhb.

1o
a dx}

gave = Z

7

ARFFETIE, RO BT Se,. LT RO)ICE>TEKRD
LN7AEZ L7z,

Fig. 6 12, 0K ZAME S N7-Hi 4 DA 4D EE L Toda-Caraballo
ETFNLYRDIZFEYFFHAZIXT 4 v FOBFRER

XiX; 5)

OHEA & MEAs | 7(0K) 3
0,003 |[BAGA =5 = 0329, |
: & Ag-Zn 40.0002
® Al-Mg (R?=0.9783)
H A Cu—-Mn E
v Cu-Ni i
<Cu-Zn CoCNL_LO Co,(CrNi)eo
0.002 r| p Fe-Mn-Si-Al ]

oCrFeNi
CoCrFeMnNi
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0.001 fNi ® CgreMnNi = i

(CONi)g5Cr5
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R . . £ 4/3
Average atomic size misfit, Eax{e

Normalized strength, 7(0K)/G

Fig. 6 Relationship between the average atomic size misfit parameter
calculated by the use of Toda-Caraballo model and the strength (the
friction stress at 0 K divided by Taylor factor for FCC with random
texture) normalized by shear modulus (G) of various HEA and
MEAs”. The solid black line is a fitting line determined based on
the mean field Labusch model (Eq. (3)). The data of various dilute
alloys (Ag-Al, Ag-Zn, Al-Mg, Cu-Mn, Cu-Ni, Cu-Zn)*** and Fe-
Mn-Si-Al TWIP steel)*® obtained from previous literature are also
plotted in the figure.

T, AREDOETEENS HEA B X O°MEA OF— ¥ i,
HoOEBRTRINS FEEY; Labusch ETF IV E BWVW—F 2R L
TWw5h, 2%F0), TNSHOHEAB X IPMEA IZB W T,
K E KT 09 A (severe lattice distortion) 7%, & 4 D il
b (BEIRIBT)) 2 LEMICHEL TWwE vz b, —k,
Fig. 6 113 Z Do A FCC A EDF— 5 0 4 7 v +
LT3, MEEEDOTHREFHIAXIAT4 v b (6
A5, HEAB X O'MEA L HBREDOMEE RT I & 0350 5.
CoCrFeMnNi HEA B X N2 D ¥ 7+ ¥ A 5 & MEA H OFE AL
THEDOFETH A XEPEVE N2 ~3% BRETHBLDITH L
T, BIZIFAIMgIZBWTIE OO ILHEDFE TV 1 X241
2% bH 5. LaL, fidAETIRIEEREIVNS WD,
B4 A4 X3IZA74 v bOFIHEIZHEA R MEA & [6]#2)2
Db, TITHEHIREME LT, HUEHETY
AXIRT 4y NOEOBEEDHEELX KT 5 & HEA B &
O'MEA DA HEE I D HEWEZR LTV AIEBEITSh
5. ZORKNELTE (1) BEEoMEOREY, (2) i
R EEC BV B I ITCHE & OMELEHT, (3) WA ofiE
N ORERAEEDFEY, (4) TEBM LM BN %
ENEZLND. F4lx, HEAR MEAICBWTIE, (4) 12
N ILE B OCENA AR DS EE e Bl 2 72T DTk %
W EZZTWBEY, —RINIZITZ L A L DOREIEEO K BT
WZBWT, BHETHTORLEOBBEIIZEIIT V¥ A TIER
V. SHETSEBOLEN B EEHIC L > T, HBRED
JTCERTHIEBI w0, RIABIEZ50W0 T
HZET, FUVTABBERIPSOTNSBELE7-2DTH 5.
Z O 14 13 Short-Range Ordering (SRO) L EIEN 5. —F
DOHEA B X UIMEAIZDOWTH SROPAELTWSE Z &8,
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FHEYY L EERO A SIRENTWAS. SROIEGEDHREIZD
WEERIET I ENMOENTVBY, 4 [k TSRO
DIRTEIZ D 2 FIRZ AR T 262 % 2 5. )%l
W35 Z & TSRO RREDFIKIL Burgers X7 VO S 472
FEAR SN, T ANVF—IZEE R FTRLE (SRO) 23
ENb. 2F), EMOBEBIIES> TEDEFORT V¥ ¥
VI ANF =B L 5720, O MENIIN$ 5 b))
WEL S, HEEGEICBVTIE, REFDITE A EDVARE
A TR SN TWAS 2%, SRO DM EAIRDOMEIC% S
T501F, ILHEMOLEMHEMEH B NIGEE IR LN 5.
—77, HEA R MEA IZBWTIE, KT T4 RITHEN
WD G- TV RIREICH D, B2 ICEM O EAE
AP EETH-TH, AEDMENDOFGIHEEE L
DORELGDWEEEDH . Do X ) REbE G L %5t
A5, HEA B X O"MEA DR RWVEEHIE I, Thbok
B TH B ETF LNV ORY 250 < W L - B 24
MHETHEELLILNS.

3 bbb

AT, TRETICERLIIT-> CTE, B
BBk LKL % A3 5 HEA B L O"MEA O3 L 2D )12
FEVEIC 3 AT FE R & A4 L 7z, CoCrFeMnNi HEA 3 K
VCZDHT « Y AT MIZdH725h MEAIZE RO ARINT & 5
PRS2 LT, IR um BUT 58 4 TR B R R
MEERST L ZENTE, FONFEEO RN K
T & R AR 2 72, HEA, MEAIZBWTIX, @
DFEIE T T & A2 X H58RINT & BESh & W o 72 B 2 i T 24
BTN K 5 C, BRSO R R AT 5 1215 5
NBZLDBhrolz. T, ST BB AR Z A
$ % HEA, MEA X, HBHBAIN RO TH 2 Rk T
X extra-hardening LR % 7R L7z, % { D 5E & T Sl I RL
MEA 7%, $ERDOBMMK £E & X TEwin Tt 4
L, BN - EENT VAR RTIENPHLNE RS
72. ¥72, HEA B L O"MEA 2R T EVERIE X, £1%
B ROR N R I CTH 2 1T LRV ORE— %
KL 7-EELYHETHLEEZOND.

CDXHIZ, HEA B X U'MEA 1L, ek &R &I R
% 8% < QBRIEC IR Z R T ZE DS 0 I % - T
ETw5s. —J, TNFEFTIATONTE L L DBATIIZEIC
BWTIE, FCCHEEZ AT 5 HEA R MEA D% L AR
VIR A LRE X, BRI AL F — D iEsko
AR R RN & AR, R0, ZAET, £
EFHRI VT A b R EOMEEMHICE 20 L LTH
FENTVBREAEDVL V. L2LEDL, BRAA=ZALNE
HEA 22 MEA 283 2 H T L XV O R ED X 5 I1I2H
BRLTCWEREVI REN I, BLOMETLDHY, £
PZIZHHIZIEZH LR o Tuwy, L LENS OBERD
HoH»ERNE, HLOBMEOAERTHLELITRERES
FIZBVTHEEME 210 L 885 72008 72 Rlikitha st
PEINDWERMELD S, T2, SBRMEOEEA =X A

2020 43 H

&, RO R 5, IR, AL Vo 2 T AL
THEAREOF ) - I 7 OMBERICH KRERBEL S 2
5. 4tk, HEA X MEA OZJEEE)ICRT 5 FEMl 2 WP 58537
bNdZ LT, GERMEENZRICH - ZERPb 5312
CENHFEEINS.

REGTHRA L72WEge1, H AR IR B &R A 0F 58 & 4l Bh
& - EMEE (N vy beY—-54] (BHFEFS
18H05455), AHERIATSE B 32 )5h 2 CRHAT 2% 5+ 18120766),
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