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Fig. 1. (a) Strength-ductility diagram of various alloys and
HEAs with the addition of the data of the Si-containing
HEASs; (b) changes in the ductility and tensile strength with
the addition of the different alloying elements in HEAsS,
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BEM IS (PPA-AM) PG N Tl & 43,
6 BT 7~ , Luo %5 81 5k Hl PPA-AM £ AR il & T
CoCrFeNiSi,(z = 0, 0.25, 0.5, 0.75) HEAs, & ¥
B Si AR, FCC 458 &4 e — M (& Ni
1 Si) BRFR B 5 4, TG 4 0 AR RO ok
/N S3HTR ] PPA-AM H: Jay bt vl 42 et
H R AL, BRI RDRLC SRR K MRS &
WRZERE) (ki fb 55 —AHAT ) $HE T AT RE.

Tungsten electrode

Powder and _.,'.‘ l
shielding gas J;

' Water-cooled nozzle

Lonic gas +— ‘

\\ \ /) Ceramic shield

o

6 PPA-AM il % 4 & 4 7n 2 K 1
Fig. 6. Schematic diagram of high-entropy alloys fabricated
by PPA-AMU3],

3.3 RESENEE

IR B P T B R S A - O AR I O
SENER, T, Pz s, B8R A
AR HES, HESh G 1 JO R R R, 0 1A
FRATRERAA IFE5H (40 L1y, B2) 430 ARIE F
T Bz IR, 722 B Tk R 4
(R IR AT RE 5 E0M 20 B sl A G PP AH R4S

AR JAE PR 3 A 2 9K S ) 5 8l o AR R
PrRIEAL, SEASRHA ZR B 20 ) A 254, A7 A

BT B R T 0 e 305 - s (] 2 50 S A A 0 4
T REXTHE TR LR B | A DR e B L
TRV, B Rk i BR300 f R A
SERIVE . Zhang 45 BT WESE T 3B AR B X IO
7 6FeNiCoCrAlTiSi mifi & & IR 242 ), 78
BEEALT 750 C FiRAJE, A XML A
JFH) BCC AH%5H, JEEREE Ti, Si Juz i
%K. Shun 55 M PYBFFEAR R S Bl & e rh SR Ee 5 4
TLE MR — RN, SA XA, X
SEIEE T BE 2 o R A A TP ) B A, T
SENTCITF BIA P a2 . I, 7T RAHTE
T 750 °C A AH S A2 Fh I B HOR i A 2o AR 4
RS IR AP b FORL AR A S R TE AR AR R
R R, AR JOR BT R E1ZY 1000 °C B
if, —se4 @b &4 (Un TiSi, TiSi, s A A
AH) FTUAFEIR 6 fh A X OB A K. BT Ti A Si
TCER MR TP 22 F AR DL SR G/ 8w, Tisi
F1 TiSi, 4 J& B4 G L AL & P L e b i
HIGF, FEGRJGRET, 28 Mkt kA
MTCF 2y AR AE.

FET AT, BEESMIE SR K, R
T[] Bk /)N, T B8R T2 g R sz 20 R
Robert 5 W& 7R 55040 T, i A
TR TN 1=y 2 o G G LD B = s Nk (N I a1 1
WA, AR S AR RSF 22 A6 Rl T H
JFEER R TE L, X e 45 B RN S & S &
BT RAR AR RerE. AN, i
TINASTRIE 29 68 & mT LA #E SRO [7] LRO 19
AR 161, Ma 55 07 SR A w8 R B e (1 X B kA
4} (EDXRD) i AR#F5E T CoCrCuFeNiPr & &
&P RN P A . BT A8, LI FCC
AR TP FCC AR A4 B A 387 i L 22
RS PR AE. 78 4.7—16.0 GPa (R 178
FIN, AR 15 S I B P A A2 B, %
AR H R B WS, HE 106.4 GPa. WF5EIA AR
HI] REAFTE—LE SRO (1) R4 48, 33X ek 44 Al 4
PR “WRAG™ , 2Bl R 3 K & B N P A

4 K F-To AR AR EE B B e
4.1  HHERE

R 4 A 22 A A AR AN SRR AR 0 B A A
WH5E, i H 425 HEAs ] 52300 1 FH P g, 7%
B, BSIH [ A BR A fek n] AE- S SO 28 R
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GeP I B M, ALAREE A AR T AR A A ]
M H R, XA ) A BT RE S| & B3 Y R Ak
7‘)&@ [6,48]‘

Gu B E 854S Aly ;CoCrFeNiSi, (z =
0, 0.1, 0.2, 0.3, 0.4 F1 0.5) &4 WMHLS J12E
REM G R, KB Si EsInfe i & % Al, Ni, Si iy
B2 2545 ¥ BCC LK. SR Si &4
I, BCC ARG I S 2 5 3 0K i & $2 o i
(B 7(a)). i@ THRARALHLE P BTk L], & 7(b)
SAZE T BCC AT IR 38 5 (1 520, 4878 — 3%
[ ALl 2R (AR A, ST ENINE T30
— BCC LK, 815 B2 FEASA% A L2, 4544
(Fe, Cr)3Si AH, @ i ki 55 VML F— 20 7= Az 5
e s

— Sip
800 | — Sip1
< — Sip2
& . Io.
= ) ’ Sig.3
Z 600 — Sig4
n .
g { — Sios
H [
2 400}
o
g [
(]
4
£ 200
2]
0 . . . . .
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Engineering strain/%
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O
m
° . 400
=
[a )
=
B2 300t
SO)
=l
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n
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B 7 (a) EiRALMAAIZ; (b) BCC B B AL
Fig. 7. (a) Room-temperature tensile curves; (b) strengthen-
ing by the BCC phasel®2.

TEEF X} Aly 3CoCrFeNiSi, (z = 0, 0.2, 0.5, 0.8
F11.0) BIBFFEH, Cheng %5 B3 — 23601, i) 2
H FCC 45K Al ;CoCrFeNi &4 HH N Si AL
{Ei B2 MHRIE L, 75 S AR GO IURL AT 1. A
BTG Al ;CoCrFeNi &4, Al,3CoCrFeNiSi, ,
G 4 PP RE W A T, HOUEARGRE (YS) At

FroRfE (UTS) 433421 63% F1 60%, 1 ZE{H AT
TRFFE 56%.

B DR ) A7 A6 T LHRE 135 5 4 190 T s e
RN 12 sh B AT, 5 i — 2 AR B .
Chandrakar %6 #57 T Si ¢ AlICrFeMnNiSi, (7=
0, 0.3, 0.6 F11 0.9) m & 4 RGEHIFENR, A7 52K
Pt 43 A7 26 B RE 5 2 13 AR BCC A+ AL AN
Ni & B2 AHEUMTHE . H A s A 0 R B 4 s
A RERIE PGS T HEAs (OTHEEVE, S SRk
B4, SRR HEAs 7] it BUA HARAY BRI R 4L
FIVEE /NI 0 25 B P UM ) Si A AE Sk R ik
SPPE I, RAACR Ak 2 T 22 ) ) 286 B 0 2 P S
HLHI LG R A G2 B0, 385 FH 10 shefim
SRR AR AL

4.2 [EiRiERE

JE i HLA (Ecorr) S Ak 2 8 i s b 538 J
S ik B S5 sk 4 HL 2. Ecorr #80E, 22 B R RHIK
BUJE ok 0 o ) A R, B ok F S S B T RO AR
PE, (EASBEAE R PR Tl RE AR . 8 o oL 35 25
& (Icorr) FRAEM B R A A& A Bh 2| Teorr {H
FRATR, AR A ol Y A, LR b e
55 1549 AR5 o AL 2AFE8 ) Teorr M Ecorr #45,
Ak TR 501,

Lin % 01 SR FIOGIE B BORAE AISI 1045 4K
45 T CoCrFeMnNiSi, (z = 0, 0.4, 0.8, 1.2,
1.6) mIE A AIRZ, RIIN Si i, A4 0 B8
H B —1 FCC A ARMALRL, Siin A2 H
HI BCC ML YAH. B Si & wmig K, R2
TR AR BCC AR SIS B K, HA T
L/ NI ETIG K 4y 28, FCC AT S 58 3 HH 0 W
1. FkiFEZ Si AYBE N Zn4k.

GBIl 8 S AR Ak i 2 DL K R Ak I ok 2
B, AP Si AN 1.6 B, A4 nigE A b
H-0.662 V, S fik A E ALk 2.809x 100 A /cm?.
F A A TR Z T R A, SoREIN SR )E
AHEL, TR b B G TR B U 2 3 T T A A
PR AR e U . KPR, FCC AHS i FE M
RHR TR B i, T DR 2 2 R S P PR v e
A& IR AR SEE AT BE S FCC AHTE B i
i, BT FCC AHH A AR, FCC AHTE IR B ¥R 5% h
SAE R BRRAR S8 & AR ik, Sios 2 s aT i 1
FCC HHAIE 1 o531,
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Fig. 8. (a) Potentiodynamic polarization curves of CoCrFeMnNiSi, high-entropy-alloy coatings; (b) parameters of electrochemical
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4.3 BTRIENMHE

XA ALOs TEILA & JIR)Z, P25
LW, St pyIm AR DL S A E A K AL, 5
P& TR A BB . Wang 45 P& 81
Si B Y Ni-Al Fl Ni-Cr-Al & 40 i3 42k ALO,
AL BIE BT 2R B A A DR R, 2
Z3IFS2 Si Al LAIESE ALOs Bk iz 375, 45w 4R
)25 R AR Z M B g, AR Si0, TR AL
A F T b AL TR Tl g

PRk, Li 55 1 i3 0158 AlCoCrFeNiSi, (z =
0, 0.2, 0.5, 0.8, 1.0) &4 1 B M4 415 1100 C,

200 h e AT N 2R MR, K BLREE SirinA,
B 4a M2 B —AY BCC HH A8 A JCFH
(A2) G FPAH (B2) 4R TR HIACIRZ5 4. 3 =AY
Si AR HE AL Oy AL B B, AT 42 & & 4 7E
1100 °C IPTEALPERE. &R Ay Si AL Al ek
AALRY I R, A F T ALO, E AL A e T
B, T Y Si B IR ALOS Ak IR 1 8 B 1
TE ALO; FALIE TR A A It TR LK. Si
TG A AT IR, RS A 4 AE 1100 C
T 44k 200 b A A 2 AR HE T, AT 43R
34, WE 9 FiR. 4B CrsSi A MY
HOmAE, JE R AL,
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4.4 WEHMEFEBEEZR

HRYEE S, BREATBHO RN A2 TR )y . 3
A T SR I T 5 1) o T R R v R
IO e 2 AR ) AR RS FE . Zuo 55 P
Bt T—FRFIARR Al/Si BE/REE (2 = 0, 0.25, 0.5,
0.75 F1 1) #4 Al,CoFeNi #il CoFeNiSi, HEAs, 2%t
5T AL Si BB I AR AR AL AR | FE G 1k B A%
ORI, R IRXT CoFeNiSi, &4, Bi# Si & imy
K, A WIFRSH Y Ni,Si AHE i R i FCC
BT ARFIREILSE EE N 151.3 emu/g (2= 0)
T FEF] 80.5 emu/g (z = 1), Si BINAEL Al 0
AF e E NS SR ARG LR . & & Iu X
FL RH R s b Si 7 it i AR Ak R B2, Si i
AL B M 16.7 pQ-cm 32 55 3 82.89 puQ-cm.
[FB & A A 2 D AR 5 /N RSN R | ST R 7
A REHEE I MBI AN A2 1 1 e AR AT .

5 MNHAAEZE

R R RS R ) B3 BT T
PR - To P AR, AE 2SR B T i
(LI 77 . FERE PRI, A I A e 3 PR 5 |
N e 4 SR LA B s AR AR AN R Pk i
e FARAT R SR FE 5 10 BT Su 45 B8 25 5
T A0 A e B PR A A T 45 70 1 S FL TR
IFR RS P A FLAL AR RE, Tk AT DL
T FEA 14 1022 T R A 28, SR i B A
HHE RIS AL A2 Tl R BEBE T IE, s aiis e
PG IY AR A9 5 4R AHE . Lei 25 P @i (5T
S BSOS BT R AR R R T
BHAR AL ) — AT 84070k FESS AR, Rk Ry
FIAREREMREG WL, s AR B R
PRI SE R Rt B U3 2 v e B o A R I 38 190, 7
LT SRR, AR A SRR S R R R A 2
ZREEES S, DB B RER R BT AL T8 RS

SR, R e 5 B Y 1t — 20 S SR ATy i i 22
PRAK. FEREPTIT IR, T IRA SRR X AR A P4
A S ARAE ) T2 B OWA R LR, e Sr s RO
REFINAS Y. T AL i, 3844 i i 9 2 BT i
PR AT 23 S A AR E MR AT RS

RAMFTE R SR AR i, S A etk

MEFOAR 5 BRI BB T70k, -1 2-1ERE
SRR, R, 5T R R 58 A9 S 1Y)
AP, $HE Sl 5 Rk e i 1 < SR 2 5 18] Tl
JL A S IR PR . e S PR RE A 35 A2 5F I AT
P, B RES AR SR Ry e A il i 5 BT RE U
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SPECIAL TOPIC—Order tuning in disordered alloys

Order-disorder phase transition in silicon-containing
high-entropy materials”

LU Xinyi? ZHANG Yong b1
1) (State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, China)
2) (Key Laboratory of Silicon-based Materials for the Ministry of Education, School of Materials Science and Engineering,
Fuyao University of Science and Technology, Fuzhou 350109, China)

( Received 10 March 2025; revised manuscript received 22 July 2025 )

Abstract

High-entropy alloys (HEAs), representing a significant category of multi-component alloys, have attracted
significant attention due to their outstanding mechanical and functional properties. This review focuses on the
order-disorder phase transition mechanisms in silicon-based HEAs, systematically addressing the
thermodynamic and kinetic regulation principles and their effects on material performance. The research has
shown that adding silicon improves atomic size matching and mixing enthalpy, allowing high-entropy alloys to
have both ordered and disordered phases, thereby significantly enhancing their mechanical and physicochemical
properties.

The evolution of ordered and disordered phases is strictly controlled by fabrication processes. Advanced
fabrication techniques, such as laser cladding and powder metallurgy, as well as temperature/pressure
modulation, can precisely control phase formation and layered structure, achieving synergistic strengthening
through multiphase structures. Rapid cooling techniques such as laser cladding suppress the nucleation and
growth of brittle intermetallic compounds, which is beneficial for single-phase FCC structures. On the contrary,
controlled annealing treatments can induce phase transitions towards ordered BCC/B2 structures, enhancing
high-temperature stability. Advanced techniques such as powder plasma arc additive manufacturing (PPA-AM)
utilize rapid solidification to refine grain size and effectively disperse second phases. Thermodynamic drivers,
particularly the competition between entropy and enthalpy quantified by the parameter 2, as well as external
stimuli such as pressure, provide precise control over the phase transition pathways and final microstructures.

Furthermore, the incorporation of sillicon enhances functional performance, including increasing electrical
resistivity, customizing magnetic responses, and improved high-temperature oxidation resistance through the
formation of Al,043/Si0O, layers. Despite these advancements, there are still challenges in understanding atomic-
scale dynamics of phase transitions and expanding cost-effective manufacturing processes. Future efforts should
integrate multiscale characterization, computational modeling, and performance validation under extreme
conditions to accelerate the engineering applications of silicon-based HEAs in aerospace, energy storage, and

electronic devices.
Keywords: high-entropy alloys, order-disorder transition, silicon-containing materials
PACS: 64.60.Cn, 61.66.Dk, 66.70.Df DOI: 10.7498 /aps.74.20250307
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