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Fig. 1 Comparison of high-temperature (above 250°C) tensile
properties of Al-Si series (triangle symbol) and Al-Cu series (square

symbol) casting alloys|[6, 9].

YR ¥Hs B EA:

BEEWB: ExARBHELETH (LS 52271097) ; LA SimER &SR BB ARCH F OB E (NES: SG2021098)
B AR, B, 1983 4R4, 4, =g TR, WEBFA AR, Hig: 010-62185286, JLIX 100081, E-mail:

zhengzongwen(@cisri-gaona.com.cn



G E AR

51 %

RANEE AL-Si(-Cu) Rt #851E A &AL RS
FiRSRAGHLIER, TR A & iR IR A PR R E
HIZARMES TI3E S & . TER, H[5,9-12] @
I A BT R A B R PG TR A S 2 RE A S, I
KT ZMBUMAEEEE R RN, KRS ES
F Cu RESEET 4% Al-Cu REGEA 4 X T A
B PR RE AN RE N SR A AL-Si-Cu RA 4(Cu JiESD
B fRART 4%), i FALH S S s ATy e/ T i A
IRAL T RIVRGIAGN . BAh, B T GG 4R & Ak
LR B BRI ALCu RE &R SRR HIR13,
14], T T Al-Si-Cu £ & 4 #AVE: RE 42 75 1 1 STk ficf
ARG . ASCHE LS TS ALSi(-Cu) RE S 1E iR
TNHLUEAR SRR, W T e T SR N B RO
fills T S0 I T AR SRR DS SCRR I L 4, RSB Al

Phasc interfacial
segregation

Low diffusion rate,

Al-Si-Cu series
heat-resistant

low solid solubility

Si(-Cu) 7 518 A 42 i1 Gt 5 A SRS A = ST A i A S
(ARRUE LT oR BOmAL 7 AR 5 1 O 2R it 1] 128 2
k), BEJEZIZE T AR HLES 2 S AR et A R
JTEAE DU AR T3 AT FUE o BRANASE
IR T I DA AA ] 3 DA AR PR R it ] 5 A A ] 5% i
MG E SRR B&JE, CEAS TG

BESIBRIVK, JRET RKE ST M. &
SCHABE IS X AL-Si(-Cu) R 551E A S it 5 S 21 230
PR R EE, A5 SR AV I AR B 4 1R T A 5 32
HEE SRR S . AR, REBEEAMEER A
RETH A RIA[13,15], (HHERIFMERS], SN
BAEAS T TEE 2 W o AR kg 2
FioR

Cohercnt or  Sfrengthening
semi-coherent
with the matrix

casting alloys

network

Tatermetallics with
high thermal stability

Rigid interconnected

2 AALRGEMREE: ALSI-Cu R G SR BN, SR 5 MR R 37 5

Fig. 2 Schematic diagram of this paper: designing criteria, strengthening strategies, and typical application scenarios of Al-Si-Cu series heat-

resistant cast aluminum alloys. The schematic links alloy design criteria with microstructural strengthening routes and service-oriented application

requirements.
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FECA M HAPERE. Cu 7E a-Al H i 5 0L 15
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AlsMgsFeSiefll B-MgoSi AHE kR, X 3B 14 7= A A 5%
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Fig. 3 High-resolution and FFT images of different precipitates along the [001]a-Al direction in a typical Al-Si-Cu-Mg alloy: (a) short rod-
like B” phase, (b) lath-like Q' phase, (c) plate-like 6’ phase, and (d) embedded p” and Q' phases[27]
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Fig. 4 The effects of Cu and Mg contents on the (a) elongation, (b) yield strength, and (c) tensile strength of the Al-Si-Cu-Mg-Fe-Mn alloy, and (d)

the compositional ranges of Cu and Mg in which the alloy exhibits a yield strength greater than 200 MPa and an elongation greater than 4.0%[26].
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Fig. 5 Effect of Sn on the size and distribution of nanosized Si and a-Al(Fe,Mn)Si phases in the Al-7Si-0.5Mn alloy[44]: (a) without Sn addition,

(b) with 0.1 wt.% Sn. Effect of Sc on the size and number density of the 6’-Al-Cu phase in an Al-Cu alloy [23]: (¢) without Sc addition, (d) with
0.3 wt.% Sc.
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FWE[45-4T]0 HALGHIN T AN 0'-ALCu) A [F], #
LA TTERAE a-Al Efdrd BRI #2580
A R, @ EIES Al A SR S IR, AH R
SRECHAE 300°C R EA R R BUH L RE ) 5N
fRBLFI[14, 48]
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L1,-ALX 2 —Fh 9K REE R ERIEAT HAH, 5 Al
fRE LK R, MK RN: <100>L12/(100)a1 5
(001)L12//[001]a1[49, 501 7£ Al Fedd thigs ks + o & skt
W TCE, B3 Sc, Er, Zr, Ti 2%, 497 LAJE BLgh K R ()
L1, % ALX #H (X=REs 8{ TMs) [51]. % 1 %I2¢ [ #2>
it R LR AL-Si RE S R FH
Mk SR e iR . L Zr N, HAE AL R
B Cus Mg & 3-4 MUES, H L1-AlLZr 5HEA4KH
M ESELE /DN, DR B B I B AL RE D (48] 4R
Knipling %5 N[S2]HIWF TR, Al-Zr &44E 425°C F ] AR
FrKak 32000 fURESE . EH A 500°CHT, WARZS L1x-AlZr
M AR A AR P A HIVU 7 D022 BX D023 £544(53].
Bk Zr 4b, U0 Sc B2 L1o-AlsSc A AlsSc A HiAH
£ 300°C I8 AT DLERFFIR AT I A € 1, (EAE 400°C T HH
P E (IR 1D o HILATIL, L1 SREHE IR ASE T4
FasE e, PRI E TARENERE . Bt 3h ) 18 f R R 45
2R

1 ALSi Fa PO R SO i a4 A SRR i[9, 13, 34)

Table 1 The crystal structure and stable temperature range of novel heat-resistant phases in Al-Si series alloys

Strengthening phase Crystal structure Stable temperature
AlsSc S 77(L12) ~350°C
AlZr 3777 (L12) ~400°C

Al3(Zr,Sc) SLJ7(L12) ~400°C
Als(Zr,Sc, Er) SLJ7(L12) ~400°C
Al(Mn, Fe)Si ST 350~400°C

Al7CusNi =i 350~400°C

Al;CuNi INTT 350~400°C
AlNi IEAT 350~400°C
AlsFeNi R 350~400°C

B—¥%IN TMs BX REs (41 V. Zr. Sc. Ti) JLHEE
AR, RAEAES) )R A SR T (3350°0) ok
RAMAR) & JTERMPFAREFER Zr 5 Ti. V
R A I E[54]. £ Al B4R F RN IO Zr. Sc T,

AR A S TR Als(Sc,Zn) ki[5, 56]. 1%
HH—)2 ALZr #HEZE AlSc Hri MK, TEHE Sc %
OHVE Zr Ah5eifetz-7e aii (B 6) , B R b H
5 VLKA A SR AL [57]. B Sc TTR ik AH
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Fig. 6 Elemental distribution in “core-shell” structure in nano-precipitates. (a) Elemental distribution from the core to the shell of precipitates in

(al) Al-Zr-Sc alloy and (a2) Al-Zr-Sc-Er alloy, revealing core/shell or core/double-shell structures. (b) (bl) Er-rich core + Sc-rich shell structure

after annealing at 400 °C for 0.5h, and (b2) Er-rich core + Sc-rich inner shell + Zr-rich outer shell structure after annealing at 400 °C for 64 days.

In the figures, Sc atoms are shown in red, Zr atoms in green, and Er atoms in blue[57].

Ti Wi T 548 ALZr @I Ze firt, TR
AL(ZnTi)E A BEENE, FHATERY HoEEm
ZR (Dri<Dz> , FFEFTUMEEE Zr %, & Ti
RS . B T IR R — B PR T KT
LR RS IO RS, FRAK T AL RE, MR 1 R0
KRB ). #E— R KRH[S9], Zr 5 V IR AR
IR R E R S VR B B E .V IR = T Al(V,Zr)
M P FasE M, i HAE 350°C K25 FARBEEEF 10nm
AR AE 356+0.5Cu &4, BB SE N V.,
Zr AT A S, ATEBCEE 241 a-Al(Mn,Fe,V)Si
(ALSs(TLV,Zr) IR i, X AR & T R i 1) 4 %

FE, IR T H AR R i AR M [43]

Makineni 25 A\[49i@id =S #AFE T2, iRt
SEN) Ll B ALZr BRBUTEM b, FRUEZIKER 8L
A8 07, TER—Fredx-5e B = IR A I E A T AR
(Bl 7a,b) o H ALZr HTHAHEERE, N LLAFZ
M, RFZ)5 nm, il FsE: 07T HARME ALZr bR
FIEAZ, BCRGEHI(E 7c), SHEREEEBE, 40
HAHZE AT R B R BRI A OS5, IR AL
1B 7d). MSHBAIGIE T ALZr AHXT 0" AHAE KA1
FEAL I HIE (B 7e).
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Fig. 7 Heterogeneous nucleation of thermally stable L1>-AlsZr phase and the suppressive effect on 6” phase coarsening, (a) STEM-HAADF image
showing plate-like 0” precipitates heterogeneously nucleating on AlsZr (three variants). (b) High-resolution STEM image further confirming the
heterogeneous nucleation structure. (¢) Atom probe reconstruction showing Cu-rich plate-like 8” phases (orange) nucleating on Zr-rich spherical

Al:Zr phases (purple). (d) Comparison of the aged microstructures of the alloy with and without Nb-Zr addition, as well as the microstructures
after exposure at 250 °C and 300 °C for 50 hours. (¢) Comparison between experimental observations and phase-field simulations showing

compact structures of 2, 3, and 4 0" variants surrounding AlsZr[49].
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&, FCOREOM AR o BRI B BT v, AT L e il 58
RTF 22%, EAHSIIRTE 100%[43]. (BN MiE= T,
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Huang %5 A\[70]18F 7KL, 1E 356 Fl 319 &+
I HE f Zr+Hf T3, 43d 520-560°C EHE ARG, &7
FR—FOBT B GK gL SLHE M), XARRHGE T &4
7E 300°C N HJIEPEMUIC A B 55 M RE . SiaHI/AL FHTHAL )
Cu Wt P& 7 AL HEAE, MM{EHE T SiHf MITE s fR &
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JS2FH A B9 5

AR Al-Si(-Cu) R biE & S H SRR AT T e - 171 -
(a) (b) 350 Base aloyAC
b 300 4 ®Base alloy-T6
bty | &) BModified alloy-AC
I olad i Yt Wi @ 2504 ‘3% BModified alloy-T6

o ; | = 200 | B
P ; / 12

5 15017

i 100

» 04
( ) Testing temperature, C)
& (d)
350 14
@Base alloy-AC @Base alloy-AC
300 2 wBase alloy-T6 124 wBase alloy-T6
z| ®Modified alloy-AC 8 Modified alloy-AC
250 = @Modified alloy-T6 10 Modified alioy-T6
] T
&
© : =
£ 2001 H5 P g
= i B

H A %
25 200 300
Testing temperature, ( C)

Kl 8 Ti-V-Zr-Cr £t & &ME &M Al-Si RESARLLR K &

TR PEEE A SAA . Al-Si-Cu-Mg-Ti-V-Zr-Cr 1 Al-Si-Cu-Mg & 4=

(a)XRD Kt L Al & &M & &8585 To S 4 S EXR
Fe i R EIL)UTS, (€)YS K (d)EIL 5t HL[54].

Fig. 8 Ti-V-Zr-Cr microalloying affects phase constitution and

Testing temperature, °C)

elevated-temperature tensile performance. Comparison of (a) XRD
patterns between the Al-Si-Cu-Mg-Ti-V-Zr-Cr alloy and the Al-Si-Cu-
Mg alloy; comparison of (b) UTS, (c) YS, and (d) El between the base
alloy and the modified alloy in the as-cast and T6 conditions at room

temperature and elevated temperatures[54].
2.2.3 FHBYUMASREREIZ IS
T ERTTRIERMLITER, REHITERER
HIBBAHAE 300~400°C IR FFEL R UG E M, (Hi2IX L
TURAE AL FEAR A ([ VA LA, SRR R RR 2 AT AL %
BR[91. ZHITH SACTTAE—ERE L EIRAM A — A2 E M
SRR, (H SR I ANFLE . KB AR
% FIAAAEER % A2 %% 55 17 B Dong 58 \[72]4E Al-Si-Cu-
Mg-Ni &4l B, FIHZ6E4&M(Zr. V. Ery Sc)
RIS AT AL, BRI S PR R L1, B3
FAR(ALZr. AlsSc) (B 9a) « EHIGP X (] 9b) .
0"/6'-AlCu A (I8 9 c-i) %5 ZRMNA LR IROK RE
[¥) ALNi. AlL;CwsNi. AlgCusSc S5 B IHAL 54 (Bl 9D
TENGHBISRAAR . XEEAFR T AR SR 57
Attt (B 9 k-D , 2N RE EIFEEBA IS,
MTELF & AE 350°C M I REPRER 143.8 MPa [ =582
AR, 2 H T E R N R P K
rEEAL, AR RBINE SR,
R ER R, IR ATREOE, 8 SR

(300~400°C) gt HREZET Al-Si-Cu &
& 0-ALCu FHRIHTHEEE, AT ORAR B BT
SRACRACR o DAL R AR RE R OO A A SRS 10 X ) AE T
AR R AE TR SE T SR A AR A ) IR 42 g aA AR A AR AR 70 2



G E AR

51 %

NI DRATE 588 8 5 RS 1R A 2K R

DAL, AR TR B SR AL A AZ O R A T4 i S 1
£ 300~400 °C T UMb Re I FPiiF AR RE 77, JLHIEH
TR IA IR 5 B AR I IR 5. S PR )R

(a)

°(220)
2
(200)s *(020)

-

/1001 Al

—a—Liquid == ALCu
Q= ALNEz === ALNi
0101 o aymi  —o—AKCuNI
o AWCEM:—3— ALSc:Siz
0,08 —o—AISUTi: —o—a1

o MgSi =9 AlCu:MgsSic

0.04 il

0.00

A 0 100 200 300 400 500 600
Temperature (°C)

Si/nm g
—n

.I—»b @Al @Cu @Er @Sc

Higy BoTREEBEIG. Hriish iR g, AR & L
AT BETE A R A A A 46 0] B 12 SR 7 B AE AL-Si(-Cu)
BEAF R RYE TARNAE, 75 15 Tk ] e 4 1) R A Ak 2 o)
FEDMRI BT, AR B IS S TR A .

-

A

1

1

1

1

1

1

1

1

1

* 1

|

1

1

1

00 000 :
1
]

®Si OMg @Er @S¢

9 Al-Si-Cu-Mg-Ni && &L LR 0 TEM FAE. #2005 EF T . (a)FIEASHL R Ll-AlZr BN A
(b) WRAASHLN GP X ()37 TEM Bl (d-f) B Hr M IIE 23 TEM 1. SAED B K i Bt A9 1% (g-i) 0'FT AR 2
# TEM 1% SAED P& K & B2 4% () AFEHRE T R34 - EP AR B (k-1) Er f Sc 2410 ALCu 25—V R

Fig. 9 TEM characterization, thermodynamic analysis, and first-principles calculations of asynchronous precipitation of various precipitates in Al-

Si-Cu-Mg-Ni based alloys. (a) L12-Al:Zr-type precipitates in the as-solid-solution microstructure; (b) GP zones in the aged microstructure; (c)

bright-field TEM image; (d-f) high-resolution TEM image, SAED pattern, and inverse Fourier transform image of B” precipitates; (g-i) high-

resolution TEM image, SAED pattern, and inverse Fourier transform image of ' precipitates; (j) thermodynamic equilibrium phase diagram

calculated at different temperatures; (k-1) first-principles models of Al>Cu doped with Er and Sc.
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Fig. 10 (a) Variation of diffusion rates of different solute atoms in aluminum alloys with temperature[20], and (b) relationship between diffusion

rate and supersaturation solid solubility at 400 °C[78]. The two panels together indicate which solute elements are more favorable for thermally

stable precipitation at high temperature.
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Fig. 11 Effects of Sc on the thermally stability of conventional precipitates, (a, b) HAADF images of the Al-11.5Si-4Cu alloy and (c, d) HAADF
images of the Al-11.5Si-4Cu-0.2Sc alloy in the T6 condition. (e¢) Bright-field images of the Al-11.5Si-4Cu alloy and (f) bright-field images of the
Al-11.5Si-4Cu-0.2Sc alloy after thermal exposure at 300 °C for 100 h. (g) HAADF image of the Al-11.5Si-4Cu-0.2Sc alloy after thermal exposure
at 300 °C for 100 h, and (h) EDS line scan results along the arrow direction. [§9]
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Fig. 12 Segregation behavior of Sc, Fe and Si at the precipitate interface, (a) High-angle annular dark-field (HAADF) image of a cross-section of

6’-Al:Cu precipitates in the Al-Cu-Sc-Fe-Si alloy, and the corresponding atomic distribution maps of (b) Al, (c) Cu, (d) Fe, (e) Si, (f) Sc, (g)
Sc+Cu, (h) Sc+Fe, and (i) Fe+Si[91].
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Fig. 13 Solute uptake and interstitial ordering promote the high-temperature stability of nanoprecipitates, (a) HAADF image of the V phase along

with its corresponding structural analysis and structural model (viewing direction [010]). (b) HAADF image showing coherent ledges (CLs)

promoting the Q — V phase transformation. (c) Schematic illustration of coherent ledges (CLs) promoting the Q2 — V phase transformation[78].
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Fig. 14 Regulation of interfacial segregation behavior through heat treatment, (a) Schematic illustration of the three-step heat treatment process. (b)

Schematic diagram and (c) APT map showing the microstructural evolution after each step of the heat treatment[93].
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Fig. 15 Nanoscale multi-scale strengthening microstructure: 0'-Al.Cu,
AlsSc, Sc segregation, and Sc clusters[23].
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{BAER-TIRE G BB T IR A AR R, 9Kk + 24 2 B
LIRAIEE RS, = EW 4@ NS A (ki Si A
K& B EY)) LR R A LR, AL AL
BEEERE, AT ST iR R SR FE AN PR AL e
77, XA TR R G A A I R R AR T RE SR AL T —Fb
ik,
24.1 HE=HNIMERELEN

£ 300~400 °C'F, A1 7% MR S5 S AL T 12 3)
Hag, S BUSURIN AL R TUART 20 Rk 5, B Al AR st i
YK AEAE DA LERF R AL R [94, 951 BEI, WA A
Bm A A I Si NG & Rk G AT T i 2R
RS =AW R 2%, 75 AT AR 4 T IERR
il i AW B0 [96] . Al-Si-Cu-Ni-Mg %5 & 4 i i 1)
Al;CuNi\ AlCusNi S A IG5 M AR, TE A 18 i 3 & 8]
ARES dn A LR IR R AR BEAGEAS R ) . Y
MBHE il N2 JJ0, X Fh R B 22 1) NI X 45 78
T A ) BRI, R WA R 1 B
WRE . m R eSS AR 2% b thah, iR
R, S ARLE SR Tt B RRE K PR e A R D 214 B E
HER, ARENH S EIES), WS S RbiE
ZRe ). 1E Al-Si TR FEG &, B E XU IR Fe. Ni.
Cu. Cr. Ti. V&ItHR, DAERKERNIEGE S8 E L
HEY97]. XEEE)E AL G W5 R L R T e — AN
FEE ELIBC AR R 28, A4 DK 23 8 R AN RS A A% 126 3
NI DX 286 i, AT V2 35 30 R S 7E il SR E[ 18, 41,
Euh %5 A [9814RIEFK, AloMgioSiiCusZns & 4+ AH L%
145 B AL A W) I 2896 0Tk 7 HAE 350°C R imis
121 MPa [F$L K58 o

ISR (0 Niv Cu. Fe &8) SHULHT
2, AR 2 MR AR IS R N4 (A1 AlCuaNi

ALCu. FEMEE) [99], TEME A BIGAS, MALSGH “ B
Kinfl” e “ =4ER bRk ” [54, 100].

£ Al-Si-Cu-¥3 I Ni, 242 ALNi. ALCuNi,
AlLCwNi 58 =Jo[101], XFEH AR EE —H 2
KB4 I LI AR A S S ORAAH 102, 103]0 Li A
[LO4]RFF 5T T & Ni fb[AIAHXS & & A ) Dk 78 = Fb
NI IEA A, e-ALNI AR T 2IBCRESR, 5-
ALCuNi fl y-ALCuNi AT 2ILAARES . o,
ALCuNi M EABABMAEFFIHZ, X &R ot
BRI 2L, BTN, 1.95 vol. %K) 8-ALCuNi Hifdi & 47
350°C NPt Pr s E e T 18.89 MPa. Rakhmonov 25 A
[105] & LKA AR 43 B0 & (B BT A (ALCua(FeNi) Al
ALFeND 5885 A X IR 300 0 6#Hi X (PFZ)
OIS, DRI e IR EH A AR DU A i Ae P o IXIE
STt (R BIT AR A 2 R AR A A U AR 1 1) B RO 45
Ao . FIIRIRT T AN IR R SR i i
17 8 42 L 0 5 44 O TR 9

PRALHT ALNI FURIAT 58 B2 A STk A R, T i 3t 4
TR [ 2 1) J2 (19 3D i 88 L I 248 45 4], BT DU Ak i
BE, KRS T PG A M R . 8 I 3 5 5 [
ALCuNi. & Cu-Ni AHFI3L g, Si HZFM4E, W] 1E SR AL
TR 4R B B A R . Ni & B ELEE S & 8] = ZE W
W28 7 i AL B I R R I SR (1010, i, Bk ALEE
J&, AlSijoCusNiy FIFEAH FIBCIEEZE I (N 85%[F %
40%) , T AlSiioCusNir PREFEL R LI (~80%) (]
16) o Asghar 25 N\[106, 10712 [F]25 55 55 B AW 2 14
HAMAT AlSil2 G&HMEREBELEYME. 4
FIEM, Si 5& RS R A AT Si/o-
Al FHH . 3L Si 58 RAREE A &Y 2 8 TE BT
AR A RENE T Si A NI BIP B AR 2 18] B
5 T T JE M R B A M CRAIE T = 4 ) 285 25 ) IR AR R e 0
XK R 1 R A R o [FIB IR N Fe TG 3R
A5 Ni TEEMK ALFeNi =i, FHSAESESET
AL AR R, #E— D& S M et . 8k
Fdzhil Fe/Ni Ehfil, i LAE & Fe AHMERIR AlsFeNi %
S IR BRI AloFeNi A, J5& AU R Jy4E
HHBUBRMEAR, 1 HAE 300°C TR AR .
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16 Al-Si 2 &4 = 4EM 28 S5 KM E,  AISi10Cu5Nil(a, ¢)F AISi10CuSNi2(b, d)& x4 BRALAL B S A AL DA Si AH PR = 25 /) 4% 45
1, (a, YFEEA, (c, d)Si AH. BEIIR B R ERGT I EM, $FRZ1709 270 x 270 x 450 pm?[101]

Fig. 16 The construction of three-dimensional network structures in Al-Si series alloys, three-dimensional network structures of aluminides and Si

phases in AlSi10Cu5Nil (a, c) and AlSi10Cu5Ni2 (b, d) alloys after spheroidization treatment: (a, b) aluminides, (c, d) Si phases. All images are

derived from synchrotron radiation tomography reconstruction, with a volume of approximately 270 x 270 x 450 um?[101].

2.4.2 EE| = 4RI R4 S ERE0R T A % RE W EEL

Fe T B P R (A7 4508 B 2 5 B R R A, BRI
T B AR P 91 N 750 55 B K R BORE 7 (Al AL Zr
ALCu BUHIELT) V AHGUKDTE) « X LYK R T IR B
IERREAR N, B AT RS, B A 2 R Al
TEREHIEE F3[105, 108, 109]. = 4ERI 14 X 4% 78 7 M/ 00 R
B ERR ST &S B TR SRR R AR 4K IR
BRORE - I 5/ i ROBE E ] 1 P A o 9Kk
IAETEIREE | B BB 4 BOT AR, 17 & 8] 199 2% U] Ay ix
SET I H AR E SR AL T AR AR I (A B, PR L
FITEF, &4 300~350 °C FIMSmIREE T AT AL (R 55
P 0 7 25 14 e

Su FFA[110]@E AL FRHIBE, 1E Al-Si-Cu-Ni &4
TR T 8B A AR S R TR B 1 22 RS P [
SEAGER (Nl 17a) , Ho, m#dRos g+
A RUBHRG T 48230,  MRCK R I o (8] 4 IR A6 &4
PRI 2, BELAS s RAE il N0 %% (B 17b-e) ©

5N AR L, 1) WI A 285 B 5 A A
Fel B A A AN R R R Th AR, G 300~350 °C
IR/ I R T WA RS SHE R AL N (ERES S K
PEBER R SR IR S 2, AT RedidE =R M 57
PEREFIERGE TSN . DR, WP X 48 S A0 AN B A R A A
ARG 0 Niy Fe B Cu &, 10 R ) 4 7 im e . AH
TESRANFE AR I (P 11t
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Fig. 17 The synergistic strengthening mechanism constructed by a rigid interconnected network and dispersed phases, (a)Schematic illustration, (b-

e) Dislocation pinning/obstruction effects of metallic T phase, 6’ phase, and intermetallic compounds at grain boundaries|[110]. The subfigures

distinguish the load-bearing role of the interconnected network from the dislocation-blocking effects of dispersed phases.

2.5 #i8 Al-Si-Cu RFEE SR ERRRMEEE
x24T R AR RS BT AL-Si(-Cu) &
HitGEmEiRbtEse, ARPLDEH, S5E%RH
M#iE AI-Si REEHE, AL KBmibiaE, &
SHERIERA T RENSEA, JLHZLLE 300~350CF
)4z e 588 i L Z FEAT 200MPa, B A HL 3R JE 1 4538 AL-Si(-
Cu) RA &M T
FEERME, & 2 PRI AN B[R —Ff

BOFBRAR:  SRHO B AL S fi ) T 3R R R AR UM AL RE
T i 56 5 3 A ARS8 R AR 0 BAE Ged R, I R 2%
W) 3 B T AR AN GUR AL RE ST o AN SIS AR 28 P45
Koy PREURME. Wi, JUR AT 5 2% B T7
THIAZAE . 22 5 o AT 22 SO0 F0A7) i 2B v T ol 3 A
PERE, XEEMAINE. FIARMEREM RIS BT & M
PERISGEA R, K55 Al-Si(-Cu) Rl A5G &
T FCAL AN L BIFATT
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Table 2 The high-temperature tensile properties of novel Al-Si(-Cu) series casting alloys

high-temperature tensile properties

Temperature Ultimate Yield Elongation
Alloy /C tensile strength 1% Ref.
strength /MPa
/MPa
Al-7Si-1Cu-0.5Mg-0.5Cr-0.4Ti-0.4V-0.25Zr 300 1974 184 12.3 [54]
Al-138Si-3Cu-0.6Mn-0.6Fe 138 125 8.5
300 [62]
Al-13Si-5Cu-0.6Mn-0.6Fe 144 130 72
Al-11.5Si-4.0Cu-0.2S¢ 300 / 116 / [111]
Al-128i-4Cu-2Ni-0.8Mg 116.3 104.5 5.56
Al-12Si-4Cu-2Ni-0.8Mg-0.1Gd 119.4 108.5 4.71
300 [112]
Al-12Si-4Cu-2Ni-0.8Mg-0.2Gd 123.4 108.7 4.18
Al-12Si-4Cu-2Ni-0.8Mg-0.5Gd 119.7 104 3.43
Al-12Si-4Cu-2Ni-0.8Mg 140 / 4
300 [113]
Al-12Si-4Cu-2Ni-0.8Mg-0.2Gd 153 / 5
Al-12Si-4Cu-2Ni-0.8Mg 109.5 87.7 5.56
Al-128i-4Cu-2Ni-0.8Mg-0.2Nd 300 118.5 101.9 4.81 [114]
Al-128Si-4Cu-2Ni-0.8Mg-0.4Nd 109.1 88.5 4.12
Al-7Si-6Cu-0.6Mn-0.6Fe-0.1Mg 145 125 4
Al-7Si-6Cu-0.6Mn-0.6Fe-0.2Ti-0.1Mg 165 140 3.8
300 [68]
Al-7Si-6Cu-0.6Mn-0.6Fe-0.5Ti-0.1Mg 182 160 3.6
Al-7Si-6Cu-0.6Mn-0.6Fe-1.0Ti-0.1Mg 159 142 3.1
Al-12Si-4.5Cu-2Ni-0.8Mg-0.2Zr-0.2V-0.2Er-0.2Sc 300 2498 / /
[72]
350 143.8 / 4.61
Al-12Si-4Cu-2Ni-0.8Mg 149.9 1383 5.04
Al-12Si-4Cu-2Ni-0.8Mg-0.1Gd 300 157.2 139.2 5.18
[115]
Al-128i-4Cu-2Ni-0.8Mg-0.2Gd 163.6 157 5.17
Al-12Si-4Cu-2Ni-0.8Mg-0.2Gd 350 99.5 87.6 7.95
Al-12Si-4Cu-2.5Ni-1Mg-0.6Fe 350 103 91 58 [96]
Al-78i-4Cu-1Ni-0.5Mn-0.5Mg-0.1Gd-0.1Yb 350 116 / / [47]
Al-128i-3.5Cu-2Mn-1Cr 350 106 / 8.8 [116]
Al-128i-3.5Cu-2Ni-0.8Mg 350 135 103 5.6 [117]
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94 / 2.8

350 [118]

116 / 4.0

2.6 FEHMRNEIT A

BEEM BT R SEMEAR R CE AR, TN A
EHEA SRR IEE R AR Z D Ml -1 2-
PR — R T X T ALSICCOREG &N S, &
THE PR AR IR = I 2 i B s G s v, B
BRAE 250-350 °CRIFMRAL AR T 4EFEdT HAR, L8
Si Fl g AR AR e . L, S48 ERN % E
IAJFRGENE S BT N BEE R A H RS
DL AR 2R ROBE TRl B RIVE R [119-121].

CALPHAD #7225 A1 Scheil %t [E 402 H i
WA IR E T E, TR T TIUARZE A A2
TG AR AL AT R s /I R sm AL R, T 2 SEB6 T 4
NG E . DR TR SIS E,
FHF Sr A A356 &4 Ti Ut Al-Si-Mg-Sr &4 K%
Al-Si-Mg-Sc %t & 4 [ AL, U6 IZ 7 R Re i £E IR
FFEBE 1 T8 R 1) [ B 4 v s 0 1 A AR e [ 120- 1241

IR IR S BETT iR T LAY KBRS 7
PEREZ [ AR LR M OCTE,  FRid I 3 B2 ) s Ui Ak
WD SEIE . A BIE SR AT AL 5 S 0N T
V SETCE N 300 °CHRFE M TTIR, FFdid s ARG
R [ 125]; WA RN S SRR G,
T AlSi A& r MR ESHFM[126], BEEIT
H A1-9.5Si-1.2Cu-0.6Mg-0.2Mn-0.05Sr-0.1Ti &4, 7 T6
AT 3R 431 MPa HLH5RE 1 9.8%EM, [FIAf A H R
U S AR AU, Fan Z5[127]454 VIM/SHAP
R AL FE A, BETTH A1-6.98Cu-1.82Mg-0.21Si-
0.19Ti-0.53Mn-1.07Fe fif #4#i% Al-Cu &4, H 300 °CHt
FroR B HPEAS 153.9 MPa 1251 2] T6 45 179.2 MPa, 1t B
Fe & Alg(FeMn)AHFIHHERIR S-ALCuMg #H 7 73 7] 7K 40 4%
A5 T6 A MR /e o XL 5T 3B, S0 ksl 77 vk
AR RIERE. A E O RHLSFEMAN G — AL
F2[124, 128-136].

£ Al-Si(-Cu)fiif #¥51& &4 H, &SR IE
RIS PRAZE B A AN ST AR A WL AH DTS . 5120 Se.
Zr. Er. V. Ti B HOTR AR T L1 B ALX 5
HAnTREBONE, el R A S SR B R A
kgm0 QELG BN EN. WEH R DL
KW, Sc. Zr. Mn E&ETWME &R TRHTE Al-Si-Cu-Mg
&P NE RELASHHE, deEdhmiR ¥, Xh
i #3540 o BerH R gt 1 T (E S ) Bk R
Mi[123, 128, 137, 1387,

% RPEAT BN AT AT BB 3R b L S 4
5P — P D R T T A T J R AT A /R T )
SR AGU I G TR RE AN RO RRAE s R RO AL AT 4 R
AlSi R Si 9K 4 aE 5h BRSO N
FRSAASEAUFOIAT H Bl 7 AR A 3k — 25 T SR SORE T A%
KR MR R . XLk S R A
A, AR AEEE S SR ERAINTERF
T ) AR A% U B AR 2R B8 Lot R AL 2R 8 1 H [ 139143

g5 b, B AL-Si(-Cu) RN VGG & 45, Joilt MRl
TOTVE MV F R ARG, TR T A 1) AR 75 SR 1)
fifiid 56 UE PR 15 26 CALPHAD F1 Scheil %[ 5
PUHERR 5 AT S AR K AR 0™ F AT A 2 7 15 IR
I HLAS S B S Bk DU A TR v R A 4
WA HEGE MR, R TR
FHIREE . HT HEARRE E MER A AY s B I B i
AT R - ) M BSOS AT I . ZAEA BT
BB & W NG IR0 2 3% ) [l G 1l oy - 1. 25- 4 41
MRS ¥ =R .

3 SeiftdlE LM R N ER

IAER, HMTE BT R IR T Hgit.
Ban, BB AR KRG (LPBF) S8R, &JEnbL
A HER (103~10° K/s) FEEE, BRAES T
TEME DA S IR TP AR A AR A T 4 7 [ 144-146]

T T TE — R 3G 1) 12 5 AR ) % 10) = 44 e 4 4
FAREE R, Horp— MR RUEE R, 45— AR =4
HIEMZ TR E[147]. Flan, BamxfiEstiliE AlSiloMg
IR FER B, BT AFAEGR 3 & Si A X 265148, 1491,
HABMRRMER IR %NS 12 B R I 7E
MZERI A, wFEfEsE”, FEERZIM I TR, I
FERL AR 57 #ar N AEB B 4% o ST E T+ Si 4H a9 24 (1)
AR PERUIE, XA R TE=IRM A thoh,
HIEREE (PR A B T St Al , #RER)E, Si
WORLIE IS /N S BURLIK B8 45 LK Ostwald 24401 #2 i AH
o, X G EOROR R 1SOK HAE >, Si 4 R 25 et 2>
BRAL A BRI Si BURL(E 18), RIUL iR i B R
[150].

B U IR T A s A5 A S A RE A AL
F-B W0 Fe A1 Ni A 7ESE 4 H3& ) Al-12Si-1.4Fe-1.4Ni
G4 S AlFe(Ni,Cu)fl Als(Ni,Cu) bt HiAH7E B4 X 1)
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on T AL TE RL[151] o 31X S8 YR & 5 4 AT I T #r H AH 7R
495°C 1Bk 3 /MEFJE R KA BN . Zhang 5 A
[119,152] 38 i WO #r R IR 4 fil (LPBF) il 45 1] Al-12Si-
4Cu-2Ni &4, HTIH & TN HE AlLCuNi
Al,CuaNi 581, 7E 350°C FRILH 128.98 MPa [1]H

k58 . Al-18Si-10Cu-5Mn-5Ni-5Mg &4 i 5 Eiffr

A

: A PRIl
v I e 7131}
NA Y s'“-‘l' ‘ : ,. AR § b Thals.
;i !wgl'*‘\v":{gl- }_\1 LR

BGU LEI 5.0kv X5000 1um

FHRE Mn M, BH5E T &SR HE, 7 350°C i,
Al-18Si-10Cu-10Ni-5Mn-5Mg %R 147 58 FE A(240 + 5)
MPa. Qi £ A\[1531JF K Ti ek Al-12Si &4, EEfE T
TR EALTE A ALTi AH BT B 404 b FIET L4 7
(FIRE ST, MTTTHG SR 1 H e R

B 18 MR Al-Si RAEEFYK Si AN MG RFEFIEF RS HEDE: @M MR, BEESNERIRGER: (b7 117
MPa H1 225°C 261F FIEASJ5, MO AR IR0 2L, ()7 117 MPa 1 300°C 461t FIFAS 5, T A7 8 H Ak R Bk [ 150]

Fig. 18 Microstructural evolution of the nano-Si phase cellular network in additively manufactured Al-Si series alloys during heat exposure : (a)

stress-relieved specimen showing continuous silicon-rich cellular grain boundaries; (b) after creep under 117 MPa and 225 °C, the cellular grain

boundaries become thinner and partially fractured; (c) after creep under 117 MPa and 300 °C, discrete submicron silicon particles are formed[150].

5 B 1 ) 3 AR o 4 [ T 2R PR A 4 o 46 Sk R 5
TR B GE R T — R A RetE . Ma SF[144]8 H
LPBF $ AR 4 1) AlLaScZr &4, i #da e g s
BIPPR G =g, TR T B a-Al P25 B
AlnLasH fBE =4 FEGERPUKREHE 19 ab.e.f),
i &5 ¥ R ~F A $)~200 nm(B 19¢), 4 T144: LPBF &
4 (0.5-1um) , HLEHEEJERE~28.6 nm(&] 19d). %G
SR GRS MTE SR T RERE, HFEENETLE
SNV = B, [RAmEES M3kt AluLasa-
Al FHH A AR s R L EE (+0.50% ) FSL I EEC0.45
Im? (E 19g) , KT THEEAMERA, Kigk
&7 FETAHAG B SRS 775 Sc Ji 76 AlnLasZH 8% 3K 1 i
%, W ALSc IEE (B 19e,0) , #— B LR
TR, R TRmATIEM. £, La 7E Al
H R EARAK (300°C B LL Si % 5 MES , HIE
BEMAL (~0.01 at.%) o IXMBN 7% FARKHAELE T La
JEFH B AlnLastH BRI S RLERE . 285 =, A4
PRI Sc Al Zr TERR T F B L B4 (~3nm) . HPTHfk
(1) L1>-Als(Sc,Zr) A& goKiilE (B 19 hi) o EAfETHL

1E a-Al 4HAR P, BRfSE S T AEKSEE . LdPLH S
Fuza & AA R R ERBE. WFE 300°CF, JEk®
P Rk~250 MPa, EESRHEE SN 2-5 5, 1E 400°C~
3R FE~110 MPa FISEFE(E 19)), BEMRTZHEA
BAA4E. WA, Li 15418 W5 A H LPBF $iRAE
Al-Si-Fe-Mn-Ni && S AN (Fik 14%) %
ZH TN #4454k S V9K A (HMINPs) LR X 24, 4T B
SEEEZEERTIHEEL 582 MPa, FEHERL] 7.2%,
FFAE 300 °CHI 400 °CHTI 5 AIfRFFZ) 263 MPa il 114 MPa
MPLRLHREE . 7E 300-400°C [ pi it fE R, &0 JR
AN A I HMINPs 2 R AR SR AR, Hs—
“E R AHHE GIRHT AR B GORIH B - AR S5 4 . i
FhEE MR R BE . BIERGY R, B — R
AN R G o

X SLYLE , A I AR B A R SR g AL,
T AE T FH RO B (8] A AR A A A SR 2548 . AN, &
HENEEWR SRR TFRF TR i
BRI A7) 75 5 I 468 A Ak BRI 42 T 240 R R A A
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Fig. 19 Additively manufactured AlLaScZr alloy and its ultrafine eutectic cellular network (ECN) structure [144]. (a) STEM-HAADF image of the
subgrain-scale ECN structure, with an inset showing the EDS elemental distribution map of a locally magnified region. (b) Three-dimensional
reconstruction image of the ECN. (c) Size distribution of a-Al cells. (d) Distribution of cell wall thickness. (¢) HRTEM image showing the
interface between the cell wall and the a-Al matrix. (f) Nanoprecipitates within the cells. (g) Density functional theory calculated atomic models of
the AliiLas/a-Al and AliiLas/L1.-AlsSc interfacial structures. (h) STEM-BF image showing dislocations within the a-Al cells of the AlLaScZr-
ECN sample under a tensile strain of 2%. (i) Critical stress for Orowan bowing under confined layer slip and critical stress for Frank-Read source
activation as a function of layer thickness/dislocation segment length at 300 °C, along with schematic illustrations of dislocation behavior in the

presence of ECN or dispersed particles. (j) Engineering stress-strain curves at 300 °C.
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Table 3 The high-temperature tensile properties of Al-Si-(Cu) series alloys fabricated by additive manufacturing

Alloy High-temperature tensile properties
Temperature Ultimate Yield Elongation
/C tensile strength 1% Ref.
strength /MPa
/MPa

Al-10Si-0.5Mg 300 133 107 13.6 [156]

250 149 132 30.9

300 73 70 41.4
Al-10Si-0.5Mg [150]

350 33 30 53.8

400 14 12 574

Al-128i-4Cu-2Ni 250 336 / 13.5
300 177 / 16.6 [152]

350 88 17.4
Al-7.448i-2.34Fe-1.79Mn-1.12Ni 300 ~263 / / [154]
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Research progress of microstructural regulation strategies in Al-Si(-Cu) series heat-
resistant casting alloys
Zheng Zongwen'?, Meng Xiaodong?, LiJuntao!, Lin Baosen?, Hao Yuanliang?, Li Yuanyuan?, Pan Yuyao?, Zhang
Ronggiang?, Fu Jinlong?
(1 Central Tron & Steel Research Institute, Beijing 100081;
2 DEKALI Intelligent Casting Co., LTD., Baoding Hebei 072750)

Abstract: Al-Si(-Cu) casting alloys are important candidate materials for complex hot-end components such as engine blocks and cylinder heads
because they combine castability, gas tightness and precipitation-strengthening potential. Their use at 300~350°C, however, is limited by the
coarsening, dissolution or transformation of metastable 6’ and B’ precipitates, together with degradation of eutectic Si and grain-boundary structures.
This review summarizes recent progress in microstructural regulation strategies for improving the heat resistance of Al-Si(-Cu) casting alloys. Three
routes are highlighted: thermally stable nanoscale dispersoids formed by low-diffusivity transition or rare-earth elements; interfacial segregation
engineering to stabilize 0, Q' and other metastable precipitates; and rigid interconnected networks composed of grain-boundary intermetallic
compounds and eutectic Si. The roles of CALPHAD calculations, machine learning, multiscale simulation and additive-manufacturing-assisted rapid
solidification are also discussed. Overall, the development of heat-resistant Al-Si(-Cu) casting alloys is moving from single-phase strengthening
toward multiscale cooperative regulation that balances high-temperature strength, casting adaptability, hot-tearing sensitivity and long-term service
stability. This review provides guidance for composition design, heat-treatment optimization and microstructural evaluation of Al-Si(-Cu) alloys for

engine hot-end applications.

Key words: Al-Si-Cu series alloys, high-temperature properties, nanoscale dispersoids, interface segregation, interconnected networks, thermal

stability
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