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Abstract: Cast heat-resistant Al-Si-Cu-Ni-Mg alloys serve as crucial foundational materials for fabricating heat-resistant,
lightweight components, such as pistons, which are used in high-power-density engines. A key strategy to increase the
temperature resistance of these alloys involves incorporating Sc elements that possess high melting points and low thermal
diffusion coefficients to regulate the phase structure and morphology of the alloys. Therefore, the effects of the addition and
content of Sc on the microstructure and evolution of the AICuNi phase of heat-resistant Al-Si-Cu-Ni-Mg piston alloys were
investigated. The results reveals that with increasing Sc content, a new AlSiCuNiSc phase forms in the piston alloy, and the
number and size of the AISiCuNiSc phases increases with increasing Sc content. In addition, with the formation of the
AlSiCuNiSc phase, the 3-Al;CuNi phase undergoes a transformation from a typical eutectic lamellar to a rod-like structure.
During thermal exposure, the Cu and Ni atoms in the 3-Al;CuNi phase diffuse into the o-Al matrix, and a nanoscale
v-Al,Cu,Ni phase is formed at the phase interface of 8-Al;CuNi. However, the morphology and composition of the
AlSiCuNiSc phase almost did not change before and after heat exposure, indicating extremely high thermal stability. The
presence of atoms such as Si and Sc with high melting points and low thermal diffusivity in the AISiCuNiSc phase greatly
improves its thermal stability.
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Tab.1 Composition of the alloy
(mass fraction/%)

Al Si Cu Ni Mg Sc
1# 80.3 12 4 2.7 1 0
24 80.2 12 4 2.7 1 0.1
3t 80.1 12 4 2.7 1 0.2
4# 80.0 12 4 2.7 1 0.3
5t 79.9 12 4 2.7 1 0.4
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1 Sc Al-128Si-4Cu-2.7Ni-1Mg :(a) 0%Sc; (b) 0.1%Sc; (c) 0.2%Sc; (d) 0.3%Sc; (e) 0.4%Sc
Fig.1 Microstructure of the Al-12Si-4Cu-2.7Ni-1Mg alloy with different Sc contents: (a) 0 wt.% Sc; (b) 0.1 wt.% Sc; (c) 0.2 wt.% Sc;
(d) 0.3 wt.% Sc; (e) 0.4 wt.% Sc

Ni Sc s Ni 2 AlSiCuNiSc
Cu:Ni $-Al.CuNi Tab.2 EDS results of the AlISiCuNiSc phase
) ’ 3 (atomic fraction/%)
° Al Mg Si Ni Cu Sc
Sc Al-12Si-4Cu-2.7Ni-1Mg 50.57 ; 1949 2127 1.92 6.74
Sc , Sc 0.3% AISiCuNiSc 810151
( 1d) ’ AISiCuNiSc
2 3 5 2 , Sc 50.57% Sc
Al( . ).19.49%Si 21.27%Ni . 1.92%Cu AL-Si-Cu-Ni-Mg
6.74%Sc . AlSiCuNiSc ° 250~420°C [16-18]
3 , Al .Cu Ni.
Si  Sc , Sc ) [19-22) 4~9 Sc
o Zb AL-Si-Cu-Ni-Mg 420 °C
A1—12Si—4Cu—2.7Ni—lMg—xSc (0~100 h) 4a~c
, Sc  Al-128i-4Cu-2.7Ni-1Mg ’ Al-12Si-4Cu- 2.7Ni-1Mg (
: Sc Si SeSi. Se ) 420°C 0~ 100 h .
, ScSi, , 0h e-ALNi 3-Al,CuNi
2 Sc Al-128i-4Cu-2.7Ni-1Mg XRD (@) XRD  ;(b)

Fig.2 XRD analysis and equilibrium solidification phase diagram of the Al-12Si-4Cu-2.7Ni-1Mg alloy with different Sc contents:
(a) XRD patterns; (b) equilibrium solidification phase diagram
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3 AlSiCuNiSc
Fig.3 EDS surface scanning maps showing the element distribution of a typical AISiCuNiSc phase

4 Sc Al-12Si-4Cu-2.7Ni-1Mg 420 C :(a~c) 0%Sc ; (d~f) 0.1%Sc
Fig.4 Microstructural evolution of the copper-nickel-rich phase of the Al-12Si-4Cu-2.7Ni-1Mg alloy with different Sc contents at
420 °C for different durations: (a~c) 0 wt.% Sc; (d~f) 0.1 wt.% Sc
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5 Sc 0.1%  Al-12Si-4Cu-2.7Ni-1Mg 420 C 100 h :(a,b) ALCuNi  ALCu,Ni ,
®) (@ ;(c, d) ALCuNi  ALCuNi

Fig.5 TEM analysis of the Al-12Si-4Cu-2.7Ni-1Mg alloy with 0.1 wt.% Sc content after holding at 420 ‘C for 100 h: (a, b) ALCuNi
and Al,Cu,Ni phase morphology, where (b) is the enlargement of the red box region in (a); (c, d) diffraction spots of the Al;CuNi and
Al,Cu,Ni phases, respectively

6 Sc 0.1%  Al-12Si-4Cu-2.7Ni-1Mg 420 C 100 h :(a)
;(b)
Fig.6 EDS line scanning analysis of the Al-12Si-4Cu-2.7Ni-1Mg alloy with 0.1 wt.% Sc after being held at 420 C for 100 h:
(a) microstructure and corresponding line scanning location; (b) distribution of elements at different line scanning locations
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7 Sc Al-12Si-4Cu-2.7Ni-1Mg 420 C :(a~c) 0.2%Sc;(d~f) 0.3%Sc
Fig.7 Microstructural evolution of the copper-nickel-rich phase of the Al-12Si-4Cu-2.7Ni-1Mg alloy with different Sc contents after
holding at 420 ‘C for different durations: (a~c) 0.2 wt.% Sc; (d~f) 0.3 wt.% Sc

o ,Al-12Si-4Cu-2.7Ni-1Mg-0.1Sc a-Al 100 h ,
, 8 ° ,
( 76 ¢, AlLCu, Sc Sc
, 0.2%Sc ALCu ( 4).,
8 Sc 0.2%  Al-128i-4Cu-2.7Ni-1Mg 420 C 100 h .(a) ;(b) ;
(c,d)Al Cu

Fig.8 TEM analysis of the Al-12Si-4Cu-2.7Ni-1Mg alloy with 0.2 wt.% Sc content after holding at 420 ‘C for 100 h: (a) precipitated
phase morphology; (b) diffraction spots; (c, d) Al and Cu element distributions
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Sc s AlLCu AISiCuNiSc , 3
o ,Sc ,Sc , ,AISiCuNiSc 100 h
,  Sc , AlSiCuNiSc
, Sc s Cu 5
AlCu i, 3 AISiCuNiSc
Sc Tab.3 EDS results of the AlISiCuNiSc phase before and
. . after heat exposure
AlSiCuNiSc ’ Al- (atomic fraction/%)
SiCuNiSc 420 °C 0~100 h, Heat exposure
. . Si Cu Ni Sc
, 9 o ,AISiCuNiSc time/h
100 h , , 0 49.20 21.42 1.24 21.46 6.68
100 49.91 21.23 1.46 20.96 6.44
9 Al-12Si-4Cu-2.7Ni-1Mg-0.4Sc 420 C AlSiCuNiSc :(a) 0 h; (b) 48 h; (c) 100 h

Fig.9 Morphological evolution of the AISiCuNiSc of the Al-12Si-4Cu-2.7Ni-1Mg-0.4Sc alloy after holding at 420 C: (a) 0 h; (b) 48 h;
(c) 100 h
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