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A Study on the Interrelationship between the Microstructural Features and the
Elevated Temperature Strength of Multicomponent Al-Si-Cu-Ni Casting Alloys
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Abstract: The elevated temperature strength of multicomponent Al-Si alloys is greatly affected by the
volume fraction and the interconnectivity of hard phases formed upon solidification. In the present
investigation, such influences were examined for two Al-Si-Cu-Ni alloys with different total volume
fractions of hard phases. To control the microstructural features related to the size of the phase, the
specimens were prepared with and without ultrasonic melt treatment (UST) at different cooling rates.
The microstructures of the alloys were composed of primary Si, eutectic Si, (Al,Si)s(Zr,Ni,Fe), AlgFeNi
and Al3(Cu,Ni), phases. The microstructural features, such as the size and aspect ratio of each phase,
changed with UST and cooling rate, and accordingly, the elevated temperature strength at 350 °C was
changed. The alloy with a high volume fraction of about 30 vol.% exhibited increased elevated
temperature strength at 350 °C when ultrasonic melt treated, and the alloy having a volume fraction as
low as about 18 vol.% exhibited the opposite results. Considering the microstructural features of the
multi-component Al-Si alloy, a hexagonal shear-lag model was suggested, based on the well-known shear-
lag model proposed by Nardone and Prewo (Scr. Metall. 20;1986:43-48). Using the 2-D microstructural
factors such as the size, aspect ratio of the phase and secondary dendrite arm spacing, the elevated
temperature strength was calculated and compared with the measured value. Based on the hexagonal
shear-lag model, the influence of microstructural factors on the elevated temperature strength was
discussed for multi-component Al-Si-Cu-Ni alloys.
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Table 1. Chemical composition of the alloys used in the investigation (wt.%)

Alloy Si Cu Ni Mg Fe Mn Ti/V/Zr P Al

14S 14.61 3.00 4.50 0.52 0.40 0.19 0.40 max. 0.004 bal.

10S 10.03 4.66 2.85 0.65 0.41 0.22 0.40 max. 0.004 bal.
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Table 2. Tensile properties of the alloys at 350 °C

& - A 7583 R A0 ATE (2022 79)

Alloy Cooling rate (K/s) UTS (MPa) YS (MPa) El (%)
4 . 725+2.1 463+ 1.6 59+03
without UST
148 32 81.0+43 486+ 1.4 54£19
4 . 73.2+0.1 46.4+0.8 59+0.1
with UST
32 82.9+0.2 49.7+0.3 69=1.1
4 . 65.6+04 41.8+0.1 159+32
without UST
108 32 72.6+0.3 449+0.3 165+1.5
4 . 61.5+1.8 38714 168+14
with UST
32 683+ 1.3 422409 16.7+0.9
8
—-14S

-@- 108

Increment of yield strength (%)

1 10
Cooling rate (K/s)

100

Fig. 1. The increment of yield strength by UST with cooling rate.
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Fig. 2. Optical micrographs showing the microstructures of the (a,
¢) 10S and (b, d) 14S: (a, b) without UST and (c, d) with UST
(cooling rate = 4 K/s).
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Fig. 3. BSE images showing the microstructures of the (a, c) 10S
and (b, d) 14S: (a, b) without UST and (¢, d) with UST (cooling rate
=4K/s).
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Fig. 4. The contour map for the distribution of size and aspect ratio
of (ALSi);(Zr,Ni,Fe) phase in the alloy 14S solidified at cooling
rates of (a,b) 4 K/s and (c, d) 32 K/s: (a, ¢) without UST and (b, d)
with UST.
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Fig. 6. The contour map for the distribution of size and aspect ratio
of Al;(Cu,Ni), phases in the alloy 14S solidified at cooling rates of
(a,b) 4 K/s and (c, d) 32 K/s: (a, ¢) without UST and (b, d) with
UST.

Fig. 7. BSE images of the deep etched samples showing all the
intermetallic phases and their network structures of the 14S alloys
solidified at cooling rates of (a, b) 4 K/sec and (c, d) 32 K/sec: (a, ¢)
without UST and (b, d) with UST.
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Fig. 8. 3D reconstructed images of the 14S alloys solidified at
cooling rates of (a, b) 4 K/sec and (c, d) 32 K/sec: (a, ¢) without
UST and (b, d) with UST.
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Table 3. Interconnectivity of 14S alloys obtained by the 3D
reconstructed images.

Alloy Cooling rate (K/s) UST Interconnectivity (%)
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Fig. 10. Schematic diagram of the stress acting at the end in the

Al-cell square plate.
A Bde fEse] 1e P JEE AVIIL. FHL
FEH] A RAE Bde HAl wAl o B4 44}
ks

Fig. 9. Representative of the hexagonal unit cell. Y8t AXsg T

A A AR mdo] YA o]t T} of

L
THE Al 5349 A=
. 2o

S| —

- - - o.= I/])ql+ Vm(j’" (1)
Artshs Zol7] e, s51sEs0l B3
R Mz 2 ALS TR 2R A AN o B FEAoIt 5,9t o, & 42}
& IR A&shs A2 A o, oAl Al- ZEI0|ESt oAl WIEE XS] Wit PHYEE YERNH

ok 7,2 ZHoES} g-Al MjEY29] Fujigolrt
& Fart glrk. oA AR wAz Aol A AREE 1089} 148FFlA PSS BT
ALSi Fadlle ARrt 22 9 S5085E] 71A ZE°lE Y31 7L ATk

o] ZAsPH o5 F2 Al 54 7AW FA)3}. T%7] w2ell 27 1022 ZHolE 2D AAY)
288l S8 Aatalel Jes ALtk Ag A

2
S A AR

ol9] mA|ZzAL WIgF TS a9
o2 APNEe] ZyolE § A RY[B0IA ZHo|Ed #geh=s Hit 39 4,2 T
HQDoA ZAF)Z A AARE #E3L = AeZ 3 2T

3
Y A 2L fEa)

O
K
°
kil
=
20
i
2

0, = o[ 1+(Ly+1)s/AL,] Q)

SRR of W o EYol=e] AEshe AF goln] L,
AR e Wake Agaa) Y] WEolth o] 24 (& 77k Fulolse] Zojst Eg Ul sk Fdols
2 ulgoR Mz A} Bolvt e %7 Aw A o FPujolt), MELse] AgeHe B 8 o, & B

Table 4. Hardness and reduced modulus of the phases measured by nano-indentation at 350 °C [41, 46]
Phases Aluminum Silicon (AL,Si);(Ni,Zr,Fe) AlgFeNi Al;(CuNi),
Hardness (GPa) 02+0.1 10.7+£0.5 9.7+1.6 9.7+ 1.6 6.7
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496 oh

%
I

==
i=]

dlolEs} e 2e) AN LYol givky s &
golEd] g3k A43Y o7t Ak w3, Bl
YEAE o, & =EF] Sl WYL PR
RYHIE W, 2 -0, A W HiAls] G
AT ST el 1S e A2
(Dell tidste #8227 S0l 43S 7He 59
Aol Heog i & 4 Uk FHES FAELAE T}
2 Belzle] 3= o

SAE o, & s Ptk

s, + G,V 3

i

l
1>

—

(jcy = Gmy[ 1 + (L2 + t)S/4L2

o] Aol 2E 10014 vERE Aol ZHolE
2t 7PgehE [,=2L,=L, 283 s=L/t °o|t}. o] u
213y t= 2ol fr=Enh

0, = ol +(L+t/4)]V,+ 5,V 4)
A714 el 9 & v, +V,=1°|th
o, = o, t(L+t/41)c,,V, %)

f 25y el ZUolES /e Bi 3
BAEE AkeRe Aolt). mapq Zwde] FHolES 7}
A BgAe v, & AP0 FE578E0] EAjshe

29 9ol YEh §7tmY el

V,=A/Acen= 24373 Lt/(1/2 10y’ ©)

AN A,y =33(1/2-1,,) 28 3 @] 12.1,,9

S74ge] WMAO|T, 4,-3LS §71Fe] T © AN}
A

Y moge] FEBFRS] WACIt. 4 (6) the} ol
sk,

V,=83/3-Lt/(L,.)° (7)
A (N2 AE)el ddsh
o-cy m}+2”\/_/3 L (1 + ]/s)/(lcell) o-m (8)

A @O0 L& o= Aolehd §7F dd A =

42 §Eye 39 sHErlee theo 4 (9)9]. 7},
.= O [1+24/3/3- &’ (1+1/5)] 9)
S7F A AA BHoA] L& 2901 EFo]ES]

Aololtt. [, & §7H9 nigRE HAFPE Sle tizhd

o dojolm ¥ 9f|A AlAS] A7E ovw|gitt. Al

o] A7) Ly 8 nA|z2 o] a-Al FAFe] 2715 ¢

sk AL-Si 3= PIAIZZ2] SDAS (secondary dendrite

<A 588 A A 60 A 75 (2022 7Y)

arm spacing)2 A3t} o, 9 o, E 47 I
E AT} oAl MJEY 2] ROt I, s=1/
olm] ek de] F3wloltt. 7N, 1= el H
Aleltt.

5.1 &
51 ‘=7|-x-||:|- I|°1 EI:-II 7|I:l|- _l l-_l.:_ 3|.|A-I
Ao A MEsldo]l 258 Al 1089}t 14SE
FoM Fepwe] Hile MR U2 AT HoF 3l
o} o] A 2ugRA o o8 A A1, 3

Hl 9 28 53 242 vAxAA QIxte] Wl wef i
2 7A=st o] e ] deddde] geAle
dl 7|dske Ale= Ak} Asghar 5[28]3 Tolnai
D wA|ZzZ] X e] FEAA Y gt B <
2R P BEE AFet LA EE fssln 2

oln r

o

& BU PN SAAY 2AL G B
UG FRANA TRz WNFE geske] 4
o 271 ¥slao] & Aol ol G 3D o
AN JEADHY WS & FEo] WPt AN
Ho2 @ dishs A0 wacir 2o £ A7)

Al ARESE 14S = 10SEEe] A4S 2298EAEY 3
7hn Wale] whe) ‘79_0}-7@)/\]—_4 37 23| H3l=
HAoU FuRgd 79 HskA] &%l gt 3D wA=
Ao e FoAAHL AA WA k7] wEel,
Asghar 5[28]% Tolnai 5[27]°] AR oAz
I Wk sjAs]de ofEgol s )

THETh A 2 aEeME Uik oR de] AMgEE
A 2d 2L ALSi7l 2D mA|zZF ] F
oA HPFAR §7F AT A 2dS AMgste] A
ol Az 2o wE 2

Fz e

N
il
i
b
% ¥
=
bl
r
a
J
o

N

3
A AL P S AR P
12 Baele] ST O o] IS E 5o %

kv
£

!

® 5 219 Ly, L, t B se
© I2RMAEC] HAEpe™, a=

l-U-Tl



55 O 10Si without UST 4 K/s
O 108i without UST 32 K/s
[] 10Si with UST 4 K/s
50 (O 10Si with UST 32 K/s
SY T M 14Si without UST 4 K/s
Py @ 14Si without UST 32 K/s
S B 14Si with UST 4 K/s
= @ 14Si with UST 32 K/s
= 45|
N’
g
=
; 40
<
“
o)
35
30 " " " "
30 35 40 45 50 55
0-measure(l (MPa)

Fig. 11. Comparisons of the measured yield strength of the alloys
with the calculated one.
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Table 5. Microstructural features analyzed on the 10S and 14S alloys with and without UST at cooling rates of 4 and 32 K/s.

Cooling rate (K/s) Leen (Um) L (um) t (um) s o V, (%)
. 4 29.4 22.0 54 442 0.75 349
without UST

148 32 16.3 12.2 2.7 4.90 0.75 284
. 4 30.1 21.8 5.9 4.14 0.72 30.0

with UST
32 15.0 11.9 3.0 4.28 0.79 31.7
ithout UST 4 37.3 21.5 53 442 0.58 17.8

i

o8 witou 32 244 16.1 35 5.14 0.66 184
. 4 352 20.8 4.1 5.52 0.59 17.1

with UST
32 21.0 13.6 3.1 4.82 0.65 16.9
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