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Abstract

The mechanical properties of hypoeutectic Al-Si foundry alloys are generally controlled by
their microstructures. The present study was performed to determine the influence of
erbium (Er) in Al-7Si-0.3Mg alloys on the microstructures and mechanical properties. The
evolution of microstructure was studied by thermal analysis and interrupted solidification
technique. Optical microscopy, scanning electron microscope, and energy-dispersive X-ray
were employed to characterize the alloy microstructures. The results demonstrated that the
addition of Er significantly refined both the secondary dendrite arm spacing (SDAS) and the
primary O-Al grain. Simultaneously, Er modified eutectic Si phase from coarse acicular plate-
like structures into fine fibrous features. We observed that Er additions strongly suppress the
nucleation of eutectic Si due to the preferential formation of ErP instead of AlP. Er additions
change the eutectic growth mode from nucleation and growth on AlP particles to the
propagation of a defined eutectic front from the mold walls. Moreover, Er addition that was
cast for different holding times indicated that there was no fading effect on the SDAS,
primary O-Al grain size, and eutectic Si morphology. Importantly, the tensile properties of
the Er-modified alloys at as-cast and T6 conditions can be enhanced due to simultaneous

refinement both the SDAS and the a-Al grains and modification of the eutectic Si.

Keyword: Grain refinement, Modification, Secondary dendrite arm spacing, Aluminum-silicon

alloys, Eutectic solidification, Rare earth
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a a a

nsvdeTanevaliilvunauddneuinsalalugmainlul3uia 1 Alansu vieeuigumail 750 a4

WAL EE PeIauNYinanTarauasiun Wulanewi AlL10 wt.% Er Inglvidndiunnivuawans

o
HIUANTITIN 1

A5199 1 LARIAIUNANNILATIVDITUINUNILNAADI (Wt.%)

Sample name Si Mg Fe Er Al

Er-free 7.20 0.30 0.09 <0.0001 Balance

0.2Er 7.19 0.28 0.18 0.20 Balance

0.4Er 7.22 0.32 0.09 0.40 Balance

0.6Er 7.07 0.27 0.13 0.60 Balance
(a) (b)

Type K Thermocouple—» Diameter 34 mm Type K Thermocouple —pI 17 Diameter 34 mm

Thickness 0.5 mr T

40 mm

40 mm T 50 mm T
20 mm
20 mm _L
"7 30 mm "i ‘47 30 mm —A
)"7 50 mm 4"

JUN 2.1 wuunaedlddmsufnulassaionegania (@) wuunaedivhanmanndilsaiy (o) uuy

“aaNinaInNnI e

M3finemansenuvednsINsiui laveraeumaifigungl 720 ssrwaidaazgninadluiuy
I a0 w A dao [ o 1Y I iAo [ 1% Y a Y =
naeNinian 2 vlianlonsin1sidudiideiy Aeuvundeniinannmannanlialy dsgun 2.1 (a)
YUALFUNTUAUINANANBUDNVBINUETN 30 HAGLUAT VUIAHURUAUENANAEUBNTBINIUUY 34
fiafiuns g9 40 Tadwns waslinnuvuivems 0.5 Tadwas Tdnsinisiludilaeuszanaegi 0.5
BIANGATEARDIUNT LazwuunaaNyinINNTIA As3UR 2.1 (b) vwnidusuaugnalnguen 50
fiadiwuns g¢ 50 fadwns wazdaunuiventds 10 fadwns dnsnisdudilaeyussuiuegi 5

DIANLYALTYEN DU
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fadwns wazdaamuivesnids 1 Sadwns duilvlumnueumagilundemeyalasainoeis
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6

Vavun (Solidus) AA1UsEaas 0.1 parwalgane il N1TiRTIsanvaraungiaegniaT e

\emgumngiiiniiuaded (Nucleation temperature) gauuaiisnganeauni1sinveandn (Minimum

q

temperature) Uag 9aunQilgaalainn1slavenan (Growth temperature)
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Y 2 S ] = ° o = o =
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diefnwIauInveunsy n15InuInveansuinlagisnis Lineal intercept Tnaldlusunsy Image
analyzer N3invunszagrnesEniunulasanfenitr inannamlas@inaminaninannges
anssmiuuulduas Tasvhmstnegnstion 50 afs nistnuuingmaindanoutiuayiasiu 3 fuvs
1éur Ame12 (Length) ufliadle (Mean area) wagdndrusevinamamenisonnuning (Aspect
ratio) azin5Tn 20 ASwiasy nsfnwilassairidlangagldndesganssminuulduas Optical
Microscope; OM) Nap49an33ALuBLaNATaURUUEBINTIA (Scanning Electron Microscopy; SEM) Ju
JEOL JSM-78000F Ainwiansusznauiislansuaz sz ydiunauaiendesqanssaidianasauluuded
N31A3U Hitachi S-3000N 1UsgnoURI8 YA ATIzHi0sAUTENBUYDIEIMITINEIIU (Energy
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5.3 AMSUNMTIATIZRNANI9N192196V9WEN (Crystallographic orientation)
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Tanenaoumaniigamgdl 720 ssriwalfea nsnadevautivanafeusfaiuagyind 2 an1iefo
anmendsnvdeuaranefiiunszuiunmsnnuieu (T6) fe agviiniseutusufigumnd 540
ssrwaldsaldusroriaan 8 4alue BondinsviliiAnarsarateveaundsduddsean (Super
saturated solid solution) aTntiuvinsyuastheg i igumgives uasinuteuiigaumgd 155

= I3 ) a ] ' < .
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-
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2191+

2128+0.1

sUN 2.3 WimegeuaniAin1nanuuIngIgIu ASTM B-108 (Hadiuns)
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3.1 NM5AATIZIN19AMUEDU (Thermal Analysis)

a 4AdA a
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' [
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Suindamdea (Nucleation temperature, Ty) gungiaigadalugunginaugalunisiia
fndya (Minimum temperature, Tyin) Wa¥auunAANNAN15IAYBUNTY (Growth temperature,
Te) WegaumnisniindunvaesinevaiiillonnulainUgugill wasivasinlassasgwmannwans

1ARIm15199 3.1

620

Er-free 0.2 Er 04 Er 0.6 Er
610 4

600

590

580

L

Temperature (°C)

540

Time (s)
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Y Y
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o
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wnsalalugimainiinisifiusarauieaiilouty gaumalinsuiniindvatargamgiinianislaves

U

v
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AnAIUTTUIN 5.9 a9 walmed (574.9 — 569.0 p9ALYaLTd) wardA1AIlalN1SANUSHIUNIS

a ¢ a a a a1 o s a . N
wusnnaeasiloy exgliflonnsnlalugimafniiA1dunesnads (Recalescence undercooling) 7

o &

Afe 0.6 ssrwaled nsiius araueesilenluyiuiu 0.2 WesiWudlasumindiwasilia)
JUNBTAAAIETY UazllA1Al 2.0 ssmwaldea Wein1siiudsununsiiusgnaueesiley
= ad a = D2 o oA a ¢
M1319% 3.1 hansguniniAanisiavesnsudeilvwilduifeiu Aonisiusianauiessilouly

U3y 0.2 Wesidudlaeunidn vizliigauugfiniianisiavesnsuanas 6.1 sadwaifed (573.8 -

567.7 aamaalded) wazilAaiiladnsiiuusinunsiusaraueesidey

A13797 3.1 Angaungiiseg Mifiatuuudunsminisidud

Primary a-Al dendrite reaction  Al-Si eutectic reaction

Alloy
T Tuin Te ATg TN Tuin To ATg
Er-free 606.3 604.8 607.6 2.8 5749 5732 5738 0.6
0.2 Er 606.5 6054 608.0 2.6 569.0 565.7 5677 20
0.4 Er 607.6 6063 6089 2.6 568.9 5674 569.6 2.2

0.6 Er 607.4 6059 608.6 2.7 567.8 565.1 5676 25
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3.2 insuazgililendgunil (Primary Al grain)

Cooling rate 1 °C/s Cooling rate 3 °C/s

Er-free

a a a

U7 3.2 insuesaiillenUsugivetorgiiiil

Y « Y Y

LPBSINYUTNDNTINTTL

<@ v 1 [y

YUAINNWNUY

10 mm

gunananounaainsalelugmaRnflulaify uazidnsm
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6000

1 °C/s m3°C/s

- ||| |I| III III_.
0 L L] L}
0 0.2 0.4 0.6

Er Content (wt.%)

n

]

]

o
L

=

(=]

]

(e
L

[y

o

o

o
L

Average Grain Size (um)

a a
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Y

s19eesdaundnsnsiuinaiy

a a
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Y

N5 EUAINAT (1 eernwaileanadundl) uansdagui 3.2 (a) - 3.2 (d) wazdnsinisiludaias (3

paATALTYasaINT) Lansiagui 3.2 (e) - 3.2 (h) lassadsezgliillounsuililoifusianauiens

(%
Y

N Y d' A o 13 o a v ' a aa
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Cooling rate 1 °C/s Cooling rate 3 °C/s
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3.3 sUiednuurezgiiilonddnauanain (AL-Si Eutectic Morphology)

Cooling rate 1 °C/s Cooling rate 3 °C/s
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M19197 3.2 ANUYNIVBIENARNTAADY USHauiulaeRfevasgvARNTaAaU WagdnduaTue
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Aomuninveemainganeu luevalileunaudanawnsalalugimnasn

Cooling rate Er Content Average length of Average mean Average aspect
(wt.%) Si phases (um)  area of Si phases ratio of Si phases
(um?)
1°C/s 0 12.4 [1.4] 167.5 [19.2] 3.7 [0.4]
0.2 7.5 [1.1] 48.7 [6.4] 3.4 [0.4]
0.4 6.5 [0.5] 353 [2.7] 3.3 [0.2]
0.6 5.3[0.4] 27.8 [4.2] 3.2 [0.2]
3 °C/s 0 4.9 [0.4] 18.6 [3.8] 4.3 [0.5]
0.2 4.3 (0.3] 16.9 [2.0] 3.4 [0.5]
0.4 2.510.2] 8.0 [1.6] 2.510.2]
0.6 2.2 [0.2] 7.1 [1.3] 2.510.1]

P57 3.2 waRaaNINEVBIEMARNTAADY U%mmﬁuﬁiﬂaLaﬁmaqqt,wﬂaﬂ%aﬂau wavdndaIu
sugsesunhvesgmadndanou lusraiiieunandanounsalelugmainidnisiduessideon
Tuviname Mnmsssandliifuegiasuiad anuenvesmaindaeou Usinafuilaeais
YosymARnTanou uardadiusuensesun ey maindaney dvunanaudedimsifiuuimna

s a
ﬁ’]G}LEJEJiLUEJEJ



21

. ',,': ”
£ 4a). (b)
=
)
Qo
(C) o1 ROLI@HL‘hc‘d SRR f | (d)
al’ T O '. : : 5 Quenched$
’ e . o 2 35 [/ liquid B
0-Al A] j Eutectigy | =3 P N - [Ea N S g Eutestie 27
+%_ nucleatipn % ‘ Growth front
Sy ’ | : s
B ; :
\w 100 pun

JUN 3.9 nnlassaianganiavesevaiiilounaudinounialaligmann Nldlifuuaziiusig

wosileu Fslannuausiegafildmaianisugnlasadauas i

JUN 3.9 uananmlassasimneganinvetergililiounandaneuinsalalugmain nlilduwaziiy

Y 9

¢ = 14 Iy o 1 g v a 2/ 2 o o a = [
BRIIIRREIEEY “Zjﬁlﬂ‘\]']ﬂ“lju\‘ﬂuwl@EJWQVII“ULVIQUﬂﬂ’]i%EJ'WIﬂNﬁi']\‘ﬁngLHNG]’J‘V]L'Ja’W 100 U aNN

nssuinlasiasgnadin AnlasEinmnganianuBunuiegsililmfusmessiden dgy

a a

#1 3.9 (a) IxnunmsiinduvedlassasgmainivsnUagvetezgiilleunulasaugugll nsvaneey

Y

A o v

Tnelulugunu dnvazaesginafinddneurzilundnvaismdeuisziioyninegasinandidsn ¢
wanlusun 9.3 (o) FaNnUITeNHIUINITNUBYNIAAINA AN USANINaYlATIES 19T EARY

WAty [29] lngayniatazUsznaulumesis svgliley Weanesa wazeandiau dmiuduiiu

Y
a

fegnnmsvgalassasiwasudivetezglifiounaudinewnsalellgmainiiinsifusness

Y
[

Deuuansdsgun 3.9 (b) nmsiiuseesiloniudmwarililasasgmadiniinnisideunalnlunis
Walassasrndunisiianazlanusnaurtsvoswuuaslufiansstnudunisanemniaanusou oy
anungvaIImINTsinvedlaTiadugARnanauLansfgun 3.9 (d) NN ARl TLTIUI

lassasigmaininislnainauaallgimuuuiivaeasaiuiuiuiienwesnisaemainuiou



22

ErL
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.00 4.00 6.00 B.oo 10.00 keV
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phil = 264.5° PHI = 90.8° phiz = 174.9° |

JUT 3.11 MTUATIEAAANINITINIVBNANYDIDUYNA ErP

WaduduNan153AT185 TN d Ui larinn1sisgniiananisdnisesdivesdnsiemaiin
EBSD uanasiaguil 3.11 anguuansliiiuiteuniadananiinutuinisdnseesdivesmdniuy rock

salt Feanunsadudunanisinsesiladneuniafinude ErP 439

3.4 d15UsznautBelansniidiudsenavvassineasiley (Er-Containing

Intermetallic Phases)
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(l) Spectrum Elements (at.%)
Al Si Mg Er Fe
A 76.63 13.49 6.47 1.17 2.24
B 86.47 972 0.86 295 -

= ! v fa « ! a = 1 a
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lassasegmeain Tuduanudeganiinsfusimeesilenluliunm 0.6 Wesidudlay
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3.5 MadeuUszansniwuassnieasiliey (Fading Behavior of Er)
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3.6 NINAFBULIIAY (Tensile Testing)

A15197 3.3 KANSNAABUANURNIINAAIUAITS UL IR

As-cast T6
Alloy Tensile strength Elongation Tensile strength Elongation
(MPa) (%) (MPa) (%)
Er-free 145.2 [3.9] 2.1[0.3] 242.6 [11.9] 2.7 [1.7]
0.2 Er 159.2 [9.0] 3.2 0.8] 280.3 [12.6] 3.3[0.2]
0.4 Er 147.0 [6.8] 1.7 [0.2] 252.7 [11.9] 1.3 [0.2]
0.6 Er 148.0 [3.7] 1.1 [0.4] 251.1 [10.9] 1.2 10.7]
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