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Abstract

Solution treatment and Sr Addition Effect on
Microstructure and Mechanical Properties of
Al-6Si-2Cu Aluminum Alloy for Automotive Parts

Sang Gyu PARK
Advisor: Prof. Chung Seok KIM Ph. D.
Dept. of Advanced Material Engineering,

Graduate School of Chosun University

The effects of solution heat treatment and Sr addition in Al-6Si-2Cu for
automotive parts on the microstructure and mechanical properties were
investigated. The test specimens were prepared by gravity casting process.
Solution heat treatments and Sr addition were applied to as-cast alloy to
improve mechanical properties. The microstructure of as-cast specimens
presents a typical dendrite structure, having a secondary dendrite arm spacing
(SDAS) of 40 um. In addition to the Al matrix, a large amount of coarse
eutectic Si, AlCu intermetallic phase and Fe-rich phases were identified. After
solution heat treatment, single-step solution heat treatments considerably
improved the spheroidization of the eutectic Si phase. Two-step solution
treatments enhanced more spheroidization. The as-cast Al-6Si-2Cu alloys were
well modified with Si addition and the coarse eutectic Si phases became fine.
The mechanical properties of the two-step solution heat treated and Sr addition
alloys showed improved mechanical properties. Consequentially, the
microstructural and mechanical characteristics of the Al alloy have heen
successfully evaluated and are available for use with the basic data for the

development of lightweight automotive parts.
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Fig. 1. 1. Graph of corporate average fuel economy standards.
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Fig. 1. 2. Market’'s revenues and aluminum rate of automotive materials market.
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Table 2. 1. Chemical compositions and types of commercial aluminum alloy for
die casting (JIS H 5302: 2006).

Chemical compositions (Wt%)
Cu Si Mg /n Fe Mn Ni Sn Pb Ti Al
11.0~ 0.6~
ADC1 <1.0 13.0 <0.3 | 0.5 10 <0.3 | 0.5 | 0.1 | 0.2 | 0.3 | Bal.
9.0~ 0.4~ 0.6~
ADC3 <0.6 <0.5 <0.3 | 0.5 | 0.1 | 0.1 | 0.3 | Bal.
11.0 0.6 1.0
4.1~
ADC5 <0.2 | 0.3 85 <0.1 | <1.1 | 0.3 | 0.1 |<0.1 |<0.1 |<0.2 |Bal.
2.6~ 0.4~
ADC6 <0.1 | 1.0 40 <0.4 | 0.6 0.6 <0.1 [<0.1 | 0.1 | 0.2 | Bal.
2.0~ | 7.5~ 0.6~
ADC10 <0.3 | 1.0 <0.5 | 0.5 | 0.2 | 0.2 | 0.3 | Bal.
4.0 9.5 1.0
2.0~ | 7.5~ 0.6~
ADC10Z <0.3 | 3.0 <0.5 | 0.5 | 0.2 | 0.2 | 0.3 | Bal.
4.0 9.5 1.0
1.5~ | 9.6~ 0.6~
ADC12 <0.3 | 1.0 <0.5 | 0.5 | 0.2 | 0.2 | 0.3 | Bal.
3.5 12.0 1.0
1.5~ | 9.6~ 0.6~
ADC127 <0.3 | 3.0 <0.5 | 0.5 | 0.2 | 0.2 | 0.3 | Bal.
3.5 12.0 1.0
4.0~ 1] 16.0~ | 0.5~ 0.6~
ADC14 <1.5 <0.5 | 0.3 | 0.3 | 0.2 | 0.3 | Bal.
5.0 18.0 0.6 1.0
_10_
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Fig. 2. 6. Substitutional solute atom cut into edge dislocation™.

Fig. 2. 7. Electric dipole generated to edge dislocation™.
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A 3 AN
Al A FE £

Bt Al g2 &
670 mm x 100 mm x 40 mm)e & FHF*x O}Qiifq g 22

sho] Y3 (
FEA% Zg=v A% 247] (inductively coupled plasma mass spectrometry,

ICP-MS; Perkin Elmer, OPTIMA 4300 DV)& A}&3to] &4t al A= Table

3. 1ol e Fig. 3. 12 A3 &l #88 345 BoEh

Table 3. 1. Chemical composition of Al-Si—Cu alloy used in this study (wt.2).

Si Cu Fe Mn Al
6.01 | 209 | 1.03 | 0.19 | Bal

Al-6Si-2Cu
Gravity
cast
Solution
Heat Sr addition
Treatment
As-cast One-step || Two-step || 0.01wit%Sr || 0.03wt%Sr || 0.05wWt%Sr

Fig. 3. 1. The experimental alloy process in this study.
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A 2" dAg

T2 Al &l A8% 12 2 23 §AsA e+ Table 3. 29 Fig. 3. 24 %
A Gl 2 ATl e §As 2= ALCude] 271 &
el T2 ZA *.—i;ﬁﬁ}‘ﬁiqw. 12 &As 2=+ AbCudel §82% o|skel 485+

[e)
22k S48 = ALCude] €82% °]4Ql 515+1T

Table 3. 2. Schedule of solution heat treatment.

solution
Specimen - stage 1 - : stage 2 - Quenching
As-cast - - - - -
T44A 485 4 - - Water
T44A-DS8A 485 4 515 8 Water
T44A-DS8B 485 4 525 8 Water
T44B 495 4 - - Water
T44B-DS8A 495 4 515 8 Water
T44B-DS8B 495 4 525 8 Water
T48A 485 8 - - Water
T48A-DS4A 485 8 515 4 Water
T48A-DS4B 485 8 525 4 Water
T48B 495 8 - - Water
T48B-DS4A 495 8 515 4 Water
T48B-DS4B 495 8 525 4 Water
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8sh
525°C}
O s515:C
@ 510°C[ 4h """"""""""""""""""""""""""""""
= 5004 = T ofth
S 495C m o1 the

ALCu phases

50 / :I / Stage2]

T
0 100 200 300 400 SOO GOO 700 800 800
Time(min)

Fig. 3. 2. The T44 and DS8 solution heat treatment process in this study.

= 5004 8h l
T ofthe

AlCu phases
waQ

450

o / |Stege?]

0 100 200 300 400 500 600 700 800 900
Time(min)

AN
AL

3N,

Fig. 3. 3. The T48 and DS4 solution heat treatment process in this study.
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A3 A AATE 2

A8 AHEL J3telA] 7IAAE (10 mm x 8 mm x 5mm) )
= ey 3 F Keller's €9 (Nitric acid 125 ml +
Hydrochloric acid 0.75 ml + Hydrofluoric acid 0.5 ml + Dist. water 475 ml<
AFg3te] oA & Fekd w7 (Otical Microscope, OM; ZEISS, AXIO)o. &2 #4235}
gdom XMEAE FAAAEAW A (Field Emission Scanning Electron Microscope,
SEM; ZEISS, DE/SUPRA 40VP), oly=x &4k 33 (Energy Dispersive
Spectroscopy, EDS; EDAX Apoll SDD) &]a HAEAn|Z2XW  (Electron
Probe Micro-Analysis, EPMA; Shimadzu, EPMA; Shimadazu: 1600)< A}-& 3}
44 2 AE BASEY. A4z 248 8 X-d 3dEE4 (X-Ray
Diffraction, XRD; Rigaku, SmartLab X-RAY Diffaractometer)< <=3 3}%th. CuK
= °]&3te] 30°¢A 50°7HA 20A S e AFlAtol= 0.01°, &7 AF A
F 1 s2 skt

A 42 NAH 54 A7)

7NAA dAe) JrkE 9% de AP vA FEAR7] (Shimadzu, HMV-G
21ST) & A&t o™ 1 kgo stz o= FAAIZF S ¥ ZF AlH 9 208 =43}

E} g Al AAHL KSSI A4 14B3E 7|x=2 3t HegF AL 165 mm
o]l I+ ez A ZFstd o, QA8 7] (Shimadzu, Table top Ag-20kNX)S ©]-&
ato] Ao A 1 mm/min®] MEEHE oA Pkt

—16.5—

1T |wo

L3L

Vs

40

R7.5

Fig. 3.4 The dimension of tensile specimen.
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A4 239 2 3F
A 1A FEF2HEHF €48 (T44 and DS8)
1. A =3

Fig. 4. 1& T8 FZ(as—cast)A|He TWH vAMFZE Fedngozr A3
\

ARdolth Fig. 4. 1914 wiAl 222 Ad4 Fxx249 $4

A4 (Dendrite) Z21&
Bow oluxl ®A7] (IMT, i-Solution)® A3 o] x}=%]47+24 (Secondary
| Aol = ELda} FEst

dendrite arm spacing, SDAS)< 40 umE E il %3 A

Aoz i 7hed o# 7hA] AdEel Al 71A el

= 5 MY 8% Fe-Si a&3t shgt=Eo] &AL o5 a-Fe Fo=z &uxl
Alis(Fe,Mn)sSix9F  B-Fe o= &z B-AlsFeSiolth a-Aljs(Fe,Mn)sSiy <

143 JHE Holn FxT oA ddA8ES op7lehA] ek =3 183t =

Ao webs 43 ezt Wsstri = ghrh A B-AlFeSi 2 FE Ao
WAooz A ARG vt Yo R Yehdth B-Fe 4& Aol AaiA

rl

o %T:IL O] E%?_ﬂ' /\]'%9/] X%/H EA/_\_‘]I g _(H ‘H EDS
s TR Fig. 4. 2+ ZeFZ(as—cast) A H T44A-DS8AN A zF7}e]
4E<S BSE AHRo® #ad A3tolth Fig. 4. 2()$h Fig. 4. 2(c)l A vhebdl st

Zol Wy FEHE Aoz AW A9 AHER FHEAFY «

n)sSixot Aol B-AlFeSi 4, #4Fe] 0-ALCu 18] &4 Sio] &z
=] ATt 747494 e EDS ¥4 Fastglar 1 A Table 4. 1o YR
th o= Ceschini °] Al-10Si-2Cu &+¢] d7ol4 Birdk a-Als(FeMn)sSiz o
B-AlFeSie] A#el A Fig. 4. 2(b)¢} Fig. 4. 2(d)E 6-ALCu S &)

g ARRIRIE T HFE(as—cast A H oA 2 FeEl= = onr 183t dA

g F BAH 2&H 45 & 4 vt Fig. 4. 3v 77t 1283t 9449
7] ek 6-AlCu 4o FeE e Abdlelth, 183t dAE 2=k Al7ho]
7l Wt 0-ALCu e 2uish Fu7 ds wAd s vAsA dy g
Y+ A4S YERAY Fig. 4. 45 T8 FZX(as—castA|H ] 747t A4S EPMAE
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& 243 Ayto|tt, TR A a-Alis(Fe,Mn)sSixeF A4+ B-AlsFeSi 4,
Aol 0-ALCu A, &4 Si A gl 1AW Zzte] A2 (Al Cu, Fe, Mg,

IE2 Uit =x8323 4o q-Fe Aol Fe¢l Mno| JF52 o= &
Tam 9SS oF & 9th urmoke] BA Sidte]: Siwto] B W npsmok

g T °
°] B-Fe %elli= Fest Si7k £¥3tal A&S & F Atk

As-Cast

Fig. 4. 1. Optical micrograph of as-cast Al-6Si-2Cu alloy showing typical

dendrite microstructure and a various intermetallic phases.
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Fig. 4. 2. Microstructural observation of AlSiCu alloy; (a) BSE micrograph
showing various phases of as—cast, (b) BSE micrograph showing AlCu and Si
phase of as-—cast, (¢c) BSE micrograph showing various phases of T44A-DS8A
and (d) BSE micrograph showing Al:Cu and Si phase of T44A-DS&A.
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Fig. 4. 3. Microstructure of Al-6Si-2Cu alloys after different solution heat
treatment; (a) as-cast, (b) T44A, (c) T44A-DS8A, (d) T44A-DS8B, (e) T44B,
(f) T44B-DS8A and (g) T44B-DS8B.

Fig. 4. 4. The EPMA element distribution of as—cast Al-6Si-2Cu sample.
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Table 4. 1. Chemical compositions of the main intermetallic phases in as-cast

Al-6Si-2Cu alloy (wt.%5).

(Wt%)
Point Si Cu Fe Mn Al Phase
Alis(Fe,Mn)3Siz 10.7 - 22.0 8.6 56.6 a
AlsFeSi 175 - 23.1 2.6 56.6 B
Si 93.6 - - - 6.3 Si
Al;Cu - 51.3 - - 48.6 O

Fig. 4. 5= Al-6Si-2Cu & +F°| tdl Thermo-Calc® &S AAS &
Uetlider. @938t AlAE Aapel ol E Aol Fag §As A
ZE=TF 7k A Fe-richdt a-Alis(FeMn)sSiz®F B-AlsFeSiZdo]l &4 sk, =
Aol M 12 gAse 23 §A3 2% 7]Fo] H 0-ALCu? §8
S10C=E AtE o] 2 AFolA HA8E &Ast 2%7F BE s HoF

10
Liuid
A o
8-
l8 6—
s
4
Al FeSi
g 1 oAU
2
AQuMS, oA (FeM) S,
o T T il " T = T "
450 500 550 600 650

Tenperature (°C)

A Qe

Fig. 4. 5. Fractions of equilibrium phases diagram of Al-6Si-2Cu alloy

calculated using Thermo-calc.
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etk &4 SioQ
T44Bl A th=F 130%

ﬂ ZlH1} oF 60%

ol APl Si

A&7 QML P AL Aow AztAr,

go] Fejrt T4 BuEA FRARS ¥

a-gs dAg ol w2 nA 29 Wals 4t

Aot Ak ow g w9 ARt Z7} A Si9d
Astal FAHl= F7ke 183 dAE $ 6-AlCu sl
2 o Si YAES S T Table 4. 2+ 1183 dA
A7) (IMT, i-Solution) = 43 JF4< H7t A&
A2 A= 8 F Z(as—cast) A A} Blustd T44A 9}
S7velth. 83t EA 7k DS8ASl A5 @Y 183t &

= 7F8ta DS8BY] A9+ 100% 1 S7Fetdth. ek dFug

Table 4. 2. Silicon particle characteristic of the alloy after solution heat

treatment.
T44A | T44A T44B | T44B
Measurement || As-cast | T44A T44B
DS8A | DS8B DS8A | DS8B
Mean
9 47.1 314 29.6 26.1 31.7 25.8 20.6
area(um®)
Aspect
. 0.16 0.37 0.59 0.77 0.37 0.62 0.83
Ratio
“Where a value of 1 is a round particle
—_ 28 —_
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Fig. 4. 6. Microstructure of Al-6Si-2Cu alloys after different solution heat
treatment; (a) as—cast, (b) T44A, (c) T44A-DS8A, (d) T44A-DS8B, (e) T44B,
(f) T44B-DS8A and (g) T44B-DS8&B.

Fig. 4. 72 a-Al;5(FeMn)sSiz¢F B-AlFeSie] H-3&o] YF A A=A~ uj
ol Si, Al 1813 6-AlCu®| FARte] AR o] & HoFEr), AR 2
© = 4194 9 20 = 468114 6-ALCu3ld ¥ A= FH K TE 20 = 46.8114]
A9 Eol7t ¥ et ANE dgo] wE RIEEe] AavE ofghgle]l Bt 20 =
419404 314 mlz9] A FTEFZ(as—castH) A H oA UYeElyE ddas 1§
b AQEEA g7t FFHA ol VAR AREHA ASFS & 5 Ak 3§t
2 gk oo th 3 F71H 9l WHE BAo] Hasith AlLCu S K
S Al 7AW E g3 F o
o] #x3tE FEITh AHRA o

o] 7NAR NAH FETF SR

P

o =
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N
=
o)
=
A
o

5
1o,
oo
%
rlr
=
Qo off
5y
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ol
o
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i

_29_

{“ICollection @ chosun



. —— as-cast
O - Al —— T44A

O: Si — T44A -DS8A
v:ALCu Al on 3,
ﬁ] vacu A =os
3 St - | !
7 i :
c : :
Q | |
E e = WMM

N B B e A e B e T e B e w
30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Fig. 4. 7. XRD profiles of Al-6Si-2Cu alloy showing diffraction peaks of typical

solution heat treatment.
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Fig. 4. 8. Micro Vickers hardness of the alloys after various schedule of
solution heat treatment ; (a) hardness of general for load of 2kg, (b) hardness

of Al matrix for load of 25g.

_32_

Collection @ chosun



400

UTS [XZ¥JElongation [5JYS

350 -

\e] W
9] o
o o
1 1
1 1

]

o

o
1

150 —

100

Strength(MP

50

[T T TITITIT
7

(LTI

[T OO T

0 1 T T T T f T
as-cast T44A T44A T44A T44B T44B T44B
DS8A Dss8B DS8A Dss8B

Fig. 4. 9. Tensile properties of the alloys after various solution heat
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A 24 FHFZ2HEH €A (T48 and DS4)
1. A A %A

Fig. 4. 102 T8FZ(as—cast)A o] FW vA+ =
Azl Tk, Fig. 4. 10014 w A2 & A8

Bow olmx EA7] (IMT, i-Solution)® =H3F o
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Fig. 4. 10. Optical micrograph of as—cast Al-6Si-2Cu alloy showing typical

dendrite microstructure and a various intermetallic phases.

Fig. 4. 11. Microstructural observation of AlSiCu alloy; (a) BSE micrograph
showing various phases of as-cast, (b) BSE micrograph showing Al:Cu and
primary Si phase of as—cast, (c) BSE micrograph showing various phases of
T48A-DS4B and (d) BSE micrograph showing AlCu and primary Si phase of
T48A-DS4B.
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Fig. 4. 12. The EPMA element distribution of as—-cast Al-6Si1-2Cu sample.

Table 4. 3. Chemical compositions of the main intermetallic phases in as-cast

Al-6Si-2Cu alloy (wt.%5).

(Wt%)
Point Si Cu Fe Mn Al Phase
Alis(Fe,Mn)3Siz 10.7 - 22.0 8.6 56.6 a
AlsFeSi 175 - 23.1 2.6 56.6 B
Si 93.6 - - - 6.3 Si
Al,Cu - 51.3 - - 48.6 O

Fig. 4. 13% as—cast®} 247 1183} dAg o & vA 229 ¥ssE &

San g o #Ed dijolty dyrH o dAe %EQ} /‘]7}01 <=7 st Si

g dAg & 0-ALCu A&

ZIANE Ags) 2w Si YAES :,1’;}§}Q012<_11:}- Table 4. 4= 1183}
x

.I

o] Al
A & Si A4S oju A A7) (IMT, i-Solution)® =43 HZkzel Pyt Ax
S YepdY 34 Si Y=

AAE 9] A= FEFF(as—cast) A H v A T48
ol 4 thgF 300% S 7Fetdth 83 A7t DS4Q] A5 @l 83 AR
o oF 12% S 7Feldth. g8t Al o] T48% A% 13 &8t dXg A
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ko]l AojHof whet Sie] FAFEE wg- A E A DS4 83t A Al A3
Azt AA F7vekA geth wEbA] Al E7o] T48< A4 Si Ao s
2 A% ANEE Td oA AP 2HNA BFAdd S Aolgtal dE
Fig. 4. 14= T48A- DS4A-/] Z719 A¥HS BSE A o2 yeErdl Aot} Fig.
4. 14(a)= DS4 A7 F 6-AlLCu 2o w542l &§3d4S Yetda At Fig
4. 14(b)= ©6-AlLCu 4o =HA &§aFES SdiaiA vebd ARzIQlH Fig. 4
1194 el 2k 6-AlCu o] Fig. 4. 11(d)olA YEld RAAH EA¥ 11
|HA F1 §8H EFS Uehdth ol2d §8AtS DS4 A YA FHA L
& bAekal gtk whebA T48-DS4 @A Al wHAQ] §5dRE VIAA 54

Table 4. 4. Silicon particle characteristic of the alloy after solution heat

treatment.
T48A | T48A T48B | T48B
Measurement || As—cast | T48A T48B
DS4A | DS4B DS4A | DS4B
Mean
5 471 30.75 31.25 30.06 38.11 28.97 32.18
area(um®)
Aspect
. 0.16 0.64 0.70 0.77 0.63 0.73 0.74
Ratio

“Where a value of 1 is a round particle
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T48A | (¢) T48A | (d) T48A
DS4A DSSB
| 40 um | | 40 pm |

T48B | () T48B | (g) T48B
DS4A DS4B
| 40 um | | 40 um

Fig. 4. 13. Microstructure of Al-6Si1-2Cu alloys after different solution heat
treatment; (a) as—cast, (b) T48A, (c¢) T48A-DS4A, (d) T48A-DS4B, (e) T48B,
(f) T48B-DS4A and (g) T48B-DS4B.

Fig. 4. 14. Microstructure of Al-6S1-2Cu alloys after different solution heat
treatment; (a) BSE micrograph showing melting of AlCu, (b) BSE micrograph

showing magnification of Al:Cu melting.
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Fig. 4. 15. Micro Vickers hardness of the alloys after various schedule of
solution heat treatment ; (a) hardness of general for load of 2kg, (b) hardness

of Al matrix for load of 25g.
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Fig. 4. 16. Tensile properties of the alloys after various solution heat treatment.
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as-cast [(b) 0.01wt%Sr

(c) 0.03wt%Sr | (d) 0.05wt%Sr

Fig. 4. 17. Microstructure of various Sr additive alloys; (a) as-cast, (b)

0.01wt%Sr, (c) 0.03wt%Sr, (d) 0.05wt%Sr.

Fig. 4. 18. Microstructural observation of AlSiCu alloy; (a) BSE micrograph
showing various phases of 0.01wt%Sr, (b) BSE micrograph showing AlLCu and
primary Si phase of 0.01wt%Sr.
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Table 4. 5. Chemical compositions of the main intermetallic phases in as-cast
Al-6Si-2Cu alloy (wt.%5).

(Wt%)
Point Si Cu Fe Mn Al Phase
Alis(Fe,Mn)3Siz 10.37 - 19.62 6.27 72..48 a
AlsFeSi 22.90 - 16.15 - 60.95
Si 36.63 - - - 13.37 Si
Al,Cu - 48.16 - - 58.84 O

Fig. 4. 19. Microstructural observation of AlSiCu alloy; (a) BSE micrograph
showing various phases of 0.01wt%Sr, (b) BSE micrograph showing various phases

of 0.03wt%Sr, (c) BSE micrograph showing various phases of 0.05wt%Sr.
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0.03wt%Sr:

Fig. 4. 20. The EPMA element distribution of as—-cast Al-6Si-2Cu sample and
Al-651-2Cu-0.03wt2%Sr sample.
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Fig. 4. 21. Micro Vickers hardness of various Sr additive alloys.
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Fig. 4. 22. Mechanical properties and spheroidization of the alloys after various

solution heat treatment.
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