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Abstract

Effect of mechanical vibration on microstructure of Al—Si

alloys during solidification

By Kyeong—Seob Park
Advisor: Prof. Hee—Soo Kim, DPhil.
Dept. of Advanced Materials Engineering,

Graduate School of Chosun University

This study presents the effect of mechanical vibration during casting
processes on the microstructure and mechanical properties of a binary Al—Si
alloy, using a step—wise mold. Al-Si alloy system is the most common
system among the casting aluminum alloys. And simplification of the alloy
system makes it easy to focus on the pure dendritic growth without
complication with third alloy elements or phases. We investigated the effect
of Si mechanical vibration on the Secondary dendrite arm spacing(SDAS) of
binary Al—Si alloys in the range of 4 to 10wt% Si with various cooling rates
and the effect of mechanical vibration on the microstructure and mechanical
properties of the Al—Si alloys. The mechanical vibration accelerated the
solidification rate during the casting process. The «@ dendrites were
fragmented due to mechanical vibration, showing a possible mechanism for
transition of columnar microstructure to equiaxed one. Primary Si were also
fragmented. The change of the as—cast microstructure explains that
mechanical vibration increased micro—Vickers hardness of the alloy. Despite
of the faster solidification rate than that of the cast without vibration,

secondary dendrite arm spacing was greater than the conventionally cast

- viii -
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alloy. Investigating on the cooling curves during the casting process, the
mechanical vibration seems to lower the eutectic temperature of the alloy.
The sensitivity of the cooling rate to SDAS decreased with Si contents from
4 to 8wt.%, and increased up to 10wt.% Si when no mechanical vibration was
involved.. The alloy with 8wt.% Si had the highest microstructure stability in
the Si content range. When the mechanical vibration is applied: Solidification
rates increased, The @« dendrites were fragmented due to mechanical
vibration, SDAS of the ¢ phase increased. The vibration lowered the eutectic

temperature of the alloys.
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Figure 1.1 The application of aluminum alloy

£
4
o
(=]
S
5
"
S
g1t
£
=
(2]
c
o]
o
©
=3
[

N
o
1

-
[}
T

-
(=2}
T

-
N
T

-
o
T

[=-]
T

6 1 1 1 1 ]
1970 1980 1990 2000 2010 2020

Model year
Figure 1.2 Historical sales-weighted average rated fuel consumption of

midsize cars in the U.S[3]

{“/Collection @ chosun



Al 2 7 0|24 w7
2.1 Al - Sig&

2.1.1 ¥x2& 471w g%

A AAA SR Ee] AR A APl o 2 won AH 4T
w AN 20%7F Fe8oR AR ET 9l B e HFe] 2,697 A9
H]FRl 7.86¢] Hlato] °F 1/3% FA7F 7} %U%, A7) @ dHEEAge $54d0] #
ofufal vz o R HA7 7)o AL 4 Qi Wyt Gefl digh WA el o

©
ofr dd
'z
=2

L
m
1
5

thekeh AwsAde] glow, MASINTEECO R Helgle] 7ol Holun, A&
Aol flar, FFAEA Y T xHAEA o] Sstth Ed 7] FelA A ow
A S = Absta|ate]] ot 943 YA S 7HAH, AAA o] Foldt gl S
AT B ARAE AL o] AHE B tolAAY o FEREE o] &dte] Asak
=, MR FFE T v A iokeld AREE I vk [17-211. Table 2.1 4+
5o 7AA 54 yeEbd At

TE2E& P2 AL gt ERE F e el weE EFYHel 7447 o

2t} Table 22 v]l=r2] 3%7]9H<l AA(Aluminum Association) 37" .2 st A
ojth. w59 A9 Ixx.xolAFH 9Ixx.x7FA] YEFHTE
olF ol A}J‘lHL FEE FaS 208,213 (AI-Cw A 413(Al-SDAIE 1
3 319,332,356 (Al-Mg) Algolt}. 132 o)W fo] AlEEHE Al-Sig2e F2§
v

EFE T S AREEE BlEol 85~95%% 7MY Eol A}&QJ_ AE e F 3t
o] |

o

Collection @ chosun



8~12%A % H7bsto] AFE3t) ole Su%rt wWE dolAy e AS SigiH
o] WEFE fEAHol ¢TI Fxo FEEy] wEld, Sig && o] <F
50.6KJ/mol® Al¢] &§ el vlsf 5w A% o =7] wmolvk[25].

Al-Sigha 349 Siel oJet ymtrrgo] 58t #2 dHdGASs 9 e 4
E7 o] SLlE}. Six Al9] LHMJ—% 2 A] o a@w 217104
Oﬂ A Al-SiA

dwtH e Fx8 dwd VA S AR AMEHE E

T Fote] 7IAA A& AR - AT

< Alel Si7h 53] agure] 18E 1 (1.65% max) LE&A A A= Sie A9 A

g5 do7)7] sh] witelth ol mel Al-Sigel Cudt Mgs 3718
o

S %—7%1 71 Aol Aok ®3 Al-Si—Cusdl §H-& Hehdt dAE B3l
T 67 —Al2Cu FOo=E HaAIﬂL ANaAdst anz 7AA FEE X
F e FEolth. @A wol AREHI Sl FEeln AsAE vAdAlels, A¥A

Aol 2, AAGVIA F-3F, 7HE8871 5 o foltOﬂ dA F G AFEHA e &

o of\

5 AN AR RS
o AW Mgl il 0.7% olelMt t ool A7t ool A ¢k 7]
AN dsk7h LebdTh 2E R 04~07%95Ee] A7bEe wol Agar) e
U thelAl A g gelA Awbdow Mgol g wlS A AHgsHed o) F
A abstze] WAL olAey] g8t [30]. Al-Si- (Cu/Mg) TE& Zwsh 94
o] HAstE 9d TedAHEE st=d o] dA-elE F3to] «—Al dendrite 7] A
m e MgoSi, Al.Cue] 4%ste] w7k g4t

Nio] 75 dubdo® Cust @7 12 545 A7, 487 Ass daA2

—1

ot Tl% dFvE G AAHE vAEel] 9eke *P%ﬂ o, gkl Bt
A AR o= TiB29 @] 2™ vAstel] a3l & 8] Wil

_5_

Collection @ chosun



171
g
=

9

&

Fof Abg

9

A7t

i gtk FCCP29) Al
gAY Sie FHo o1

°©

Al

THE F o] goR
P2

o

Faith Al-Si AEjE oA 1

9

il 275 v ASke]

<]

1] 9
P

9

Al
577TColA °F 1.65%°1™, 1L

[<3]
o=

[e)

=

1

o
=
o

Ein

Al-Si AE X2 Fig. 2.10] =243
=

2.1.2 Al-Si

&

A FAE A 9lor, Sie FAALE 12.6%¢] £
7

A% tolelee T2 Siol

°©

al

Mo

Pl wol AHg

k<)
H

°of %9

k5

2]
& AFA7IER s wd

1
-sigrgol 74

[e)
=

2=

a 5 = o A7) o

5

godel v

Y7} 2.33g/cno.®
T1

50.6KJ/mol®= AlY €&

gellA Siel

Nro
e
ol

gol mAlsE FREkh Hol 717

[S]

3

} Fold. o] % w

ol wet Al
ow FASi

ot [31,32].
@stol] ek A7 2

)
=

A
Sie] wl A8k
Al-Si &

q

3

.
)

ofpy

Mo

| A zA Wale] sk ML= Fig. 2.2¢) et [33].

Mo

BN

—_
fite)

= Az

]

AN

o

%] o]

3

A

a—AT o —Al+Sie] FAANoOR T

e

FH(T2) ol A

O]S

-
a

o

"0

0

ofpy

Collection @ chosun



=

a —Al+Si9
o 74

1712 =

o

]_
z

s

13

%
Qs

tot.

A dE R EA)
°

&

o]

355k v

=l
A

oH
)

%4o] et e o]

ot [34].

T

A

Sk(T2) 8] &5l A

¢}

Sk

Siz/del wet st

PP 2 To X ¢
A

R
(e}

%
)

T

s

_]

3

SRR
P

Kl

Jo et

=}
2 A vAxzdE

il
o

A

O;
o
7

i

29
g
o

e
% o] pepdt},

[e]
-

€

AFAAAA S (coupled zone)

Apo] ol

p—

verdth e

T
a —Al+Si9] 373

S (12.6Wt%SH 1 B

=
=

o= ¢ —Al+Sio AN F
Stk 18y AYFoR AyE W

a —Al+Si] IOz

st = o]F A 2=t vEsr e
El
3}

¢}

Mo

REEARE
F o whel A

°©

FEA7E obyEhar

k<)

S0l =Y wEddH, ¥4

FO 2Rt o] Fol X mA| xA o] dojXiH

A
o

B
74

s

ul

Mo
)

o

o} olelg

=

1 (coupled zone) 7%

[eZ]

IR

o

N

ofpy
q_mo
™o

iz

Collection @ chosun



Fig. 2.3°14 Coupled zone2 «¢ 2 B phase FAAHT FAHAAAZLZ7F X w
ZAY 92 AYys A u AV = A FYe gESY SuEET A H
|

g8y R FolH] ke ¥ AIARCEHN ¥ coupled zonell 75 (Fig.
2.1.3(b), Bl facted phase®d A)olv ¥t FGAS 7H nAxFS A7)

gt} GFEYH FEFY BE YFEE Aol Fshor Ak [35].

2.2 Al-Si §29 7|AA =

o
o
o

2.2.1 Al-Si &=9 ¥4 /MN#EFs

Al-Sie] FAxAE Asta FoFst Sty AZIAE FAE Qo] =52 7AA
E A} (faceted phase)o]l™ Al-SizA
= A sker 374Si9 FErE st 3L A FFERE A= vAE A
fAo 7 vt E AL W3t (modification) 21l 3tk JHEE ] oA el 3}k
£3
2
=

H
Ml AZAE A7 A, Sigl ol Ehd el 54 (lamella) F o]t
o
o

X
(i,
2
»
rr
oo

A
>
ol
ol
&
52
(o]
i
e
0%
ftlo
N
L
>

5
VEFANA YEFRY a3t depHnt =8 SuSEod adoln YEFI AE
E2ES 2ol Hrtetals Aldl 7] adel fEsiths 2S & 5 Utk dadaso] I
gslel] mx= g Fig. 2.4°] JeReh [39]. 28y YEFS =gk AHE-(0.01
wt%) & ZULEES AAAA fFEAol s PS5 (misrun) @0 Frhsich Z

Collection @ chosun



o ¥ flo oo

ku

(direct chill billet

A 471 e 2 A vAskAe] F7bE Fesk l Ul*ﬂi} 2] "éZ_P
s Alst=d addelar, mAR d4HE 7H t‘”iﬂﬂ el FEAY 58S
I EAL 7R 3}1 nlAlgE A 2

Ao we AAH 54 2 J
29 54 9 4 vk [40].
Fig. 2,560 Ueh 23} o], 24w o] Aol apgeld] SHAY (A901%)

ARH AdlA A4 Y BE dAE 7t dojvted, dAZE 919 olss Hafst
ol 1. F A48y 44 W] g=2u=z A7t 449 BE @oj7hr] A
olE %P%k" vprolok gtk A WEke] Aolrt F4F M99 o)lF& tﬁ o] Htt}.
2. GA FolelA = Ax7F FAAA AN e r®E o AFH] EHHE e 4
Ao £ oz A& oo A L) [41].

nAst AdHE Z2te Alse & AFHe Zdv ARG A99 olFg walst
dAC WA o] u A7] witel uAs AP A7t o dketa Aetct S
I ARY A71eke] #AAS Hallell &a AItE e, Petchel o8 A 2735
on, o5 Atk

¥ orr

Uy—00+kyd_l/2 Eq. 2.1
o BRI, o, bR, b AUA FUH B3 AelEE SYsE A%
-9 -

Collection @ chosun



)
=

s AYHS A=

5]

= 7 AR v vlA

a4748¥

Hall—Petch

2.3 PAZZF A3 B

A2 Al S

—
fite)

Mo

Do

A

ZIRko 2 Al kx| o] el

eh=y

[11], & ®A 7135

H

el

Fe
7170

T
R

(9,101, 2&]aL Al WA=
A4 vAlgE e

el
el

—

[e]
-

2.3.1 &3}

b Be 77} o] Folx

S

(Fig. 2.6)= °]&% vAx2 e o

5

R

u)
=

g} 9722} (transducer) & WA, 259

Mo

BN

—
o

bAE Al Z1AA el s

7}

=
=

Zell 271

o] gge 1) A AAY A7

KoX
=]

=

BN

—

_10_

Collection @ chosun



vl =< THA = wakolt [48].
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Table 2.1 Properties of pure aluminum.

Tensile strength ksi (MPa) 10-72 (70-505)
Yield strength, ksi (MPa) 3-65 (20-455)
Elongation, % <1-30
Hardness, HB 30-150
Electrical conductivity, %IACS 18-60

Themal conductivity, Btu - in./h - fé - °F at 77 °F

. 660-1155 (85-175)
(W/m° - K at 25°C)

Fatigue limit, ksi (MPa) 8-21 (55-145)
Coefficient of linear thermal expansion at 68-212°F | 9 8- 13.7 10-6/°F
(20-100°C) (17.6-24.7) 10-6/°C)
Shear strength, ksi (MPa) 6-46 (42-325)
Modulus of elasticity, 106 psi (GPa) 9.5-11.2 (65-80)
Specific gravity 2.57-2.95

Table 2.2 Classification of casting aluminum alloys.

1xx.x Pure Al

2xx.x Aluminum alloys containing copper as the major alloying element
3xx.X Aluminum-silicon alloys also containing magnesium and/or copper
4xx.x Binary aluminum-silicon alloys

5xx.x Aluminum alloys containing magnesium as the major alloying element
6xx.X Currently unused

Aluminum alloys containing zinc as the major alloying element, usually
7xx.X also containing additions of either copper, magnesium, chromium,
manganese, or combinations of these elements

8xx.x Aluminum alloys containg thin as the major alloying element

MNK.X Currently unused
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Figure 2.1 Phase diagram of the AIl-Si binary alloy system.
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Figure 2.2 Schematic drawing of microstructure change of the Al-Si alloy

during solidification.[32]
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(a)
L
a L+a L+B B
Te I -
o dendrites + B dendrites +
eutectic eutectic
A B
(b)
L
a L+a L+B B
TE I B
a dendrites + B dendrites +
eutectic eutectic
Coupled eutectic

A B
Figure 2.3 Coupled zones (shaded regions) on eutectic phase diagrams. The coupled
zones represent the interface Temperature (solidification rate) dependent composition
region in which a completely eutectic structure is obtained. (a) Nealy symmetrical
coupled zone In regular eutectic. (b) Skewed coupled zone in an imegular eutectic.
In both cases, the widening of the coupled zone near the eutectic temperature is
observed only in directional solidification(positive thermml gradient)[34].
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Figure 2.4 Effectiveness of sodium and strontium modifiers as a function

of time[38].
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Figure 2.5 The motion of a dislocation as it encounters a grain boundary,
illustrating how the boundary acts as a bamrier to continued slip. Slip

planes and discontinuous and change directions across the boundary[40].
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Figure 2.6 Schematic diagram of ultrasonic vibrator equipment[42].
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Figure 2.7 Schematic diagram of electromagnetic[49].
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Figure 2.8 Schematic diagram of mechanical vibration. (a) is eccentric of

the shafts[52], (b)is using vibrator[53].
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Figure 3.2 A schematic diagram of the casting stepwise mold.
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Figure 3.3 Second dendrite arm spacing measurement technique.
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Figure 4.1 Graph showing the without vibration casting cooling curve.
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Figure 4.2 Graph showing the cooling rate on without vibration casting

with different casting thickness. From 1F to 4F going to thicker.
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Figure 4.3 OM images of without vibration Al-8wt%Si micro structure.
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Figure 4.5 OM images of without vibration Al-Si alloys 4™ floor micro
structure. (a) is Al-4wt%Si , (b) is Al-6wt%Si, (¢) is Al-8wt%Si, (d) is
Al-10wt%Si.
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Figure 4.6 Secondary dendrite arm spacing of the without vibration alloys
according to mold step.
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Figure 4.7 Estimation of the coarsening sensitivity in Al-8wt%Si alloy.
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Figure 4.8 Measured proportional constant « as a function of Si content

in Al-Si binary alloys.
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Figure 4.9 Graph showing the micro-Vickers hardness result on without

vibration casting with different casting condition.
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Figure 4.10 Graph showing the micro-Vickers hardness result on without

vibration casting with different casting condition.
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Figure 4.11 Graph showing the with vibration casting Al-7wt%Si cooling

curve.
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Figure 4.12 Graph showing the cooling rate on with vibration casting
with different casting thickness. From 1F to 4F going to thicker.
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Figure 4.14 The Cooling curve of Al-Si alloy with schematically
designated areas of typically precipitated phases.
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Figure 4.15 Coupled zones (T-C diagram) and temperature V diagrams for
different zone types : note that factors causing the difference between «
and b are the different eutectic and /S -dendrite behaviours in the two
cases|[34].
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Figure 4.16 OM images of with vibration casting Al-Si alloys 4™ floor
micro structure. (a) is Al-4wt%Si , (b) is Al-6wt%Si, (c¢) is Al-8wt%Si,
(d) is Al-10wt%Si.
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Figure 4.17 Graph showing the micro-Vickers hardness result on with

vibration casting with different casting condition.
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Figure 4.18 Graph showing the micro-Vickers hardness result on with
vibration casting with different casting condition.
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Figure 4. 21 Schematic of different casting condition in chemical

composition of silicon.
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Figure 4.23 OM images of 2™ floor micro structure. (a) is without
vibration condition, (b) is with vibration casting condition.
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Figure 4.24 Measured proportional constant « as a function of Si content
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Figure 4.26 Schematic of without vibration and with vibration sample
micro-Vickers hardness result.
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