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ABSTRACT The microstructural evolution of semisolid ZL101 hypoeutectic Al–Si alloy solidified
in ultrasound field was investigated. The results indicate that the morphology of primary particles
is related closely to the temperature of the applied ultrasound field. The primary grains grow into
globular shape when ultrasound is applied from 640 to 585 � (nearly solidified temperature). When
the ultrasound is applied from 610 (solid fraction 0.1) to 598 � (applied 120 s), the originally formed
dendrites are granulated. When the ultrasound is applied at 600 � (solid fraction 0.25) and holding
temperature for 120 s (about 595 �), a mixture structure consisted of dendrite and granulated grains
is formed. The evolution mechanism of semisolid microstructure under ultrasound field was discussed.
KEY WORDS ultrasound, aluminum alloy, semisolid slurry, nondendritic microstructure, evolu-

tion mechanism
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+3��8(9-'6�,"!��'2"-.��. �
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�!�.51., Æ5/5�&671, ' +"&6.
8#Æ/:����2.''2"��3, �9�;<�
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(�#�33;. Campbell[10] E��2"-�8=!�
�>539<?��9!�,)� �5: �3. =�
/: [6,11] ��, 2"-�;F��<=),�G�EH
2"-0= �@#, ' ��>��,!% �3. Ya-
suda ) [12] !!2I04, )��?)=> �75, /
�,>(-'@!�3-3;, ?53-3;FA?� 
��;<�33;. 6-'#%���!�� !1",
��G�&32J�/�KL+@�&6&BM2AH
'?N)=", (C"(<:�3;, D#&3��/!
1O�IJ(. 8@E�P, Q/-'4./&6�/!
1B��RA�:K���CA, /-'4.?�*&4
+���01BS"!1)BCO�L7�$��.

1 ;<=>
D 1 �2IEM��-'.4.#%���� 

�TUBVD. �", -'.��D#C�25DF�
1200 W, �4DF� 20 kHz. ?GÆE�C�HF�
GHI��=AIN�-'.4.F.

2I7��JU�E� ZL101 J7�K, �8("
/�A (<3AG, %)�: Si 7.2, Mg 0.43, Fe 0.29, AlN
3. �� – )=> �9/� 555—615 O. Æ�L<3
� ZL101 J7�M(WH?Æ", � 5 kW N@K(
�X 720—750 O, �"O�$P Ar I@Q, 10 min,
Q,JROYLU&P X 640±10 O, K�ZFQ-
'.��D#C�SG, &Æ-'.4.FM(Z�[T
�F K"Z�. Æ� 400 g ����,\(5Z��
530—550 O�[T", M?M?4.F&N(�, 15—
20 mm 7L-'3�, &D#�,7�L*F%�.

�O��-'U"���� 4+S"!1�01,
7L7? 3 42I:

(1) P(OM?'G4., &7� 6 O/min �*F

A 1 H]^_I`M
Fig.1 Schematic of experimental set–up (1—ultrasonic

generator, 2—heating furnace, 3—amplitude trans-

former, 4—transducer, 5—vibrator holder, 6—metal

cup, 7—slide bar, 8—holding table, 9—PID temper-

ature controller)

%�, ��4.a.�,B�N5 (�bI�3�P,
P(<Q� 12 mm �HJ.

(2) �P(�,%�X 610 OO'G4., &7�
6 O/min �*F%�, 120 s OOP4..

(3) �P(�,%�X 600 OO'G4., &FV 
�6 595—600 O, 120 s OOP4..

75642I", 6�L�/R ��, �<Q�
6 mm �KcSWLA3�,PX#%M[. '6MY
5A9NL/�� 10 mm �Y 3��=M[, RO[
O7LZP +P SP�QT, /O�,UAG� 0.5%
� HF R)NSO, 6T/Q3T?V[�Q34+. �
"UC4'�����4+L3�=ARTVST/(
KUV?����4+7LAR, TV"/&6UB�Q
�UB�dSG�LeWVWVW [13].

2 ;<CD
2.1 640 OEFGHIJKL ZL101 MNOPQ

 �� 640 O�J)�,P([TO, &'���
,9[T�4.F�/��\], )*@ X)=> �
>�, XOX�7 6 O/min �*F%�, ��4.F.
�,B�N5 (�bI�3�P. OP4.�� ��
585 O, /� ���=F� 0.4. 0D 2 EB, D 2a �
4.X 610 O��W[PX4+, 07X�&6CA8+
@KL, 2*G�&62G?7�Wd�V�/; D 2b�
600O�W[PX4+, �&6GX�EA(, 8&6KL
Y9D 2a =^, Y�*Q�", &65@$�"(Æ; D
2c �OP4.O (585 O) �HJP%M[4+, �&6
�EA5, 8.Q2FVOKLY, &YZ4-*QZY.
!!TVAR, PXM[�UB&65@� 70—80 μm,
UB�dSG� 0.7—0.8. HJ�P%M[&65@��
100 μm, UB�dSG�� 0.6. .*, 6-'3�?�
%�!1", &6FVKL+@&(��ZY.
2.2 RST 610 OUVGHOPQ

Z-'3�?�,@ X 610 O, ?�=F_ 0.1 W
fOY>(-', �4+S"0D 3 EB. -'3���
,"/4� α–Al `*&d (D 3a); -'3� 60 s O,  
�@X 604O, *��4+"0W�=A6d α–Al��,
85=A α–Al �[Zd*& (D 3b); -'3� 120 s
O, *��, �� 598 O, &6[\]6d", *��
UB&65@�� 90 μm(D 3c). Jian ) [6] �2I"

4.2/�/� 20 s, 4.OXK%�, �-4+FV*
&d.  "V���\^9�(K, ?�&'4.�/�
L[_V�a;g��.
2.3 RST 600 OUVGHOPQ

[-'4.?%�X 600 O�, �=F_ 0.25 Wf
OY>(-', �4+S"0D 4 EB. -'3��R4
�G� α–Al �Z5*& (D 4a); R! 60 s �-'3�
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A 2 ZL101 ������� 640 �	Z^���������	��^ �
Fig.2 Microstructures of the semisolid aluminum alloy ZL101 sample cooled to 610c (a), 600c (b) and 585c

(c) from 640 c by a rate of 6 c/min under ultrasound field

A 3 ZL101 ������ 610 �`��Z^������^ �
Fig.3 Microstructures of the semisolid aluminum alloy ZL101 alloy cooled to 610 c under no ultrasound (a),

and then applied ultrasound for 60 s corresponding to 604 c (b) and 120 s corresponding to 598 c (c)

A 4 ZL101 ������ 600 �`��Z^������^ �
Fig.4 Microstructures of the semisolid aluminum alloy ZL101 alloy cooled to 600 c under no ultrasound (a),

and then applied ultrasound for 60 s corresponding to 598 c (b) and 120 s corresponding to 595 c (c)

O,  �@X 598 O, *���+@_*&, &4-�56
d&6, 88(=A[�_*& (D 4b); -'3� 120 s
O, �, �� 595 O, *�Q6d"�&6`, 7[Z
d*&�8 (D 4c).

h��0��, � �?E(-'�� 10 s Wf, 2
"i'.\ (!!]aa_^b), 10 s O2"i'�EA
., 0*B���L@#. ?0��-'3��/���
__*&�-'=A81�jc. 8?�0*, d �@
� 595 O, -'4.5�I3\, (�bI_4. 9'.
$ �'`4.X 585 O�4+/^0k, *&/-'�
C.�@e�b`3�.
3 XY
-'.6���,"!�'!�'2"#�, '!�

*�07_�!,�/!*�� 10—103 f. .*'!

/'B"�, �U�R<U (*\<�\�7B:7

G�&6Aa)�,(3�. da1bec, "2I"�
-'TU07�'!25*�_� 1.37 m/s.  '2"
���2"-6�,";F bd�8c, @��3! (3
9e!) �$<;f.7BÆX�),4!, 2"-8c
�0!� 108—109 Pa �$<� 103—104 K �f�$
 [14], E7'2"/:7�3 8ggch�*&b=
���$3�.

)��?)=> �75/�,3(-'3��, -
'2"-�8c3_�d=3!�'!3_���,h

V!., 0:7Ti��,�/!E�, ' (*O�,
 �B", Æ�B<�33;Aa, ��(X'ZY. ?
[A(O�3F, $�BM�30iOUV. .*, ')
=>75'`7L-'3��, G�&6&'R<U� 
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�UBM, 7B�#;<3;�AÆ, 6Lj�,"53
BM�3. 82J�)�4+��=Le'�33;��
/!1.

-'U/&6�lR<� �AH�RA0D 5 E
B. &'-'���'!�3!/&33;�l�fj,
��lR<kY1�@#, gchl�& Xb `k� X ′

b,
�A!%9O&D"d> Ti–TL 9�> GL Ege�9

!`@� T ′
i –T ′

L 9�> G′
L ge�@9!, ' `@O

�A!%. &)�1b0k, ?Æm#*&�/, ��6
-'U?7�W��/. &'�Wd&6n'Æ., �,

A 5 �����fhgo����l�

Fig.5 Effect of ultrasound on solute and temperature dis-

tributions in front of a grain (Xb, CL, Ti, TL, GL—

thickness of boundary layer, solute concentration in

remnant liquid, interface temperature, liquidus tem-

perature and temperature gradient without ultra-

sound applied, respectively; X′
b, C′

L, T ′
i , T ′

L, G′
L—

thickness of boundary layer, solute concentration in

remnant liquid, interface temperature, liquidus tem-

perature and temperature gradient with ultrasound

applied, respectively)

B�X�=F�"$=/mg, �W��=/-'b`�
2"@e$=/.@, .*-'�2"�'!6�,"3
�ng�.�X�=F�".g, ' �.5�=F�,
�,�4+[FV�W��/.

&'B�eL'<�b`�'2"oh�5@, .*
'2"3��.\�ng�5@��,B�RAC5, ?
��=F�G�&6���RAC5. �=F�A5, G
�&6*&p�_, ]��'2"ng`@.

�O�h-'2"�.�, Æl��� 20 μm �J
mM(P", &>( 600 W �-'4., 30 s OÆ4Jm
9ZR-'4.�Jm7L/^V[, &h�Q3T/�
�97LV[, 0D 6 EB. 0W, l�� 20 μm Wf�
Jm, Z�-'3��0=U� (D 6a); 6P"�-'4
. 30 sOJm54-Zq�ipni, ��2_jX�f
o, riJL�gj$!��5./�=j (D 6b); Q3
T?07X�0=��pkYsqris(D 6c). �t�
fjjN3�, C@�Jm��, .5�$t�!�Zq,
 (@!�qris. ?IuO2"-8=�!��>5
f�<?, 0�Jm��n6jX!�3=j. *`Xs
-'3��/�A(,qrisA(, ���=j7�$A
5. 9*=Æ, J)"G� α–Al *&uvi6 20 μm W
f,E0Æ�f��jX.=j�!��k� ��kl.

�L%�*F�[-'3�?, ���A3*&dG
��=, &'B��"(5, E(-'�'2"�b`.
@, '!$�6Lj�,ng"7L, '!.�:q5�,
Æ�G�*&ld, &0�6ld*&wd=��&cR
3=j. m�_=, 0KR<6*&/��kY9�[, �
,",,6&6��!1", $@6?52_���j,
,kY9 (/' Al–Si 7�, ,,8(�l), ><$mn
6�kY9nR, . *poA�h'2"-�!�. 2
"-8=!��4!(C0�*&wld, =/d=��
�&cR3=j7Ln+Np (-8=�i.�:q5,

A 6 ��o	�x�7�
Fig.6 Action of 600 W ultrasonic cavitation on 20 µm thick aluminum foil in water

(a) normal appearance (b) foil deformed and cracking after 30 s ultrasound applied (c)ycraterzcaused by cavitation
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A 7 �����rpqmI`M
Fig.7 Fragmentation model of a dendrite under action of ultrasound field

(a) dendrite grown in melt (b) dendrite arm bended (c) crack or grain boundary created

(d) crack further growth, arrows indicating infiltration direction of liquid flow (e) dendrite fragmented

07��6d=!�=j), ' ��)rh, 2J�_*
&b=kl�@&6. &'��)=> �, 4!*�C
5, . NpCq.

D 7QBO-'U"*&b=!1�0�Jn. Z>
(-'3��%�!1", �,"/4*& (D 7a); &'
'!�'2"3�*&wstld (D 7b); d=,\&
��&cR3=j (D 7c); 6ld�'2";f�n+
NpstuK3�?, =jA5&(boGk� (D 7d);
*&2J�JsNp b= (D 7e). 62IWL�PX
M[", V[��Np-.0D 8 EB, A p�=ANp
���dr, B p�JsNpb=.

d���G�&6�+@)-*&�, 2"-6-'
U?vtY���8=, 6�lgch�9�R<kY9
!�.5�3!, ' /?59!7L.5fj, �R<
.5v7, �R<u�`@ (0D 5 EB), ' m#*&
�/, �)-*&o6d&@". -'�39fjD��
�p`?3�_w(�%�.

*`, 6.5'!/�,�fj?, '�av��3
RA�,"&3�/�UV, )��l �q�A(, 7
�$m#O*&��/, )��l5 �q�$�h'&
6+". .*, 6��A3*&O, !!-'U�3�, O
���+@��*&&6.

8d��#ÆG�*&O, ?�=F.$�YE(-
'3��, &'53*&jX*&xs���, �,B�
)*A(, 4!Np@?A5, C6kY9��3! [
wNp; m�_=, '<)*b`, '2"C6-'4.F
y4=?_�C@9!<{6, '!$�'Ph!, . 
2J��[Zd&6. ?=wt?$03( Wu ) [15]

04�7?G/Jn�ux-''!�'2"���3

!/G�&6�d�RA:

f = exp
(
− 2R

v

)
(1)

�", f �&6�dSG, K�� 1; R �)�*F; v �

&6vg),=/'&6�!.*�. "2I", 0Æ R

y�(�, d �@#�, B��A5�-''!�3!
`@, ? v `@. .*, $�=F�, B�5, C�'!�

A 8 ��	 ZL101 ����vzrs
Fig.8 Infiltration phenomena in the ZL101 aluminum al-

loy under ultrasound (positions A showing the part

infiltration and position B the total infiltration)

h!3�, ��[Zd&6; #$��=F@e'!�'
2"��#��, C6C@ng<!�'2", '!*�
$C#, �*&[\(z�, 2J��Z5*&4+. &
*0W, -'3�9�t0tfj(K, �3�.��n
g/�=FC{{.

4 CY
(1) ')=> �75E(-', G��=w6&'

-'6�3x|��/x|�RA, FV&6�KLY,
2J}��W�4+.

(2) �� 0.1 ��=FOE(-', !!'2"Np
�*&klY@e*&�/, 120 s �-'3�O, $0�
��*&4+.

(3) �=F#$O, &'BY@?�A5, '2"�
'!3�]`\, 2J4+��*&�*&v74+.

(4)-'6���,"!��'2"�'!�.�B
ngXE(-'.��, ���" �", ' �2J
}��4+(K.
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