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ABSTRACT The Al–12%Ni hypereutectic alloy (mass fraction) from pure Ni and Al (99.9%) was
induction melted and directionally solidified at constant growth rates ranging from 1 μm/s to 100 μm/s
and abrupt change of growth rate were carried out in a Bridgman–type furnace. After solidification,
the samples were quickly quenched into liquid Ga–In–Sn alloy to preserve the microstructure. The
microstructures of the samples were observed using OM and SEM. It was indicated that at a growth
rate of 1 μm/s, after experiencing a certain growth distance, the primary Al3Ni phase disappeared and
the coupled growth of eutectic could be obtained. The morphology of Al3Ni phase was faceted when it
was the leading phase at growth rates from 2 μm/s to 100 μm/s. The result of experiments with abrupt
change of growth rate indicate that the initial microstructure before abrupt change of growth rate de-
termine the microstructure after abrupt change of growth rate. Only if there existed no coarse primary
Al3Ni phase before abrupt change of growth rate could entirely coupled eutectic structure be obtained
at relatively higher growth rates. After abrupt change of growth rate, the growth of primary Al3Ni
phase was suppressed and the coupled eutectic could grow continuously without any coarse primary
phases. The strength and plasticity could be improved effectively through directional solidification.
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Besides, the elongation of Al–12%Ni alloy could be greatly improved by the abrupt change of growth
rate during directional solidification.
KEY WORDS eutectic alloy, directional solidification, microstructure evolution, solidification

mechanism

!"�#$%��&'�������'�, � �

!� Fe–C, Al–Si, Al–Cu,�" ��!��!"()"

� �* [1−3]. � �!!+�#)� #����"
 , !"� #�! #�")�##$, ,%$&$$

�'�)��%�, %('��# �*- �&&!'
�&�'#��%�, .), (!)"#/%'&!+�

#'(+*� ,�$�'�*0$1($2+ [4−10].

'+, 3#� ,)(-*�� �!).+$)� #
��*%���", 4-++$'&!+�#'(+*�
 ,�$�'�. ,$,/&(),-, %-� ,-*

� �!5*0$/-2+, .)3#6�#.'/0 

.�.(,�� $�'�, 07(1*-�.//,�
0�10#$.

(!)�2+1), 8*�./9210,%-� 

-*�!)�2/3��. +41 [11] 235, [12] %

Ni–Nb� �!�2+, 923- [13] % Al-38.5%Cu(0
-*4, 5!) &� �!�2+41), 8*�.!+

�#& :+$3����", 65 �!+�#.'5

.//9.(*%1��"�� *;. 66)�% Ni–

Nb&� �! [14] � Al–Cu&� �! [15] *0$8*

6.2+, !<.)'&8*6./9728 -� ,
-*� �!.(*%��� *;�.2, #3)78

 $-� ,-*� �!+*,�$�'��='. �

 �!)�3��/*,#0"��!971�:�. 6

�!+*& ), !"6�>)()�8/7*,-� 
,-*�� �!, �#*;);;8610#?�)#
$�2/�3��, <��#0,+9/9@=�!34
�*;�'�, 14$� *;�#A:2, %>'�:

0B,72. .), 21�,%�#*;)�2/3��,

%"+*,�$�� '��#-C�DE. 34�2+

5;)"� #�4,-F5���� �!, %"6F

5���� �!72+5?. !"F5����#@'

5%"-F5�� [16], .), %6F5��� �!6

8*6.�#A<5F5����"2&%� *;�
@==G2+//#;C�. *;�3B6C��!��
#6>%34��#*;#7H?�@=, 76�#3B

A<��#6>+// 2@=�76�#*;�I7.

6!971�:� Al–Ni �!#D-,J1<� 

�&8'� [17−19], =!"E�8'� �92�++1
HF(>!"�=.@). ?�/KL Al–12%Ni &�

 �!,2+%M, *01($9.!+�#A<GN,

2+&� �!)3���� ��AO�", HI Al–

12%Ni &� �!.(1�� ��".2, 6)"@

J, % Al–12%Ni �!*0A!3BA<�A!6.B

5�6.GN, 2+A!8*6.A<%6.*;C� 
%�ICP1::�� :27BDQ�@=, ! R9

.!+�#%B, HI8*6.%�!�&'��@=.

1 89:;
E) F Al(99.99%) � Ni(99.99%) 6 Ar ;G;

5�SC<(<=�D+( Al–12%Ni >�! (GH-

*, Al–12.08%Ni). #>�!<I)?@H> 3 mm,

" 110 mm �K<*0A!�".' (v=1, 3, 5, 10, 15

� 100 μm/s) �!+�#GN. K<E 2 h =A� >

1070 K >, G� 30 min, JT!.'�", K>1!�

�"BF> (v=1 μm/s  �" 21.6 mm, &<.'5�

"BF4, 25 mm), G.L?= Ga–In–Sn HB?),

GC#/?%�. K<��1��#& 6 100 Pa � Ar

;@I5*0. E)#* MD (H> 0.5 mm), *N)

Al2O3 LO DAM> (=>, 0.6 mm),  MD4BC

NOED0J�EUFG��O�?G;:. &)1V 
MDPF. "TCK), L+�"� �2; G1VH

F>#)CK<�@A), QRRM($�N�OS>B
#!. T91!�".'!+�# ,  MDRK<!U

+5WV=HI�#. GN)�2P2GS6 20 K/mm.

8*�.!+�#GN& �5: K<E 2 h =A� 

> 1070 K >, G� 30 min, J3B�".' v0 9.�

"1!BF l0(3B�"BF) >, 8*=�".' v1 9

.�"1!��"BF l1 >, G.L?= Ga–In–Sn H

B?), GC#/?%�. A!�8*GN& �1 1 Q

R. P!+�#>�K<C+2H+?I>+*K<. E

) OlympusGX71 X!�7SQ (OM) JWK<SJ*
;, E)X�J (EDS) � Quanta 200FEG XY.T@

IUKMD7SQ (SEM) JWK�*;, *0-*H!.

,$1Y!+�#�8*�.%'�'��@=, @

)XL, Instron5500MDV�KNRH!SM92CL
M9292ZW'��&'�, MW.', 0.5 mm/min,

MWGN& �1 2 QR. ,$*0�&'�HK, %

H> 10 mm �K<*0!+�#GN, %"8*�.K

<, !+�#GN&X>?@8*�.>*;*0�&'
�GN. P!+�#>�K<C+?I>+*!�K<.

E) OlympusGX71 X OM JWSJ*;, !"�#

*;)K��#/��%B2, Q9A[C*0NYZT.

%"JW>�*;E) Image–Pro plus6.0 X!�*#
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F 1 ][^P^\]_T_
Table 1 Experiments with different abrupt changes of growth

rates

Sample No. v0, μm/s l0, mm v1, μm/s l1, mm

A 1 14.4 15 25

B 1 21.6 15 25

C 2 25.0 15 25

D 1 21.6 50 25

E 1 21.6 200 25

Note: v0—growth rate before abrupt changes of growth

rate during directional solidification, l0—growth

distance before abrupt changes of growth rate

during directional solidification, v1—growth rate

after abrupt changes of growth rate during di-

rectional solidification, l1—growth distance after

abrupt changes of growth rate during directional

solidification

F 2 ][QUG`W^]_T_
Table 2 Tensile test of different solidification structures

Growth condition v0, μm/s l0, mm v1, μm/s l1, mm

Constant growth rate 10 90 – –

Abrupt change 1 20 50 80

R<H-��"X*4. E)X EDS � Quanta

200FEG XY.T@I SEM JWK�*;, *0-*

H!.

2 89HIJKL
2.1 MNOPQR��

_ 1 QR,!+�# Al–12%Ni &� �!6 3 V

A!�".'5�CY�WJ*;a2. /9Z$, SV

K<486 2 V%�, *N,!+�#TV%� (``[

NQR) RL?#/?%� (X`[NQR). 2 V%�b

7, S6 �"'+ (growth direction) ,#T=c, �

#���!+=Y. !_ 1 /d, a7�".'�e�,

K<)3��6-2ab)7\F.

2.2 UVMNOP��
_ 2 Z$$!+�# Al–12%Ni �!6A!�".

'5�#/?%�2� %�IC. [] EDS *#&Y,

2/^�_c6``*;,3�� Al3Ni, 2Fbc6\
d*;,� � (Al3Ni+Al). !_ 2a1—d1 /9Z>,

6�".', 1 μm/s  , #/?%�Zde]�"�2

/3�� Al3Ni, #/?%�5Q, 1)6^.'5/9.

(%:2� *;; T�".'e�> 2 μm/s, #/?%

�)(#?-2/``3�� Al3Ni 86; a7�".'
afe�, 3��"X*4Wbe�, �0� ��"�

BF5g)g/. e) 1 μm/s �0.�"A<5/9.

(%:2� ; 2—100 μm/s �.',-=7,3��

Al3Ni �0�". !_ a2—d2 /9Z>, � *;"?
J_/50�:2*;. 6�".'/" 1 μm/s  , �

"& )B486e]�"� Al3Ni �, = Al3Ni �Q

U#@=� *;�V$'+, � *;6�"& )f
> Al3Ni ��`a>hf�" , *;@+./50"
 W'+. Gg Al3Ni �� Al ���1Xh/gN/
/, 6!+�#A<5�"1!BF>, *-� �#�
α–Al �R Al3Ni �./h)$���"Xi, F5��

Al3Ni �L$�"@'iY, R α–Al �1��", .(

:7� *;.

2.3 YZMNOP��
2.3.1 �����Æ���� !"#$ _ 3 Q

R,!+�# Al–12%Ni &� �!6A!3B�"A

<��!8*�"A<58*4>�CY�SJ*;. !

_ 3a1 /9Z$, T v0=1 μm/s Z l0=14.4 mm  , 8

*4*;)%\`�� "g, j*;�"'+*i#e
]�"�"A6``` Al3Ni �; T8*.�>, *;)
./86e]�"�``` Al3Ni �=k)721. T

v0 A63e�> l0=21.6 mm  , �_ 3b1 QR, 8*

b4*;,``` Al3Ni �R� "���*;, 3Ze

]�"� Al3Ni ��a25_ 3a1 )7\F; 8*.�

>, *;,*%�� *;, U#e]�"� Al3Ni �8

6. T v0=2 μm/s Z l0=25 mm  , �_ 3c1 QR, 8

*b4*;)%$\`�� "g, j7*;�"'+*
i#e]�"�``` Al3Ni �; T8*.�>, *;)

[ 1 ���� Al–12%Ni 	��	�����
�bc�

Fig.1 Typical microstructure of directionally solidified Al–12%Ni alloys at growth rates v=1 μm/s (a), v=2 μm/s

(b) and v=100 μm/s (c) (The white and black arrows correspond to the initial solid/liquid interface and the

quenched solid/liquid interface during directional solidification, respectively)
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[ 2 ���� Al–12%Ni 	��	�����
��lc����c�mj
Fig.2 Morphologies of solid/liquid interface (a1—d1) and eutectic interface (a2—d2) in directionally solidified

Al–12%Ni alloys at v=1 μm/s (a1, a2), v=2 μm/s (b1, b2), v=10 μm/s (c1, c2) and v=100 μm/s (d1, d2)

[ 3 ���� Al–12%Ni 	��	�
�		
��
�����

Fig.3 Morphologies before (a1—c1) and after (a2—c2) abrupt change in directionally solidified Al–12%Ni alloy

specimens A (a1, a2), B (b1, b2) and C (c1, c2)

./86R_ 3a1 dk�e]�"�``` Al3Ni �=

k)721.

!_ 3a2 /9Z$, T v0=1 μm/s Z l0=14.4 mm

 , #/?%�Z%$\`�� "g, j7*;�"'

+*i#?-2"�``` Al3Ni �. T v0 A63

l0=21.6 mm  , �_ 3b2 QR, #/?%�Z3#\`

�� ", e]�"�`` Al3Ni �"?,Æ. T v0=2

μm/s Z l0=25 mm  , �_ 3c2 QR, #/?%�Z%
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\`�� "g, j7*;�"'+*i#?-2"�`
`` Al3Ni �, R_ 3a2 dk.

2.3.2 ����%���� !"#$ _ 4 Q

R,!+�# Al–12%Ni �!63B�"A<�!38

*BA! 8*4>�#*;P1 (1 1 ) B, D � E).

/9Z$, �"BFK> 21.6 mm >, 8*6.4�*;
kE?(1�� , 6.>�� *;)721. a76
.B v1/v0 �e�, 8*6.>�� :27B)7\F.

!_ 4a2—c2/9Z$, 8*6.>66.B, 15—200

,-=�#*;,2F�/6� , *i4n, U#e]

�"�2/3�� Al3Ni. �#*;,/6� , %BY

�J�!lY�X)�� j43, /9.), a76.
B�e�, � j4-e�, *;.�21. %"� j

��"�DQR+342+5?, #k*1U*#.

3 KLJ\]
3.1 ^_`abc

Al–12%Ni &� �!6!+�#& ), !"00
*[(4 k¿1, Q93�� Al3Ni 00 Ni 6-B?�

 , .), a7�#�*0, ?�)�00 Ni �6-Wb
\d, ld#/?%�4j?�)U#00 Ni �e;. !

Thi � [20] % Al–Ni �! &!ZT�&Y/d, !"6

�#& )V=?�� Al �]2)75 Ni F, 6�"

)m�$00%W, Q95mI^_,#/?%�4j?

��-*/4n�, A+%>f!+�##)7@=. !

_ 2 /d, Al–12%Ni �!6A!�".'5�# 86

�0��e6. 3f-� �!), � #� α R β �

AO�"&Ye!$34��#*;, []3 %��"
�2fn, �#%��23 ��6AO�"+-,�0
� [21], .), '&`!K��#%��2/`!.(� 

��0�"g.(%:2*;�a%.2. 66)� [11]

2+1), 6�".'/00/ ��"A<5/9.(

%:2� *;, gT�".'F" v1 0o/" V2  ,

� ��%��"�2 "e�nRo��"�2. .'

V1 ,

V1 =
GLDL

mAl3Ni
L (C0 − CE)

(1)

i), GL ,�2P2, GL=20 K/mm; DL ,006?�
)�,o(4, DL=0.62×10−9 m2/s; mAl3Ni

L ,3��

Al3Ni�?�pp', mAl3Ni
L =11.6 K/%; C0 � CE *N

,�!3B-*R� ,-*, C0=12%Ni, CE=6%Ni.

hq(>� v1=1.5 μm/s, qR?GNJW>�6�"

.', 1 μm/s  � "�0�"1d. T�".'5

/ , 5/�+$)� "�0e��"�bi, =�"

.'e�> 100 μm/s  , 6#/?%�Z.JW>3�

� Al3Ni �86, e)�e6.' V2 //, ,gc4-

Æ [11].

[ 4 ���� Al–12%Ni 	��	�������
�����

Fig.4 Morphologies before (a1—c1) and after (a2—c2) abrupt change in directionally solidified Al–12%Ni alloy

specimens B (a1, a2), D (b1, b2) and E (c1, c2)
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!_ 2 /d, �%"0.�"A<,  . �#*;
g%//. 6� %�, 3��"?GS"A6I7H=
L?. �".' v ≥100 μm/s  , A!"0.�" �

jd�^k6I7, 3�� Al3Ni h5�1)$dk-

F5���I7, e)6A!�"A<5, Al3Ni �1)

$$r��"0,. '&�1X ΔS hq Jackson .D
α = ΔS/R /93UTH "�& @', T α <2  ,

 "9-F5�'i�"; T α >5  ,  "9F5�'

i�" [22]. Al3Ni �,i�1&h-B�d#02!9

71�:, �1Xs, 33.45 J/(K·mol)[23], α s, 4.02,

Z"&jI*, k Al3Ni �1)$A!��"0,.

3.2 fg`ahi
!_ 1a /d, lA v=1 μm/s  #/?%�Z*;

,1�� *;, =/6�#& )e]�"� Al3Ni �

/86�, e]�"� Al3Ni ��6-a7�"BF�e
�3Wb\?e=34,Æ, #3.($*%�� *;.

_ 5 QR, v=1 μm/s  3�� Al3Ni �6-a�#

BFe��61bi. &)_ 5a QR,!+�#WJ*
;, ``[NQR,!+�#TV%�, _ 5b—g QR,

_ 5a)BF!+�#TV%�A!rBZ�HY�*;.

�#fB Al3Ni �,gII7, a7�#�*0, 3�

�"X*4\F, ! =7$))C, )CWb6/, %(

gI1p*;21,Æ, *3P6- V jXI7, V j
X*;a�"BF�afe/321, K>�#4$ 3
��*%,Æ. �#fB 3�� Al3Ni 2/dA, ,g

I0o)CgII7, �#jd^k, 1)$F5���

"@', ! *;Nf'5g, a7�"*0, 3��6g

I^kZ�", %*;626", ! �"'+R!+�

#��"'+bh1d, jd^kWb,Æ, 1)$F5

�I7+-F5�I7�P1. 6BFL?%� 0.3 mm

Z, kd3���86, #/?%�,5%�. %L?>*
;*0�J*#, &Y, 6.65%Ni, ?(� ,-*.

'&H-e]�"�``3�� Al3Ni 6HY�J

Qt��X*4, (>�_ 6QR�ip. ."3u, 3�

���X*4/a7RMBF�e�3\?�, 6BFL

?%� 19 mm Z3��./86, =/6QV*;)Q
tBm/?. e)) n(#/?%�Ze]�"�2/

3��kE,Æ, 1�� "��"t]kl9r. _ 6

1)6�".29! , A!�#BF/�.(A!��

#*;, q/!!971�:�00*�@'vf�. %

"e�#0"�!, T&95�6#/?%�*0!+�

# , a7�#�*0, #/?%�4jPop&Cq%

[ 5 ���� Al–12%Ni 	�� v=1 μm/s �	���
�lq��

Fig.5 Microstructure of transverse sections in directionally solidified Al–12%Ni alloy at v=1 μm/s and the cor-

responding local microstructures (b—g) (The white arrow corresponds to the initial solid/liquid interface

during directional solidification)
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[ 6 v=1 μm/s �
�� Al3Ni �r��s��
����
Fig.6 Variation of the area fraction of primary Al3Ni phase

with growth distance at v=1 μm/s

:, g#/?%�4j�00*iAa�#*03.�j
m61 [24,25]

C∗
l = (

C0

k
)[1 − (1− k)exp(−kxv

D
)] (2)

i), x ,�#BF, DL ,?�)00,o(4, C∗
l ,

#/?%�Z�?�-*, k ,#��5n00*[(4.

T�#BF, 4D/kv  , #/?%�4jPop&Cq%

:. =/, %"#�p,1rp�!971�:, &00*
[(4Ah,1+4, 3/a�2�61361. !)/

d, '+A<5, i (2) PAt"Km!971�:!+

�"& )�00*�@'. Æsk� [17] 2+.), !

971�:� β -*, Cβ , T!971�:� β 95�

6!+�" , Cβ GSA6. !" β �)00-*/"
?�)00-*, 6 β �!+�"& )#/?%�4j

?�)PI-00\1:. fn,o*0(/G, l9G
w00,o:)867m&C00*i, QZ00*il
l�5:::

C∗
l = (C0 − Cβ)(

vx

DL
) + C0 (3)

qe)!" C0 < Cβ , a7�#BF�e�, #/?%�

Z?�006- C∗
l hp':0, 3Z, %"d#02�

!971�:, !+�#& )QA�opdk"#0"
�# �&Cq%:. �_ 7 QR, d#02�!971

�:�# #/?%�4j?�00m2j7!971�
:?�p61. T?�00m2! C0 :0= CE >, �

 "#$, ) �0�e6,� ".

% v=1 μm/s g, 6�".'5  5�.)3�

� Al3Ni �6-a�"BF�e�Wb\?�)M. _ 8

QR, v=10 μm/s  �#*;a�"BF�61, _ 8a

,!+�#WJ*;, ``RX`[N*N1R!+�#

TV%��L?%�, _ 8b ,!+�#TV>5o�"

BF*;, #/-e]�"�``3��, a7�"BF

[ 7 ��n��us�	v���l�o���
Fig.7 Variation of the liquid concentration during solidifi-

cation of intermetallic phase with nil solubility (k—

solute partition coefficient of β phase, CE—eutectic

composition, C0—initial composition of alloy, Cβ—

composition of β phase)

�e�, e]�"�``3��Wb\?, �_ 8c� d Q

R, Zab5Wb\F. TL? , e]�"�``3�

�5!+�#TV )7\?Z21. 65 .253�

��,Æ[Ch"��#BF, qkC/.,a7�".
'�e�, 3����"%��2g)g "� ", .

), ,$%#/?%�4j?�00m2K>� ,m2,

[Ch"��#BF.

3.3 fnOP��oYZp��aqr
!_ 3/d, 8*6.4�3B�#*;%8*>*

;#//@=. �_ 3b1 QR, T8*6.4�#*;)
de]�"�2/3�� Al3Ni  , 8*6.>/9.(

*%�1�� *;. =T8*6.4�#*;)86e
]�"�2/3�� Al3Ni  , �_ 3a1 � c1 QR, 8

*6.>*;).#e]�"�3�� Al3Ni. qe)8

*6.4�Y86/-e]�"�3�� Al3Ni, 768

*6.>g%E&/"1p�#BF5A�.(1��
"�%:2� *;. T v0=2 μm/s  , 8*6.4e

]�"�3�� Al3Ni �a2B v0=1 μm/s Z l0=14.4

mm  ts68*>g%U#.(%:2� *;, =/

3���6-�a255 v0=1 μm/s  F. qe)8*

�./f>:+3���"�/), 3Z3��6-a�

"BF�e�Wb\?, 7*3��34,Æ.

3.4 tVuoYZpfg`gvaqr
!_ 4 /d, '&0.5%��8*�., 3��

��"�:+, /96-� ,.(*%1��� *;.

%B9.!+�#*;/9.), 9.A<55/�".

' '+#/-3��, =/8*6.>, 5/�".'

53����"B/(>:+. 9.!+�# 2/3�

��$)/!"6K<��"fBtp861pu;$

2/�3���7*�?��q6I, !"GN)G� 30

min 9pK>?�)�2Y1d�3�, .), qp#?
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�8 ���� �� � 49 �

[ 8 ���� Al–12%Ni 	�� v=10 μm/s ����
s��
����
Fig.8 Variation of microstructure with growth distance in directionally solidified Al–12%Ni alloys at v=10 μm/s

(The white arrow in Fig.8a corresponds to the initial solid/liquid interface where directional solidification

initiates)

(a) integrated graph (b—e) microstructures at different local positions

G�I*)�3��+21"/, 9.!+�"A<5,

3�� Al3Ni v/9),"@�"�
[9]. !"3��6

G�tpkEIr"/, 6*09.RM 3��A[C

hfIr, �B"� �, 3�� Al3Ni �"Q[&H2

hF, 5vhqx�", .), 69.�"fBtp3�

�;;�0� ��", *;552/. 3%"8*�.

& , 6.4*0$1pBF�0.�", u=$q6I
�G�, #3\Y$3����". 9)?(1�� �
3B*;*0>f6.�", &%��2Al98s3�
�6�#%�4j,.IrQ[�&H2, lA/9K>

3���"Q[�%��2, =.,Irf>++, 3�

�A+/-86, k8*6./:+3�� Al3Ni ��

" [11,12].

8*6.>*;)y#�3��21e=,%, /.

,%"8*�.& , 861V!&C>-&C�61&

 . 8*.�>006-+.�q<�61::: T00
,o(4 k >1  , r�#.'# v0 e�> v1, 00W-
# v0CL e= v1CL, #/?%�4j?�)�00m2v
+0"&C5�00m2 [26] . 00m2�:0, vf3�

�%��"�2�:0, %(kE�"�3��7*-�;

! []%��"�2fn, 3��%��2�:0+%

&�"f>:+, %3��21w=,Æ. T%�4j0

0&!>, �#*;�GS5), 3��!".�-�0
21, 6-//\?. q<,66.>/sI-J�3��,

y#3��z(>210o,%, %(3���"�:+,

6 .�"55/9.(%:2� *;, #3#/�9

/8 '&!+�#.(� ,�$�'��='.

3.5 YZtVowxyzaqr
%H> 10 mm �K<*0!+�#GN.(�*

;R4m�FabGN&Y1d, g63B�".2, 1

μm/s  '& 50 μm/s �8*�.>�*;5,%:2
� *;. 3�".', 10 μm/s  �9.!+�#*
;)#e]�"�3� Al3Ni �Z3��7B5H> 3

mm �K<F. *N%+:�#�>�!*;C�".
', 10 μm/s �9.!+�#*;�# 1 μm/s > 50

μm/s8*�.>.(�%:2� *;K*0 2 *MW
GN, (>�MW'�ip�_ 9 QR. +:�# *;
�5492, 84 MPa, ZW', 0.89%; 10 μm/s 9.

!+�#*;�5492, 229 MPa,ZW', 1.7%; 6

.>� *;�5492, 198 MPa, ZW', 4.45%.

/9.), �B+:�#*;, 10 μm/s 9.!+�# ,

Al–12%Ni �!�*;�#h��92�>', 38*�

.>�� *;>'8 h,72, 92B+:�#*;
#Q8 , =0" 10 μm/s  �9.!+�#*;. q/

.,+:�#*;)5,K+%'��Æ , ld92�
>'�%50; 10 μm/s 9.!+�#*;)6#e]�
"�2/ Al3Ni �/,e9�, %(92/ ; 38*�

.>/2F:7�:2� *;, .,U#e]�"�e
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[ 9 	���		
 Al–12%Ni ���	�w��tux
Fig.9 Nominal stress–strain curves of Al–12%Ni hypereu-

tectic alloys under different solidification conditions

9�, Q9h/920" 10 μm/s 9.!+�#�*;,

=>'h�.

4 H]
(1) 6�".', 1 μm/s  , Al–12%Ni &� �

!!+�#*;)!"3�� Al3Ni �"%�4j?�

00m2Wb:0, �"1!BF>#/?%�4j?�

m2K>� ,-* , /.(1�� *;; 6�".

', 2—100 μm/s ,-=3� Al3Ni ��0�". 3�

� Al3Ni 60.A<51)$F5���"I7, 6 .

A<5+-F5���"e6.

(2)8*6.4�3B*;%34�*;I7�#e
!'�@=, 36.4��#*;f>3B�".'�3
B�"BF�@=. 9 1 μm/s �fB.'�"1!BF

=3�� Al3Ni ,Æ>8*�., /9.(1�� *
;. 368*4\FfBRMBF0e�fB�".',

7e]�"�3�� Al3Ni 8*4{/86, 78*�

.>A�*%,%3��.

(3) '&!+�#yp/9)78 Al–12%Ni &

� �!�92�>', !"8*�.>.($%:2�
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