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±�«�¬XÜ73ØÓLeÝev��Ð)��ÀJ5ÆÚv�|�/¤Ån�8�, ^LKÀæÀzÚ
Ì�L9�(Ü��{, ò Ni100−xPx(x = 18, 19, 19.6, 20, 21, �fz©') Ü7Le�²ï���±eØÓ�§
Ý, ^p�ù	ÿ§¤P¹
Á��v�e%�, �¦©Û
Á��v�|�. (JL², Le Ni-P Ü7¯�v�
L§¥ÛÑ�Ð)�� α-Ni/Ni3P ÍÜ�¬�, ��v�L§¥=Ñy�g2�, 3¤/¤�É~�¬|�¥ α-Ni

�â��©Ùþ!; �,��¬�`kÛÑ�, ,	��I�3í3��¥#/Ø, �¦v�L§¥Ñyüg
2�, �A/¤�â����,ØÓ�üaÉ~�¬|�; âd±�
 Ni-P Ü7Ð)���)�¬�«�. Ni-P Ü
7¥ α-Ni �)�ÄåÆ²w¯u Ni3P, ¦�3�LeÝeL�¬Ü7�± α-Ni ��Ð)�?1v�.

'�c: Le, 2�, É~�¬, �¬�)«

PACS: 64.70.D−, 81.30.Fb, 81.10.Fq

1 Ú ó

Ni-P Ü7´;.��¬/¤NX [1−4], ¿3L
¡ó§Ú>fó�+�äk2�^å [5−7], 
)Ù
v�L§é@£Ü7��¬/¤Uå, ��ÙÑ¸
|�äk��¿Â. 2�´Ü7�Le¯�v�
L§¥����y�, ���N¯�v�L§¥
¬N�)�A5. �Xp�ù	ÿ§Eâ�uÐ,

ïÄö8c®�±3 ms $� µs þ?þ©Û§Ý
2����¤, dd�«
Nõ± J±uy�
�y� [8−11]. k©z��, �¬¤©� Ni-P Ü
73LeÝ�L 190 K �, ¯�v�|�d5K�
�G�¬=C�É~�¬, ¿@�É~�¬�Ñy
´dulÉ)���MN α-Ni {¬LÙzE¤
� [12]. ��Ù¦�¬NX�', TÉ~�¬/¤�
�.LeÝ²w �, k7�l�õ�¡�±©Û
ïÄ. �©æ^p�ù	ÿ§¤P¹ Ni-P Ü73
ØÓLeÝev���e%�2��, ¿é¤é
A�v�|�?1XÚïÄ, ±ÏU
�O(/£
±Ñ Ni-P Ü7��¬�)«.

2 ¢��{

¢�Ü7¤©� Ni100−xPx (x = 18, 19, 19.6,

20, 21, �fz©'), dpX>)q (99.999 wt.%)

Úù� (99.9999 wt.%) ��.�
~�ù���E
¤�ÅÄ, ýk��
L�¬¤©� Ni-P ¥mÜ
7, Ùó²L§ë�©z [13]. ��^ý�aA\
9¬3pX Ar �o¨�¥ò¥mÜ7��{pX
>)q·ÜLz¤¤I¤©Ü7.

Le¢�æ^LKÀæÀzÚÌ�L9{,�
dÄkò²¿©øY?n� B2O3 ÀzJ3�=
l�SLz, 2Ý\Ü7�, ��ÀzJ�áN�
^ÚÌ�L95�Ø!©)Ü7¥�U��/Ø
�.�Y,Ô, ±d¼��Le. Ü7�9{¤¦
^p�ù	ÿ§¤ÿ½, Ù°Ý� 1 K, äk 50 ms

Ú 1 ms ü«�A�m.

v���Á��»� 9 mm, ²��!�²Ú
�1�, ^ß HNO3 � H2O NÈ'� 1 : 1 �@
¡J@¡. ¦^�k Leco ã�©Û^��1Æw
�º?1|�*	, ^�kUÌ¤ (EDS) � JSM
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7600F .|u�×£>º?1p�|�Ú�¤©©
Û.

3 ¢�(J�?Ø

3.1 vvv���222������

ã 1�ØÓ¤© Ni-P Ü73ØÓLeÝev
���2��, ã¥ TL Ú TE ©O�L���§
ÝÚ�¬§Ý. dã 1(a) ��, Ni80.4P19.6 �¬Ü7
�3��.LeÝ ∆Tc (117 K). 3T�.LeÝ
±e, �k�g2�, pu ∆Tc, òu)üg2�.

�XLeÝ�O\, üg2�m��mm��� 
á.

�'u�¬Ü7, æ�¬Ü7�L�¬Ü7
� v � 2 �  � � L e Ý� C z � \ E ,, X

ã 1(b)—(e) ¤«. �âv�2���A�, æ
�¬Ü7�3Xü��.LeÝ ∆Tc,1 Ú ∆Tc,2,

e ¡ ± Ni82P18 æ � ¬ Ü 7�~ \ ± ` ². X
ã 1(b) ¤«, �TÜ7LN�LeÝ�u ∆Tc,1

(�� 70 K) �, e%L§¥§Ý2��, �Xk�
�§Ý�úü$�L§, 3�¬§Ý±e�,�§
Ý, u)1�g2�. �LeÝ0u ∆Tc,1 Ú ∆Tc,2

(�� 120 K) �m�, 3��e%v�L§¥=k
�g§Ý2�, 2���§Ýþ$u�¬§Ý. �
LeÝ�L ∆Tc,2 �, LeLN3v�L§¥qò
u)üg2�, �LeÝ�u ∆Tc,1 ���¹�q,

�üg2��m��mm��á, ¿�2���§
Ýeü�¯. Ni81P19 æ�¬Ü7��¹� Ni82P18

�q, Xã 1(c) ¤«, =´�.LeÝk¤ØÓ,

∆Tc,1 Ú ∆Tc,2 ©O� 60 K Ú 120 K.

� � � � � � � � � �� � �� � � �� � � �� � � � � � � � � � � � � � � � � � � � � �� � �� � � �� � � �� � � �� � � �� � � �
� � � � � � � � � � � � � � � � � �� � �� � � �� � � �� � � �� � � �� � � � � � � � � � � � � � � � � � � � � � � � �� � �� � � �� � � �� � � �� � � �� � � �
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� � � � � � � � � � � � � � � � � � �� � �� � � �� � � �� � � �� � � �� � � �
�� � � � �� � � ��� � � � �� � � ��� � � �

� � �� � � �� � � �� � � �� � � � � � �� � �� � �� � � �� � � �� � � �� � � �� � �� � �� � �� � � �� � � �� � � � � �
� �

� �
� �� �

� �� �
� �� �

� � �� � �� � �� � � �� � � �� � � �� � �� � �� � �� � � �� � � �
ã 1 Ni-P Ü73ØÓLeÝev���2�� (a) Ni80.4P19.6; (b) Ni82P18; (c) Ni81P19; (d) Ni80P20; (e) Ni79P21

166401-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 166401

L � ¬ Ü 7 m v � 2 � 1�Ø ¦ � Ó, X
ã 1(d) Ú (e) ¤«. Ù¥ Ni80P20 L�¬Ü7v
��, �²w�3ü��.LeÝ ∆Tc,1 Ú ∆Tc,2.

�LeÝ�u ∆Tc,1 (� 90 K) �, NX3u)1�
g2��ò²{��§Ý�úü$�L§, �e%
��¬§Ý±e�,��§Ý�, âu)1�g2
�. �LeÝ0u ∆Tc,1 Ú ∆Tc,2 (�� 155 K) �
m�, LeLN3v�L§¥�k�g2�, ¿�
2���§Ýð$u�¬§Ý. �XLeÝ�?�
ÚO�, =�L ∆Tc,2 �, v�L§¥2gu)ü
g2�. d�üg2���¹�LeÝ�u ∆Tc,1

��2��¹kwÍØÓ, 1�g2��, NXé
¯Òu)1�g2�, ¿��XLeÝ�Jp, ü
g2���mm�Cá, 1�g2���§Ý²w
pu1�g2���§Ý, ��,$u�¬§Ý.

ù«�¹�æ�¬Ü7LNLe� ∆Tc,2 ±þÚ
�¬Ü7Le� ∆Tc ±þv���2�1��q.

 Ni79P21 L�¬Ü73ØÓLeÝev��, ð
küg2�. 1�g2��þ�²{���m�
e%, �§Ýü$��¬§Ý±e�,�§Ýâu
)1�g2�, � Ni80P20 L�¬Ü73LeÝ�
u ∆Tc,1 �?1v���¹�q. �Bu'�, ò

�¤©Ü7��.LeÝ�uL 1 ¥. �u�¬¤
©Ü7¥� ∆Tc �Ù¦¤©Ü7� ∆Tc,2 Ñ�N
�´�g2��üg2�=C��.LeÝ, ±�
Ú�^ ∆Tc,2 L«.

L 1 dv�2��¼�� Ni-P Ü7��.LeÝ

Ni82P18 Ni81P19 Ni80.4P19.6 Ni80P20 Ni79P21

∆Tc,1/K 70 60 — 90 —

∆Tc,2/K 120 120 117 155 —

3.2 vvv���|||���///¤¤¤

�©¥�Le¢��Á�º���, ¦+3v
�cX��e%�Á�S	§�Ø�, �=S	L
N�LeÝÄ���, �3v�m©�Á�L¡É
����>�el��V�, ��?\�v�ã,

Á�L¡�D9�'SÜ¯, ¦�Ó�Á�¥ØÓ
 ��w�|�o[�3�É. �©3�ãv�|
��LeÝ�Cz�, þÀJÁ��©���»?
�|�?1é'©Û.

ã 2 � Ni80.4P19.6 �¬Ü73ØÓLeÝe
v���1Æw�|�. �â Ni-P ²ï�ã, α-

Ni/β-Ni3P �¬¥ α-Ni ¤Ó�NÈ©ê� 0.22, É

� � � � � � � �
� � � �� �� � � �

� � � � 	 �
� 
 � � � �

ã 2 Ni80.4P19.6 �¬Ü73ØÓLeÝev���7�|� (a) 13 K; (b) 25 K; (c) 117 K; (d) 200 K
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.¡U��^, Ù5K�¬��G�¬, Xã 2(a)

¤«. ² EDS ©Û, �¡|�¥¥:G½�G��
� α-Ni. �LeÝ�� 25 K �, v�|�¥Ø

5K��G�¬	, �Ñy
É~�¬ (ã 2(b)), §
�©O´C²ïv�Ú¯�v���Ô. duLe
Ü7LNv���.¡´Ø½�, v�L§¥ò
?1©{. �u��§Ý3©{kà?�$, �X
lm©{kàål�O�, �N§ÝÅì,p. d
u3$§ev���N¹k�õ�M�, @o�X
§Ý�2�, Ð)��Nò?uL9G�, 7òu
)Ü©L. XJL©êv
�, @oÐ)��
/�Ò�U;�»�, lüz¤É~�¬. �¬
ü�¥, α-Ni �¤Ó�NÈ©ê�, Ü©L»�
�, α-Ni �±�âGþ!©Ùu β-Ni3P �¥. �X
LeÝ�Jp, ¯�v�L§¥ÛÑ���þþ,,

É~�¬¤Ó�NÈ©êÅìO\.

�eÝ�� 117 K �, v�|�/�u)âC,

É~�¬¥Ñy���»��o�{¬�9[�
�âG|� (ã 2(c)). w,, o�{¬´¯�v�L
§¥�Ð)�, ² EDS ©Û,ÃØ´o�{¬�´
[�âG|�þ� α-Ni �MN. �¬ü�)Í)
��, α-Ni ��¤±U��Ð)�ÛÑ, ´Ï�Ù
äk�¯�)�ÄåÆ,  Ni3P ´7ámzÜÔ,

ÙÛÑI�÷vzÆ�'Ú(�þ��¦, )�Ä
åÆ'�´�. Ð) α-Ni �ÛÑ��v�e%
�þÑy1�g2�. α-Ni {¬32�L§¥u)
Ü©L, �duL©êk�, 3É~�¬¥�
Uw��þí"� α-Ni {¬:. �â©z [14, 15],

Ð) α-Ni {¬��)�ÉM�*Ñ��, 3Ù¯
�)��Ï,�73{¬:±����¥, =k�
�����¹kLþ�M� P, �l α-Ni {¬?�
�{��KE,�±X�¬¤©, �?uLeG
�. Ni3P �3Ù¥/Ø, ,� α-Ni/β-Ni3P 3ù

�{��¥±ÍÜ�¬�ª)�, ��Ð) α-Ni

��m�{���LeÝ��, ddº�Ñ�(¬
d9��
1�g2�. du�¬3�g2�L
§¥ÛÑ�LeÝ�®²�u=C�É~�¬|
�¤I��.LeÝ (� 25 K, �cã'u�¬`
kÛÑ���¹), ùÜ©�¬�òuÐ�É~�
¬|�. �XLeÝ�?�ÚJp, É~�¬¥�
þ α-Ni í{�òÅì��, ����´=��
��o� α-Ni �â, ù�Ò3É~�¬¥Ñy


��»É�üaâG|�, Xã 2(d) ¥��Þ A,

B ¤�. w,, o�� A a�â´dÐ)� α-Ni {
¬üz5, [�� B a�â´dÍÜ�¬üz
5. 7L�Ñ�´, �â Ni-P �ã [16] Ú X ��
û�©Û [12], TÜ73��v�L§¥Ø�3�
��C. Ïd, u)�g2�éA�´�¬�ÍÜ
)�, üg2�K´ α-Ni {¬�`kÛÑ±9Ù
���¬ÍÜ)�, ù� Ni-Sn �¬Ü7��¹�
q [17,18].

ã 3� Ni82P18 æ�¬Ü73ØÓLeÝev
���1Æw�|�. Xã 3(a) ¤«, 3LeÝ�
��, Ni82P18 æ�¬Ü7v��ÄkÛÑo��
Ð) α-Ni {¬, du2�§Ý�$, L9LØî
, {¬/���ûÐ. Ù��X§Ý�ü$, α-Ni

�Øä��, �{��¤©��¬¤©�C, ¿3
$u�¬§Ý±e�,�§Ý β-Ni3P �m©/Ø
?1 α-Ni/β-Ni3P �¬ÍÜ)�. duÙ2�§Ý
�Øp, /¤�5K�G�¬L4Ùk�, Ù5
K/��U
'���/��e5. �XLeÝ�
Jp, 1�gÚ1�g2�L§¥���L9L
þC�'�wÍ, Ð)� α-Ni Ú�g2�L§¥
/¤��G�¬þò��ÙÐ©/�, /¤âGÉ
~�¬|�, Xã 3(b) ¤«. �LeÝ�L�.L
eÝ ∆Tc,1 (70 K) �, v�e%�þ=k�g2
�, éA�¯�v�|���âþ![��âGÉ
~�¬, Xã 3(c) ¤«. ëì Ni80.4P19.6 �¬Ü7
�v�A���, ù«É~�¬´dÍÜ�¬üz
5. �LeÝ?�ÚO�, �L�.LeÝ ∆Tc,2

(120 K) �, e%�þ2gÑyüg2�, Ó�/
¤do� A a�âÚ[� B a�â|¤�É~�
¬|� (ã 3(d)), Ù/¤Å���¬Ü73LeÝ
�L 117 K ��|�üzÅ��Ó. Ni81P19 æ�
¬Ü73ØÓLeÝe�v�|�� Ni82P18 æ�
¬Ü7��¹�q, �´|�üz��.LeÝØ
Ó, 3dØ2Kã. Ïd, Ni82P18 Ú Ni81P19 æ�¬
Ü7�XLeÝ�O\, ÙÐ)�²{
 α-Ni {
¬ → 5K�¬ → α-Ni {¬�=CL§.

Ni80P20 Le�¬Ü7�;.v�|�Xã 4

¤«. LeÝ���, ��X1�g2�, v�ÛÑ
�´�^G� Ni3P 7ámzÜÔ (ã 4(a)), �{�
�3e%��¬§Ý±e�,�§Ý�u)�¬
ÍÜ)�, /¤5K�G�¬. �^G Ni3P m�¤
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� � � � � � � �
� � � �� �� � � �

� � � � 	 �
� 
 � � � �

ã 3 Ni82P18 æ�¬Ü73ØÓLeÝev���7�|� (a) 17 K; (b) 60 K; (c) 115 K; (d) 224 K

� � � � � � � �
� � � �� �� � � �

� � � � 	 �
� 
 � � � �

ã 4 Ni80P20 L�¬Ü73ØÓLeÝev���7�|� (a) 15 K; (b) 80 K; (c) 145 K; (d) 174 K
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±/¤Ü©�âG α-Ni, ´Ï�T?í{��þ
��, 3ú�v��ã�¬lÉ)��(J. �X
LeÝ�O�, �g2���2�Ý�O�, ��
Ïm/¤�5K�¬Ü©L, üz�É~�¬|
� (ã 4(b)). �LeÝ?�ÚO�, ?3�.Le
Ý 90 K Ú 155 K �m�, ¯�v�|�¥=k�
8[��âGÉ~�¬, *	Ø�o�� Ni3P

�, Xã 4(c) ¤«. �u3ù�LeÝ«mS, v�
�þ=k�g2�, �±�äd�¯�v�L§
¥u)�´�¬�ÍÜ)�. duL9L, ù

ÍÜ�¬üC�É~�¬|�. �LeÝ�u 155

K �, v���Á�¥Ñy��¬Ü73LeÝ�
L 117 K ��aq�É~�¬|� (ã 4(d)), �
�öd��v�2����q, âd��, d�
�É~�¬|�AT�´dÐ)� α-Ni {¬��
�3{¬mÛÑ�ÍÜ�G�¬u)Ü©L¤
�. Ó�, é' ∆T < ∆Tc,1 Ú ∆ > ∆Tc,2 ��v
�2��, uy�Ð)�´ Ni3P ��, ��I�
²L���m�e%, NXI�ü$��$�§Ý
âUu)�¬ÍÜ)�; �Ð)�´ α-Ni {¬�,

31�g2�(å�ØÈ�¬ÍÜ)�=�u).

ù«�O�U��¬ü��p¨��p¨/Øk

' [19,20].

ã 5� Ni79P21 L�¬Ü73ØÓLeÝev
���1Æw�|�. dv�2����, 3�
©¢�¤U¼��LeÝ��S, Ni79P21 L�¬
Ü7�v�)��ª3p$LeÝe¿vk��
�«O. �u5K�¬��Ð)�`kÛÑ�NX
Ø�3�g2�y�, �±�ä Ni79P21 3��L
eÝe�± Ni3P �Ð)�?1v�, ,�3�g
2��ÛÑ�¬. ¤ØÓ�==´�av�|�¤
ÓNÈ©êÚ|�o[ØÓ®. äNóÒ´3
�LeÝe/¤��^G Ni3P U
��/��e
5 (ã 5(a)), �XLeÝ�O�, Ni3P zÜÔC�
Ø2c�©², ¿�u)
Ü©LÙz, Ùm/
¤�5K�¬�üz¤
É~�¬ (ã 5(b) Ú (c)).

3ép�LeÝe, Ni3P Ä�Ø2äk�²¡��
A�, Ù©{C�Xd�8, ±�u3�Ï��¬
�AÌ�±lÉ�¬��ª?1, α �±ØëY�
^G©Ùu�^G� Ni3P �m (ã 5(d)).

3.3 Ni-P ÜÜÜ777���¬¬¬���)))«««

�âþãØÓ¤© Ni-P Ü73ØÓLeÝe
�v�2��±9�éA�v�w�|�©Û,

� � � � � � � �
� � � �� � � �

� � � � � �
� � � � 	 �
ã 5 Ni79P21 L�¬Ü73ØÓLeÝev���7�|� (a) 25 K; (b) 96 K; (c) 147 K; (d) 218 K
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� � � � � � � � � �� � �� � � �� � � �� � � �� � � � � � 	 
 	 
 � �� � � � � � ��
ã 6 Ni-P Ü7��¬�)«

�±'�O(/(½Ñ�«v��ªu)��.
LeÝ, ddÒU±ÑXã 6 ¤«� Ni-P Ü7�ã
¥L Ni Ü©��¬�)«. 3¤ïÄ�¤©��
S, Ni-P Ü7þ�ÏLLN¯|��ª/¤�¬Ü
7 [3], �ã 6 ��Ù/L², ù
Ü73LeÝ�
L ∆Tc,2 �, òÄku)ü��¬��v�, ù`
²�¬ÍÜ)�¿��©z [21, 22] ¤ó´�¬/

¤�7�^�, Ïd, Ü7�¬/¤Uå�`�I
�lXÜ7$*ÑXê�Ù¦�¡�±�Ä [23].

4 ( Ø

�©ÏLXÚ�	ØÓ¤© Ni-P Ü73ØÓ
LeÝe�v�2��±9v�|�, ��±e
(Ø.

Le Ni-P Ü7LN¯�v�L§¥Äk±�
¬ÍÜ)��ªv��, éA�2��þ=k�
g2�; Ð)��ü� α-Ni �MN½ Ni3P zÜÔ
�, òu)üg2�, Ù¥1�g2�éA�´�
¬�ÍÜ)�. ¯�v�L§¥ÃØ´u)�))
��´lÉ)�, ��ÏÐ)��Ü©LÚÙz
��É~�¬. Ù¥ Ni80.4P19.6 �¬Ü73LeÝ
� 25 K �ÒÑyÉ~�¬, TLeÝ��u©z
¤����.LeÝ 190 K. 3�LeÝe α-Ni ä
k' β-Ni3P ��)�°Äå, �� α-Ni Ú β-Ni3P

`kÛÑ�©.� �L�¬«�.
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Abstract

In order to gain an insight into the primary phase selection and solidification structure formation while undercooled eutectic

alloys solidify, Ni100−xPx (x = 18, 19, 19.6, 20, 21, atomic percent) alloy melts are undercooled to different temperatures below the

equilibrium liquidus. The recalescence behavior associated with rapid solidification is monitored by a high-speed infrared pyrometer,

and the solidification structure is analyzed systematically. When α-Ni/Ni3P regular eutectic forms as the primary phase during rapid

solidification, single recalescence event takes place. In the resulting anomalous eutectic, fine granular grains of α-Ni are distributed

uniformly in the Ni3P matrix. When the primary phase is one of the eutectic phases, however, there is a second recalescence event

following the first one, resulting from nucleation of the other phase in the remaining liquid and the subsequent rapid eutectic growth. In

this case, there are two types of granular grains whose sizes are significantly different from those in the anomalous eutectics. Finally, a

coupled growth zone of eutectics is determined. At large undercoolings, α-Ni rather than Ni3P solidifies as the primary phase even in

the Ni-P hyper-eutectic alloys due to its rapider growth kinetics.
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