
� 49�    � 12�                                  ��������	                                Vol.49, No.12 

2020�      12�                       RARE METAL MATERIALS AND ENGINEERING                    December 2020 

 

�����2019-12-25 

���	����	
��
�2017YFB0702400�����������51871203, 11605164� 


��
�������1995��������� !"#
$%&'
$(�)* +, 621908�E-mail: pengtaochai@163.com 

 

��������	
�� 316L 
�� 

������� 

 

�����  ����	��
���
����������������� 

(�� !"#
$% &'
$(�)* +, 621908) 

 

�  ��-./0123 316L45678!�9:4;<=7>?@A�
$B>?<=CDEFGHIJHKLM

NFOPQRSDE�TUV7WXY
$Z[�./01238!� 316L456DE��\]KL^_�T�FO

`a7bcDYde>?fgh[100]i]^_�T7`aj�bcDkl�m�n1DE7op�hbcD^_�T

i]qr7>?@AsaBDEthTui]7v3w]x�yzB{|}~��Yde>?���e�0���7

C����h23i]7����������T7bcD�������FbcD�;�yz:�KL�����

bcD��RSDEt����D� ¡¢£�¤¥¦§DEIJ¨©§�D ¡7n1Y  

����>?@A�./0123�316L456�©§MN 

�������TG142.71        ������A        �����1002-185X(2020)12-4177-08 

 

��������	 3D 
�����
���

����������������� 

[1]

�!"#

$%&'()*+,-./01�234567��

89:2345��;<=>����) 2 (��?

@$%&AB)CD/316LEFG;<H.IJKE

FG��
�L)MNOP�QRSO,TUOP

[2,3]

�

VAB-.WXYZ[/!"#�\] 316L EFG

)9:2345��

[2,4-8]

,234567��^$&

AB)CD/_`W9:2345���23456

7��abc(defg)hi!j�k

[9]

�lRm

Z[
nLo)-.pq/rpst234567

316LEFG)uvwxy%�kRz{m

[10-13]

�|}

~�

[14-17]

�MNOP

[10,15,17]

�?�/ 

l234567{m1����w�k��;<

���l4��k��Y�@)��/���4��

��c=�*��@��������$�����

H�(����c=) β �

[18,19]

�¡�c= �

[20,21]

,¢�c= �

[4,22]

��£¤����)�@ �¥

¦§¨©%ª«|¬­®¯¬°±/²
uv³´�

234567 316L EFG)��~�µ�< γ IJ

K�¶����)�( ·�~�

[10,14]

� ·��¸

¹�º»(¼l 6.5~17 µm

[16]

�½�¾¿À*� ·

�@�Á�)ÂÃ

[14,16]

/tWk���Äl�Å{m

1E*�_ÃÆ5)c=#Ç��Èc=

[23]

,�R;

Éuv) 316L EFG��( �Ê�c=Ë²ÌÍ

)Æ¦8X@ÎO)MNOP/Ï�tWk���ÄP

*�_Ã) TC4c=

[18,24]

�ÐJKG

[25,26]

���#Ç�

�() ·��ÑÒÓÔ��Ë²X@ÎO)OP/�

Õl234567{m1
Ö ·���¨y×5�

���<&�Y����Z[ØÙÚÛÜ)ÝÞ/ 

ßà��{m1×5��)?áâÚãä5N 

×5á��åá,æMN×5á

[27]

/5N×5áçè

lc=1éQÎêkëì

[28]

íîkëï#×5��ð

�åáçèlc=ñD,��{m1ò{å�ß�ó

g

[29]

#í¥4K){�¦,këïôõ^$×5)

ö���ðæMN×5áçèlc=��{m1�ò

{÷ø

[30]

�ùúûæ

[31]

�üýþ

[32]

�����)?á

�¹�����Ã��këóg#�²��×5/ù

úûæwV�	-.Wßà4
{m���
&Lo

)×5����

[33,34]

/Todaro

[35]

��Êùúûæ-.

W Ti-6Al-4V )234567{m1��$�c=1

) β  ·�$%��×5���Æ¦,��Æ¦í¥

& 12%/��

[36]

��ÑÊùúûæ-.W¡�¥�c

=)234567{m1�*²�QùúûæÄ��

kg)³���¦,��-M$%&�����|}

~�$¨×5���Æ¦,��Æ¦�
í¥/Cong

[37]



ª4178ª                                          «��¬&'¨ !                                           � 49� 

��ò{Êùúûæ-.W 630 EFG)23456

7{m1�*²�Qùúûæ§¨�	� !")#

$,|%&�'��×5��/ 

�uvò{l 316L EFG)234567{m

1(cE)	ï)ùúûæ�uv&ùú	ït 316L

EFG)*}��k+yde),-./�'t��

{m1)������01&23)�KN�4/ 

��������

��5É.��<�6789:��) 316L E

FG;<k=>=>�=>?��¦< 110 µm@AB

1C/Ê=>lDEFG 80 �HIJ 2 hÄK3234

567Là)M=N1��k{m1¨OP<Q=P

Ê=>M34�/ 

234567Là¶23R�< 1070 nm)ST

3U23V�WÁXYæZå?[�\OPK]^L

à�)ÁM=K_ 4 ��~�/`.�B 2 É�)K

_l234567{m1(cùúûæ/abÊùú

Rûæc��ld�Â[e�fÄÊ
g3h) 10 

mm i) 2Cr13 ��j.kl,m�8ùúûæcn

�op/l�k{m1)qræùúR*sV�ò{

ùúRtPVÊùúP°Ât<��ûæP�uò{

ûæcßv%R;���4�¨y�k�ge/`. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

­ 1  316L456®¯7F°¨E�±² 

Fig.1  Morphology (a) and particle size distribution (b) of 316L 

steel powders 
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Fig.2  Schematic diagram of ultrasonic vibration-assisted system 
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­ 3  ¸¹º»¶·­ 

Fig.3  Schematic diagram of single walled sample 
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Fig.4  Grain morphologies in the cross section perpendicular to the 

scanning direction of samples prepared with different ultraso- 

nic powers: (a) 0 W, (b) 600 W, (c) 1000 W, and (d) 1400 W; 

(e) schematic diagram of the growing directions of columnar 

grains and heat flux directions of thin walled samples 

�W TD }¢ª�¥nùú	ï)�Q���k�ô

 ·�@;�Á�ÂÃ�01� ·�,;�Á�)

�Á?@��8 DD?1/ 

²
uv³´� ·�)��ç¶Wl�@��

ógH*�����ÉÓÔ)�½ ·�)��?@

8��?@_¼

[23,38]

/l!"�kö����;<�

����?@âÚ¶����âÓ���?@��W

��³�ð¥n67¥¦)�Q���/w�k��)

�°½¾¿7��$@HßÓ)�¦À¦�¼�õ�

�!")ª§@�\PKFG��@Á0ç��ÂÃ³

�?1W TD)��ÒaQÄ���B 4eÉ�C���

?@Ê¶��/w�k��¨y!"³�Å)Ü�/¥

n67¥¦)�Q���)?@ô��W��³��Ã

<8��³�Ë��)²¦�Æ²¦¶����¨y?

1W TD)!"³���Å)Ü�/tWÇ�k·)!

"#Ç�̈ !"��1Á�<1È�0ÂÃ��ÊË²

§¨kt	�£/���¥n!"¥¦)�Q� ·�

Êô��W��?@��ÂÃ<¨!"��1Á�<

t	Á@ÂÃË²§¨k��/ 

l234567{m14����KlÉM�³

�ÊM�23ËÌ�]^P�,=>�)Å);.H

EÖt�Íæ�(cùúþÄ�ùú��)ú�÷ø

Ê0�qQÆ4��4Kt�

[39]

�4�@��)�ß

Ó�ïÊaÆ��$��l�Îªº��¦î¥ah/

st_))!"67¥¦�¶W�ßÓ�ï)�Æ�

(cùúþÄ��)�¦Êa¥�¶�ÓÔ@HßÓ

)�¦À¦Ã¼�õ!"³�ß�),-m¦�Q/

���(cùúÄ8����) ·�Êah±ÂÃ<

¨!"��1Á�<t	Á)§¨k ·�/)ª�¶

W@ TD)��,-a���§¨k ·�)��?@

Ñ8��W��?@@DDCÏÐaÑ/Ò&��óg

)�Ã�ùútW4���Ó�k�),-§PÑçÓ

Ô§¨k ·���Ã5)�ÔÕ�/ 

2.1.2  ���� 

�B 4,B 5É��Ò& ·�)��k�� ·

�)deÑÖùú	ï),-/©ùú	ï< 0 W ª�

!" ·�?�¥¦< 1.4 mm�×¥§© 10 mmð 

·�)?�Ø¦< 310 µm/(c 600�1000, 1400 W

)ùúûæÄ� ·�?�¥¦��¦Í< 557�548

, 495 µmð?�Ø¦��¦Í® 181�190, 212 µm/ 

t����)Ù×~�01×Ô}¢@�B 6 É

�C�*² ·���¶?1ÚÛ) ·¹�Û~�/̀

.��áÜ°?� ·¹�ÛØ¦�*²(cE)	ï

)ùúÄ� ·¹�ÛØ¦ô 9.5 µm ¦Í® 5.9@600 W

ùúC�6.1@1000 WùúC, 6.3 µm@1400 WùúC/ 

a 

3 mm 

Symmetry axis 

Growth direction of columnar grains 

Heat radiation through surface 

H
e
a
t
 
r
a
d

i
a
t
i
o

n
 

t
h

r
o

u
g

h
 
s
u

b
s
t
r
a
t
e
 

γ 

TD 

Deposition direction 

Equiaxed grains 

Columnar grains 

7.3 mm 

4.3 mm 

3.5 mm 

1.5 mm 

DD 

b 

c 

d 

e 



ª4180ª                                          «��¬&'¨ !                                           � 49� 

 

 

 

 

 

 

 

 

­ 5  4;>?<=º»7ÃÄDEF° 

Fig.5  Three-dimensional grain morphologies of samples prepared with different ultrasonic powers: 

(a) 0 W, (b) 600 W, (c) 1000 W, and (d) 1400 W 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

­ 6  4;>?<=º»-Å;z�ÆDEt�7bc�D� 

Fig.6  Columnar dendritic colonies in columnar grains at the same height of samples prepared with different ultrasonic powers: 

(a) 0 W, (b) 600 W, (c) 1000 W, and (d) 1400 W 
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­ 7  bcD��RS�D� ¡¨>?<=7Ç´ 

Fig.7  Effects of ultrasonic power on the widths of columnar 

grains and the spacing of columnar dendrites 
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­ 8  4;>?<=º»-��� TDÈÉÊ7 IPF­ËÌPÍwDEhTui]ËÎui]7v3w]x±²­ 

Fig.8  IPF maps with direction perpendicular to the TD (a~d) and accumulative misorientations along the long axis (e~h) and short axis (i~l) 

within randomly chosen grains of samples prepared with different ultrasonic powers: (a, e, i) 0 W, (b, f, j) 600 W,  (c, g, k) 1000 W, 

and (d, h, l) 1400 W 
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Table 1  θ

min

 values (°) of grains in samples prepared with 

different ultrasonic powers 

0 W  600 W  1000 W  1400 W 

18, 30, 16, 16, 

8, 5 

 

36, 29, 40, 25, 

10, 20, 19, 10, 

10, 19, 17, 39, 

41, 27, 22, 44,

41, 18, 23, 5, 

25, 27, 39, 32, 

35, 23, 18, 34, 

17, 26, 38, 26 

 

25, 15, 11, 46, 

9, 36, 31, 5, 

24, 26, 31, 43, 

41, 46, 36, 28, 

24, 42, 36, 15, 

28, 37, 34, 8, 

17, 13, 38, 42, 

41, 36, 14, 17, 

11, 40, 40, 18 

 

8, 29, 19, 53, 

49, 19, 26, 15, 

25, 27, 32, 36, 

27, 17, 14, 6, 

28, 7, 27, 35, 

46, 41, 51, 34, 

46, 46, 5, 43, 

23, 24, 36, 28, 

34, 42, 45, 33, 

8, 29 
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Microstructural Evolution of 316L Stainless Steel Prepared by Ultrasonic 

Vibration Assisted Laser Melting Deposition Technique 

 

Chai Pengtao, Liu Xue, Li Jinfeng, Liu Zhenghao, Yang Xiaoshan, Zhou Yuzhao, 

Wang Xiaoying, Dong Xianfeng, Le Guomin 

(Institute of Materials, China Academy of Engineering Physics, Mianyang 621908, China) 

 

Abstract: Ultrasonic vibration with different ultrasonic powers of 0, 600, 1000 and 1400 W was applied during laser melting deposition of 

316L stainless steel. The effects of ultrasonic power on the grain morphologies and sizes, the microstructure formation mechanism and 

grain growth characteristics of 316L stainless steel were studied. The results show that the application of ultrasonic vibration can break 

large sized columnar grains of the directional epitaxial growth, resulting in a refinement of microstructure, and increase the accumulative 

misorientations and dislocation densities along the long axis of grains. By promoting the convections in the melt pool, and reducing the 

temperature gradient along the deposition direction, the application of ultrasonic vibration accelerates the transitions of growth directions 

for columnar grains. The application of ultrasonic vibration also helps to increase the cooling rate during solidification, resulting in 

refinements of both columnar grains and the interior columnar dendrites.  

Key words: ultrasonic vibration; laser melting deposition; 316L stainless steel; microstructure 
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