
� 47�    � 12�                                  ��������	                                Vol.47, No.12 

2018�      12�                       RARE METAL MATERIALS AND ENGINEERING                    December 2018 

�

�����2017-12-20 

���	����	
��
�51604228�����
����������2016KTZDCY-02-01� 


��
���� ! 1987�" ��# �$%&
'()*
'+,-.��/0123 �� �4 710016 567029-86231095 

E-mail: zhaosy1987@163.com 

 

3D ��� TC4 �����	
 

��
� CT ���� 

 

���������  	�
���
  ���  �������  � 

(�$%&
'()* 
'+,-.��/0123 �� �4 710016) 

 

�  ��89:;<�=>?@A TC4B
CD 89 SEMEFGHI CTJK-LM/NOPQRSTUVWXCY

Z[\FX]^ TC4B
CD_`abc^,defgh_ij12kl_m >?^ TC4B
CDnoCDX]p

q CY_`rst\u^vwxyz{|}~��_` CYbc^,��|p� �,����n�pqjr�

;<���w��@<��^�U[�g�{^\FO����h���E�Y�E�@AE��COUVCDWX

^"��FGHI CTJK-LM/N_m CDbc^,��a,���noCDX�^ ¡¢ ¡j  

����:;<�TC4B
CD�£¤k¥�FGHI CTJK 

�������TF122        ¦§¨©ª7A        �����1002-185X(2018)12-3853-07 

 

������� 3D �	
��
������

���
������������ !"#$%&

'()*+�, 3D�	��-.�/012

[1]

��3

4*56789:;!:<!=>!?@!AB�C

DE8FGH'IJ

[2-10]

KLM�,NOP��4#�

QRS 3D �	34��?�T�
�������

��?UVWXYZ[,-.K 

\]'^

[2]

T_`ab Ti-6Al-4V �����c

�WXUd�e9_`fg9�h�_`ab�h�

�ijk�lmkn'opqristuv�wxy

z{�34|}�~����34��?K�%lm

�jk�������?�[����������

�������b

[11,12]

K���'^

[13]

T��� 3D

�	�SEBM����
qri��
���3�W

X���SEBM �
qri�; �i$��`H�

f�¡¢�wxk�
£¤i¥¦
�`l�§¨`

l©.ª«k¬­|}�+n'op®¯°±²³u

v�´x~�3¤�#%K�§�1µ����?k

¶·r�¸~�¹º·N� 3D�	34����?K

e§»¼�WX1µ���?�T(b 3D �	��

½¾³�RS 3D �	34�#%x¿ÀÁ-�KÂ

Ã�ÄÅÆ|ÇT�
������WX©.Èi9

���3Éqr�½¾!­ÊTYËÌÍ�"#$%

�~�!���
Î�ÏÌ�''KÏT7�ÐÑU

VÒÓÔ©.ÕÖ×Ø��YËÙ�SEM�!ÚÛYË

Ù�OM�!ÜnªÝ�DSC�!XÞßàÞ�XRD�³

�áÞ��YËÙ�TEM�'��i OM!SEMÃ8

�UV��Uâ�|}
Î�YËÌÍ�©.ãtK

ÂÃ�ä.åæ�Ã�ç 2 èÒÓéê�¶·�ëì

��íî?UV��Uâ¹ïðãñòóâ�YË


Î�ÌÍ�f?ôãñõªÝ���öH�?K÷x�

øqLùúÞ XÞßûÏ�»³T��ü4YË
Î

�ÌÍ´ýþ�ªÝ���øq�¤´ý��-��

1���öH���wx	
¸�²�K§Ç�ÆÇ

*+
8LùúÞ XÞßûÏ�WXN�
�/��

�����Ë�ÌÍ

[14]

�Q���N�
���ÌÍ

���ª«�çTWX3�qri������qr

�|k�¯Lüê�-.��K 

�§��WXRæ
8LùúÞ XÞßûÏ��

ôãñõªÝ�
������lm���QªÝN

��­ÊTlm��!lm��~��LM�ªÝN

�� ­�H³�fL­Ê���Uâ�óâ���

ç�T(b°!�3�½¾ê�" �å�ÀÁK 

��������

�#$³ TC4%&,12�'8()*+,`a

b3�-É+q./;!()*+,01!_`ab

'½¾ù2�33Éæ�
 TC4����K�3É�



«3854«                                           ¬%
'-.���                                          � 47� 

TC4��4´|Ê, 1 mm�56789i�:�;

9i<G�fY~=(>G{56789|�8��

·�� ­�ñ?KøqLùúÞûÏ�ª�@A×

Ø�BZCâªD�, 0.65 µm�E�FG�:
8

�¤+q��-����1��/#�|}
Î�H

Ü, 0.01%K 

'8I�JªtT3É���´ý­�ªKL'

8 JSM-6700 ×Ø��YËÙ�SEM���fL­Ê

���Uâ�óâYË
ÎL'8¸MÚ@ BL13W1

ßN� XÞßLùúÞûÏ�T3É���´ý@A

ûÏL'8 VG Studio MAX 2.2�¤TûA´ý��

-�®¯K 

������	
�

���������	
�

`Hab3É�h��qri�
8ab`H�

OPQR890S���T`H��?UV,0H�

Uâ?�0S��kUâ?�W�X���)Y
�

�� ­KDombrowski'^

[15]

øqZ[#$RæN�

�\]Z^��h��_`���a�xaÃbfc

·��de!���fg��°�hfg\]�ig�

��\]���K�h���)Y���qrjk/

���h���¯�See� Johnson k Niciporenko�

Naida �WX/0l¸

[16]

�m¸nopnqäMr�

Z�Ns���Mr t

sol

 [17]

t 

1 g

1

sol p

c m g m g

ln

6

T T

d H

t c

h T T T T

ρ

 

 

−

∆

= +

 

 

 

− −

 

 

 

          �1� 

ui�d,��vÊ�ρ

1

,��w��h

c

,ynxy�

c

p

,�H�h�zn�T

1

!T

g

!T

m

ª{,�H�qn

|�!`H|���H�h0)�∆H ,}~K~


����{�
qäMrÃº·��
g�¶ð-.

�y��°�Niciporenko� Naida�Zæ��qä�

�bMr t

sph

[16]

t 

2

4 4

1

sph

π3

( )

4

t R r

V

µ

σ

= ⋅ ⋅ −

                    �2� 

ui�V,���H�Lµ

1

,�����σ,Uâ�Q�

R!rª{,���bl°�lÅ�hÊK����k

Uâ�Q�CR8lÅ���í t

sol

�t

sph

����,�


��Ô����f�Ô
g�í t

sol

�t

sph

�K,NU

V��
g��Ôr��Kuhn+q�%#$�¯�W

X�´¶ù��N��
g�3ãr

[18]

t 

L/D=1+(L

o

/D

o

–1)exp

1

2

c

t

t m

σ

 

 

− ⋅

  

 

 

            �3� 

ui�t,s��Mr�m,�� ­�#%�t

c

,�

hw0b|�)Y{0)�Mr�L/D ,�����

vÊz�í
gxy��L

o

/D

o

,ß� ­���
g

xyK�ui t'9ui� t

sol

�wx��æ����

�
gxy L/D�
gxyÃ¶ð-.�UV��


g��yK 

ab3�qri�0S�h�����!`�!

)Y��'�-���~�����\]ãu±�f

ÏL��x��C¶�
g����� ­��Õ�

u!�Cu!��
!� �'KF 1 ,_`ab3

É�
g�� TC4 �����Uâ
ÎKeF 1a »

¼��g��ÇÕ�¶��h¡a����H¸�¢

£¬ÌÍ¤¥»¼KçèÕ�u��Ãabqri¦

Sp_`P]�0S�h§���¨�Z��b�k

© QR8X¦ª�*+«¬�����¸
���

wx���g��ÇÕ�¶��h¡a�
�öHÕ

�¹¬}ªÕ�KÇâ��hae9��M)Y��


�¢£¬�f�Ýæ���q³k×Ø�ÙX²³

���¢£¬
ÎK��k*����H¸­®�r

�����#%�© Q�§�¯KeF 1b »¼�2

ð��H°±k¶²
��Cg��H¸»³³�¤

¥�6;gÌÍKçÃ�,kabqri��´µ�

y�We��~��¶è���\]ãuh9`abq

ri��°Hu\]i�¶è

[19-22]

�·���¨¦´

¶ùP]Å�¸*+®µ���wx
��CgK�

��H�§�)Y��
�1���H¸�6;gÌ

Í¹·,;gº»HÏ

[23]

Kï���������

g�eF 1cq¼�çè��g��Ãabqri½¨

����h0���`��O¾R8�90��Uâ

�Q�Uâ�Q
�¿�H�ÀÁÂÃ�½¨�bÅ

¸���í t

sol

�t

sph

�wx
���g�H�LM��

��Êz L/D �9 1KÄÇ�� ­��ÅÆ��§

 ­���¼F 1d��çè� �Ãabqri 2 ð

�Hk¨Çô���gÈXk�"�`�iÏÉÊË

±Ì��wx�«k¶²q
��K0�k��qr

i��ý���ÍÎ��-Q�`�O¾�Ï-R

8�ÐÑ�*+���§�� ­�CÊË�
��

«¹Ò±�Ó

[24-30]

K 

ç�
g�����y%ÔÕ�ÂÃdÖ�jk

×-Ø&N���Ù4w������QÚk 3D �

	�
qriÑ�C0�fÛ��ÓK,NÂÕ��

3Éqri
g�����R¬Ü,RS�h0��

qn�!Ým0�Uâ�Q!Ø&0S�����!

Ýmab`HpQ!Â§abÞ©'ßà³áT��

6b��, ­6§��kâMr|?ã)Y��Å 



� 12�                         �����3D�	
 TC4��
�������� CT����                     �3855� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 1  ��� TC4��
� !"#$ 

Fig.1  Morphologies of abnormal gas atomized TC4 powders: (a) wrapped, (b) twins, (c) ellipsoids, and (d) satellite powders 
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Fig.2  Surface micrographs of powders with different particle sizes: (a, b) 170 µm, (c) 85 µm, and (d) 38 µm 
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Fig.3  Microstructure characteristics of particles with different particle sizes: (a, d) 5250 µm, (b, e) 74~150 µm, and (c, f) 647 µm 
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Fig.4  CT scan and three-dimensional reconstructed topography of powders with different particle sizes: 

(a) 200 µm, (b) 210 µm, (c) 95 µm, and (d) 40 µm 
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Table 1  Porosities of TC4 powders as a function of particle size based on the three-dimensional reconstructed data 

Particle size/µm 228.2=11.8 171.7=7.6 99.7=5.5 44.3=6.0 

Porosity/% 2.5=0.3 0.6=0.1 0.4=0.1 0.1=0.1 
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Preparation of TC4 Powder for 3D Printing and 

Characterization of Synchrotron Radiation CT 

 

Zhao Shaoyang, Tang Huiping, Chen Gang, Yin Jing’ou, Wang Jian, Ge Yuan, Li Zengfeng, Tan Ping 

(State Key Laboratory of Porous Metal Materials, Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China) 

 

Abstract: The spherical TC4 alloy powders were prepared by gas atomization. The surface and internal pore defects of TC4 alloy powders 

with different particle sizes were characterized by SEM, synchrotron radiation CT scanning and three-dimensional reconstruction. The 

experimental results show that the surface of the powder gradually changes from the condensed shrinkage trace to smooth surface with the 

decrease of particle size. The number and size of pores in powders also gradually decrease with the decrease of particle size. The formation 

of anomalous powders with the morphologies of wrapping, conjoined, ellipsoid and satellite is resulted from the difference of coagulation 

and spheroidization time and the different flight trajectories during the atomization process. The results of three-dimensional reconstruction 

by synchrotron radiation CT scanning show that the porosity and pore size of the powder increase with the increase of particle size.  
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