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ABSTRACT All the parameters that may affect void closure behavior are judged using finite element
method (FEM). The simulation results show that temperature, strain rate, friction coefficient, sample
size and void size do not affect the void closure behavior. Height–diameter ratio of the sample and
void position will affect the strain around the void and the void will be easier to close when the strain
around it are higher. Of all the parameters, void shape is the most important one. Height–diameter
ratio of the void is defined to describe the effect of void shape. The simulation results show that the
larger height–diameter ratio of the void, the harder it is for the void to close. Based on these results
and the sectioning results of a 100 t ingot, a new forging method, wide–anvil radial forging (WRF)
is proposed. WRF method can concentrate the strain on the center of the ingot; meet the optimum
height–diameter ratio condition of the void closure and heal shrinkage cavities effectively. Experiments
on continuous casting billets prove the effectiveness and applicability of this method.
KEY WORDS void closure, height–diameter ratio of void, wide–anvil radial forging (WRF) methodw>#-3Wwe���b�;-, fM*H�3zÆjLe!Rh,/L[�Wb(H. [i�eL��HW,/, H����D7�h3M*�WBh^oGbSj�Ow>#-, ���l|�q�j"l�w>#F�Xb�h�w&��WI�tw{Z�.
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w>F�3M�w>#-��b. �
DC�QX9^, w>F�F;5i"2	�J ^m�>R�im�m�>�' [1]. tj=`6�|mRh Jq-���� 100 t q�l�F�, ,#fR;q'N��
1700 mm, q�� 20 mm �Z)^m�>Rx, �z 1a- [2]. 75�'�q'SW℄�����
LD, B�M_#*RrCp.f�4�w, *S#-zO�f�5wJ*VÆ�4. =[7L�mj24Gbtjmd��a�Rrp(q^m>R, �j24Gb}d^,H4�R;R'#*Rr�p}a, p��F;J1�OÆib
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C 1 100 t p�bk�E�E:�&�&�<_2Y [2]

Fig.1 Sectioning results of a 100 t ingot for nuclear low pressure rotor[2]

(a) the demoulded ingot

(b) the macro examination on the cross section

(c) shrinkage cavity on the axle of ingot

(d) typical micro void and crack in the area of shrinkage cavity�w>#-. �RyWVR}jF�.m�>�'��wjW�m 2L7$: m� ws w?4�nw [2−5].  w3Em�'#*jWR5%&�, vT'#��*4���6�nw3E w?4'j�Æ��6R�p��Æ$$�q-�tju��%;I�2+'#D;w. '#*jWR, F�R;;6tMÆ�3H1�3wR|�, 73M��
 w?4�nw. 'Fr��HÆu�n�VR [6] *8, ' 1100 �,?4R�� 30 MPa q-�, �Æ 1 min �i'#6?4�D;w, 7Vq-'w>F�#*jWR3M�tu�, eT3N, FbF�F;�m�HU\6 w, }L�nw.n�'#. zl, �Ry[b;'m� wGB�xVR.;'F�F;m��'� w�m, 20 0� 70—90Ny, �t�MFa�S�fP���e IBF, eFs�wP��k0w���W>7P���K�a�d�WP��fVT�wVP5'm�� w_�^/��xVR, �S�VRSg��E}�|$w>#-R;R'Rr^, [7−15]. HNx, �[Wwe�Ow>��ON:uYdsOH��D�,/x1, GbY+;-���X�PH�Wy<9sYSn�, 7'���J1�W�l`�P�j�bw, ���j5#*RrCp(q|m��Dq-. �l, �
5%G8���%F:$soW,/�ID;K�D, 9jyfV��'m�Ry��b�, 'm�� wB�^/�℄0VR. �sh� [7,8] tj'\s�(�;K, ?'m�� w�

m�Y��vw|&S)DY�, 1tj'|&�VRl`�F��NR|B��v�:q�. �0+� [2] 'm� wjWGB�;K, ,#Æ>�m� wjW6� 3L7$, � wW (2�,"�%m(2. Lee � [16]tj X �)%F��F�Rm���gs67tr, .�(�;Ks'\GB'�}l`m� w��?V;|&|w
 0.6. Kakimoto � [17] VR�}ojWRR� m��gsm��L�Y�, 1l`'�NjWR, |m� w\V�I Q w
 0.21 $m�AHU w.

Banaszek s Stefanik[18] VR�:�sR�W��Æ��CI'�' w�~,, �
ll`�v��#*Rr.

Zhang � [19] �
�P6�sID�Yl`�m�nÆY�;>, ����m��CD�|�|&gesÆ�~,�w#-F;m� wR�h+.wF��#*jW�t}os�N 2LRK, tM)�}�plH#-R;;6OÆ. l`� WHF .
(q:nR.)�FM . (R;1v|�.) s JTS . (�g#*.) �#*2.plH#-R;;6|&, �4#wF��R;^m�>R [20,21]. 752.nSS|�
'� J,  ℄	lH�w>#-�OÆ. ;'75#*2., fV��eGB�wÆ�;Ks'\p��v��#*RrCI. Chun� [22] ':q��t:Æ�:�p�R� ��GB��x�VR1l`���Rr. Dudras Im[23] tj+��(�;K'�� V �:s[:�R;R'4g, l` V �:ip��Pw�R;;6|&,{aGR�3w. Kim � [24] ;K� 520 t F��}o
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 48 Zs�NjW, 'F�HO��t:2+�R�Æ�GB�VR, l`�v�Rr2�|�
 JR.�Ry)� DEFORM �-'mm7`�}ojWGB�;K, �x	VR�NLzU'#*jWRm� wtr�~,, 4-�fRv�Wb�zU. �
7j;gl`��9�#*2., gx2.*�, l2.ipP�4	�wF�R;�^m�>R�'. l2.'zt
Dy, p�G,"��y�sDyS�, ��S�
xwF�#*�(h2..

1 *ÆO9G�!�ZJX>
1.1 ,��#���\I^3Q℄36�~B��Xb��� 6Cr2MnMoV, f�PS6 (OÆ6I, %) �: C 0.69, Cr 1.56, Mn 1.12, Mo 0.52,

V 0.01, Si 0.35, Ni 0.04, P 0.01, Fe �Æ, FÆ�
6Cr2MnMoV ���DCIsHÆ|�|&{), 1.��CI|�';KjWR.�VRB� DEFORM–2D �-'mm�7`�}ojWGB;K. 7`[s�CO 300 mm×400 mm, 7`HO��� 1.33('7`HO�'m� w~,�VRR, 7`H��Gb|D). �'�
7`R;;�, �3Gb��5u[s�5u}��v�	{v�m�. ��Ph�	;Km��&�trsm�Y��|��|&&�tr, 'm�Y�z�GBV;��, =L;>�m�
20000 Lz�.';KjWRa��7`;XA$�g�. 7`^*Æ�� 1200 �, ;X^*Æ�� 20 �, 7`;XA$��0��I� 11000 W/(m2

·K). �;Xp
10 mm/s �{�W �R, 7`�|&W ��
0.025 s−1. ���x	VRNVzU'm� w�~,,.iH~,m� w�zU6�}'zUsF'zU. }'zU3Em����Y�zU, �t&�Æ��|&W �==�I�7`HO�s7`[s. F'zU3Em���*Y�zU, �tm��L�m�[ssm��g. fRm�[ss7`[s'm� w�~,3HP�4�, 'fbzU*u�q-�, |m�07`�nÆ6Ij�$, m�� wjWe��jJ, zl, '�RyR5VR7`[s'm� w�~,, *EVRm�[s�~,. 'VR>jzU'm� w�~,$, E�&7jzU, fbzU℄�Y5&.

1.2 D_Y?�,��#�[K�$ [2, 6] VR�&�Æ�s|&W 'm� w�~,, ;g*8, &�Æ�s|&W 'm�� wjW�j�~,, {'�? wR� ��,�~,. fR�? wR� 3Em�~� w$aG�R� . �? wR�  w, m� C w. zl, �Ry[b'==�Is7`HO�7 2 LzUGBVR.

'7`[s�CO 300 mm×400 mm, m�CO� 10 mm �q-�, tj�&==�I, ;K��'5u==�I�m��? wR� , �z 2 a-. i), ==�I'm�� w�~,�~,. 'p��VR [6,25] R, �
�!�;X7`A$�g�, a'
�==�I w, m���? wR�  2, m� �t w. 73�
[i==�I�,w, 7`R;�W� 8 , |&�R
7`R;z�, )m�P"�t w.�Ry'a��g��tr�, 7`;X64<Hg�3o, 'R� � 25% $, 7`��*4;X6��LÆ��/�� 550 �w�, �S�Æ�x��*4�}z, *4�}z�q')7`*45t&�, *|
*4;S�jL�g. �
7`;XA$�==�3y�
7`*4�, �g�q'.==��~,7`F;K\^, )7`F;�|&675[==�I�&�*�&,n*1a�==�I'm��? wR� �~,. '8'�F�#*jWR, F�;XA$�g�3*Tq'�, zl, ip
�==�I'#*jWRm���? wR� ,�~,. 7'
F��}os�NjW34��, {'
;${4�-�;#, +!Ha�==�I�~,.pCO� 300 mm, m�CO� 10 mm �7`��b, tj�&7`H�x�&7`�HO�. ;K���m��? wR� , �z 3 a-. i), 7`HO� w, m� C w. '}ojWR, �z 4 a-, |&��R
7`�R;z��S|&�Rz, *'7`;X64<H��S&�Oz. [i7`HO��,w, &�Oz�nÆ��5&, *|&�Rz��nÆ&w, 7T)|&6�
Pw�nÆF, Cp�R
7`�R;. '*u�R� �, 7`HO� w, R;z��|& 2, �
7`R;�m� Cp w. ''��}ojWR, j�7`�HO�|2
 2, 8+�t'}ojWRJ KW�, '7`R;z��J v|�, �iH}J�S�� [26].
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Friction coefficientC 2 <<�H&�>�vQ���}+
Fig.2 Effect of friction coefficient on critical height reduc-

tion ratio




 10 b I ,� : !(hUPD�D9k�<�%�u^�TP 1197�
1.3 5_Y?�,��#�[K�z 4 a-, '#*jWR7`F;�|&6735℄#�, 7`R;;6�|&vw, Y~R; �|& 2, 7C6~,�5u�Le�m� wtr. �
|&�R, �
R;z��m�v�t w, Y~R; ��m� C w, m���L'f w�CtW��xw�~,. '
z 1 a-F�R;�^m�>R�', �
�'�
F��Z)�, '#*jWRe
|&�Rz�, 7��
F�R;�^m�>R�''#*jWR��w. 'F�ReiHq'im�fb�m�>�', 75�'iHY~F�R;3�, 7TGb3w�R�ÆAH)75m�>�' w.p[s�CO 300 mm×400 mm �7`��b, �&7`R;m��CO, tj;K��m���? wR� , �z 5a-. i), 'm�nÆ07`nÆ32�tr�, m��[s'
m�� w,�~,. '
5u[s�m�, f wjWsY�|&67�~~�*u. 73�
'm�nÆ�2
7`nÆ�ml�, 5$m�w2�t&�, ℄5�~,�m�Y��|&L, zl'm
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Billet height-diameter ratioC 3 6_GN�&�>�vQ���}+
Fig.3 Effect of height–diameter ratio of the sample on crit-

ical height reduction ratio

C 4 & 25% Q���6_GN�� 4/3 r 2 #�{%K56
Fig.4 Strain distributions of samples with height–diameter

ratios of 4/3 (a) and 2 (b) at 25% height reduction

ratio

� wjWe5�J ~,. �VRRvwm�COnu
50 mm, F��'�=`;g*8�'℄2
>[s, zl, i
�F�Rv�m��[s'm��? wR� ,�~,.'
[s�CO 300 mm×400 mm �7`, tj'fR;;���5u�g�m�xaG7V�&'f�? wR� �~,. z 6 R�{v� -�m��}� (℄�Z'R;>), �&m���g, 6+���/g�v��{v��m�. ��6Fm��g�Hx, l`�m�HO��BP. .XR�2/m��ZN�v�H h(5j��NZN�), .iC
R�2/�ZN�v�O d, h/d ��m��HO�. 5u}��m�RHO�vw�{v�m�fHO�� 7, HO�� 1 $m��v�, *HO�� 0.5 $m��/g. '
5uHO��m�, tj;K���m��? wR� �z 6 a-.i), f'm�� w�xw�~,: X&�2/m��HO� w, m� waG�R�  w, m� C w.73�
'HO�3w{v�m�xN, f&�jW�L��{v�&�v��Gj8&S/g�vT~� w�jW. {v�m�� wjW�m�v�s/gm�� wjW, zlf wvsC, Gb��? wR� vw.
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Diameter of the void, mmC 5 l�Zr&�>�vQ���}+
Fig.5 Effect of void size on critical height reduction ratio

C 6 l�?f&�>�vQ���}+
Fig.6 Effect of void shape on critical height reduction ratio

(Ellipses indicate the void shapes)
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 48 ZipB�X&�2/m�HO�xy�m� wCtW��RW, ';Kq-�, m�HO� h/d m���? wR� ∆HC/H 9wp�Y�:

∆HC/H = 0.267(h/d)0.374 (1)tj'�FiH~,m� w�NVzUGB��xVR,#, &�Æ��|&W �==�I�7`[ssm�[s'
#*jWRm���? wR� ��,�~,. 7`HO�sm��Ltj~,m�Y��|&q-x~,m�� w, 3$6�zU. m�a'�L�|& w, m� �t w. 'NzUR, F�m��g3~,m� w�C6zU, e3v�O�vWb�zU.'
5u�g�m�, f w�CtW��xwHx, .NV�gm�`j��X�j�HO���g}, +X&�2/m��HO� w, m� C w. zl, ''#*jWm�>�'�R'4gGB\V$, !H.m��gy�;b�zUxa�, 'F�R8'�m��gGB4|'�}, a�f38H'#*jWR w, *5|'zB�v�m�� wy�'�^m�>R w�RW, 7Ve�2.3p�\w(IVRRy
-a���.

2 -&LR;� (WRF �)���''�F�R, �
DC�QXMK3n*4�R;, zl, R;^m�>R�'tMTNqg (Zg) XZ)67. R;^m�>R�}�q-[��'}ojWR, �
fHO�xw, zl3MCp)f w. OW�F;K;g, '
 h/d=7 �m�xN, '}ojWR�)p 50% �R� R���Cp)f~� w. *'8'F�R, �z 1c a-, R;^m�>R�HO�iH�w


 7, zl, '#*jWR, }o'
R;^m�>R� wy�33M�(�, [blb�NjWx�wF��R;>R.

2.1 	A.d8S� (WHF �) �,�S<N�7�
WHF .3'wF�#*jWRM���N2.. gx�$
�, �
)�q:GB�N, |&ip�4	""�F�R;;6, �&R;;6�|��|&ge, 3M��
F�R;m���w. ��\V7V#*2.'
R;^m�>R�R'4g, 'z 1 a-q'R;^m�>R�8'F�' WHF .�NjWR�trGB�;K.F�'#*Am}���^n, �*[s�CO

2230 mm×2370 mm(}a)n), HO�� 1.063, �O� 6Cr2MnMoV, F�W� 100 t, U�"�Æ��
1200 �, �Na���[:�:q℄� 1200 mm, )�
WHF .'F�GBjL�m��N. OWF�'�=`;g, 'F�R;X/)n q'R;^m�>R��LM* 2 L[s��g'�m�*{P�'�;>. �z
7aa-,lm�;>T�^ng, [s�CO 12.14 mm×

90 mm, '�^n|;��O� 5 mm ��1.�z 7d a-, ')� WHF .GB�N�jWR,-mR�}b.�:h/�m�GB�j:�R�, ljWR�7:. ' 2 mR�A$q'jL6:z�, '6:z��|&x2 (E 0.08),73M5�
lz�Fm�� w. n;K;gi), 'jL�m�R�~S}, F�Z)��|&67x5℄# (n 0.08 � 0.33). 'l;KR, m� 2 ko�
6:z�, nz 7c i), m��~,�&�. F�'�j�m�R�jWRt�:, AH)Z)2/�|&℄#67, {�j�m�|&�Rz�'l

C 7 WHF -l�Q&3f:J
Fig.7 Simulation of void crushing using WHF method

(a) original shape of the void

(b) shape of void 1 after cogging

(c) shape of void 2 after cogging

(d) forging method and strain distribution after cogging




 10 b I ,� : !(hUPD�D9k�<�%�u^�TP 1199��mR.S�6:z�, 7T)�F�R;;6�o|&33M�(�.m� 1 ko�
|&�Rz�, {�z 7b i), �
|&5U, m��.~� w. *'�j�m��NjWR, lm�.e
6:z�, �.J 3w&�G* w. zl, WHF .Cp)F�R;;6�m�~� w,f'
R;^m�>R�R'4g�3�(. Z�b'F�R;�R'4g�o
)�.:GB�N, {f'R;;6J �|&��5qp)3wm�~� w.

2.2 .d'MS<���=[gxRr��m, "wF�R;;6|&pR'm�>�', �VR�
m�HO�'m� wjW�Wb~,, l`�q:O/R'. (wide–anvil radial

forging, 'R WRF .). lRr)���w[, XF�CO2/R�, gxZ/}o5u�3, >Rr�&�2/XF�O/. 7VRr��35{i)|&�R
F�R;z�, 04gx�N2.|&~���, *p�
F��R;^m�>RXZ)67, zl, XO/�R�ipvwW�(qm� waGHO��v�q-, 04�gx}oRr�5q. B�q:O/R'.'F�R'�m�� w4gGB�;K, �z 8a a-. i), >2.)F�XZ)67�|&3w, iu�gx WHF .� 2 �p�. z 8b �;g -, EG"" 20% �R� �i)m�~� w.'
w>F�, ��(qR;^m�>R�', tMfHO�32. 'F�HO�2
 1.2 �tr�, ipC6)�q:O/R'.yo�jm}o, �'#m"�}C6GBq:O/R'. �gF��HO�w
 1.2, ip�GB�}o, .f}oIHO�2
 1.2, %GBq:O/R'. �}o���3�&F��}�, p�?[}

C 8 p9N.Q&-l�Q&3f:J
Fig.8 Simulation of void crushing using wide–anvil radial

forging

(a) strain distribution after wide–anvil radial forging

(b) void shape after wide–anvil radial forging

�q:O/R'ipB�3w�R� . l}ip)�gx��NRrGB�N, �u��[s}%GB�jm�}o�NjW. �
q:O/R'RraG�R�Æ2
M_}ojW, L;K?', >RrU��&�`�2
M_}oRr, zl, )�n�RTip'#lRr, 5GbwÆ�y�GB�D�*, Rr'$tB, ��S�
xwF�#*�(h2..

2.3 .d'MS<���WUeF�*�, CO 600 mm �
a�U�
,�)n'fR;^m�>RGB4^, zl, fR;z�tMq'SW�[fD^m�>R�', B�at#*RrCp)f�4�w, tMFH)�f#*v{�Z{-, 7TSW(M�f)�/�. w%4
a�U�R;[fD^m>Rw>F�R;�^m�>R�'�g�673M*P, zl, ip)�
aUx\?q:O/R'.��4D.| 9 � 2 m N�CO� 600 mm 
aU, fRj��943Z�z 9 a-, fR;q'i3MSW�^m. B�q:O/R'.XZ/GBR�, RS#2}.f��"�, )n w�m��\6�$$nw. A})� 600 mm q:�N, J�ICO 385 mm. y�'�,|ujVm�� 9 �
aU, )� 600 mm q KD : (�[:s� V >:) C6GB�N, %J�ICO 385 mm

(�

aUHO�3w, Cp)�}oRr, zlC6'f�N).#*;G}, B�3�SJ� GB/T 6402–1991 2�(hGBf�. f�;g -, )� KD :C6�N�

C 9 	`Ty832Y
Fig.9 Picture of the continuous casting billet

(a) section of the continuous casting billet

(b) local amplification of the center of the billet
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 48 Z'3t 9 �
aU� 5 �wJ, wJ � 55.6%. XU�Z)[67ig	1�g��'. 73�
�NjWRR� 32, 'V;6:z�q'&�Oz, lz�F�^m>R�.�4�w. B�q:O/R'.� 9 �
aUwJ � 100%. 73�
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3 %1
(1)tj'iH~,#*jWRw>F�F;m� w�NVzUGB�xVR,#, &�Æ��|&W �==�I�7`[s�m�[s'#*jWRm���? wR� ��,�~,, *7`HO��m��Lsm��g'
m���? wR� �3w~,.

(2)7`HO�sm��Ltj~,m�Y��|&q-x~,m�� w, 3$6�zU. m�a'�L�|& w, m� �t w. 'NzUR, F�m��g3~,m� w�C6zU, e3v�O�vWb�zU. X&�2/m��HO� w, m� C w.

(3) l`�q:O/R'Rr, >Rri)|&�R
F�R;z�, 1(qm� waGHO��v�q-,i�4�wF��R;^m�>R. gxRr*�, >RrEGb� 20% �R�Æ�i)F��R;^m�>R�'~� w. Rh'\\?�>2.��4Ds'�D.�)EF
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