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ABSTRACT The 3D viscoelastic–plastic thermal–mechanically coupled finite element model was
established by a commercial software MSC.Marc on the basis of secondary development, and used to
simulate the situation of slab’s broadening in the secondary cooling zone. The results showed that
the slab’s broadening mainly emerged in the former segments of the secondary cooling zone, and the
broadening rate has a gradually increasing trend from the first segment to the sixth segment. The
broadening of slab has a close relationship with bulging along the thickness direction. The results
simulated by using viscoelastic–plastic model revealed that the law of the slab’s broadening is excellent
agreement with the actual deformation. The broadening of slab is the result of viscoelastic–plastic
deformation of the slab shell under the pressure of core of molten steel.
KEY WORDS continuous casting, slab, secondary cooling zone, broadening, thermal–mechanical

couple, viscoelastic–plasticity
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1 01234
1.1 56789: 3D ;<=>?@

A(��6(1��, <0.�<&;;(<+ =
B, '2=<&,7=<> >8�-, ������ 3D
=�A::;+=>?*9?:4. !6@AC(6;D
-@ABEF, ?((>�@C.�����3B?(:

(1) A(CD&@�+ �G�&G�)A� [6] , A
BCD&@�+ .�����8), C����BH(
! >�B;

(2) ��?()C�7&DC�7&��->&��
:��7&AB��;E�<ID<J.�����8),
C�7��3�!DE�:4;

(3) AB��+&(2>==4���<), @CB
==4�<ID1*.>>, 0��� 1/4 �K4?@F
9.!GEK;

(4) ��!E��F, F9C!HF, F9.!��
�,7'2, FI�LAF�DC.

?(+G@C, C�����=�A::4D! 6B
AF�M:4D)GE: ���� 15 6G�EJD! 6
BF9, H 5 BGB 2 6G�E, B 6 BK 5 6G�E0
(:;��IJ�H+�F9; KC 2 m ���.!:
;.�, ��4 1 BF9B9 1 BM:4, ��H+ 6 B
F912�� N6��3�I . 6 BM:4�GE�
*DEO7: GBM:4��2�&��60HÆ6:4
GE��*.

*IP:4�'2=<�:���.>:JKQ! 0;
��HL>?P70�,�%.F9RF; .��L)=
='2=<4,7=<; �SL�J'�.!�<'2=
<, L) JMH��>?P+, 40/(��;L)�
SLJ'�: KLMTNM4�-,M.M%M�8),
0NO��� (ZST) GFJMH�, ZST .G(M%M

fs=0.8[7], N fs≥0.8 �HD.!JM�O, M/SD27
*%���� T80 !2, HDPI1( T80 �>?P, P
!�JMH�.!�SLJ'��L)>, BN>?PU
-L)�SLJ'�.

GBM:4GE), 7��4F9�%.KV!GE
Q/, .GEK��:4G�:3BQOA:GE. GE
��:), KL��.OF�,7==, H+L)+)C
�(��-'2=<5:;����-; PR��:GE
�*, 9GG�:GEP.G�=WQ4��1��<J
:; XH+G�:GE, R!�� =WQ4���OF
,7�KQ.0(���:. /K-ST=, QOGE�
�:4G�:, �"P:;��ST�3.

-)RU��, GÆB:4�;E��:, L>60
+ÆB:4GE!"���:, 7�60 2D =�A::
4 [8] GE!"���:, SK 2D :4���:�*/

5 3D :43BGE. 2D ��:SK�;�: C 2D R

S %-KV� 2D ��4PITU, VF 2D H 3D V
T-92, C 2D ��:W�" 3D, :0�MT'�M 
8, C 2D ��)UV 3D :4, !"WBM:4���
;E��:.

*IP:4:60 8 PI8J?P.GEK3BS
U, ��?P: 4500, PI: 5250,  HP–XW4600 9
.Y+3BLBRE, 6 BM:4GE)CKG 220 h.

1.2 CDEFGH
8):;Z9.X�13-W�1�(��3B�

 , 3&.40�[(�V�3B� !

εij = εe
ij + εie

ij + εT
ij (1)

V:, εij !IG�, εe
ij !N>G�, εie

ij !>N>G�,
εT
ij !=G�. B:>N>G� εie

ij :, OX)CX-�Y
>G�4)C%-�W�. .!:;��=<(���J
M�<B!, 40JNY>:4 [9] 5YG��B!

ε̇ie
ij = f(σij , T, εie

ij) (2)

V:, ε̇ie
ij !>N>G�M, σij !PHG�, T !=�<

��, f !G�.G�M�Y:-9.
40Z)C%-�Y>��3B-9V [10] 9GZ

��8[Y>G�M48[G�

⎧⎨
⎩

ε̇p = Aexp(−Q/RT )[sinh(βK)]1/m

σ = K(εp)n
(3)

V:, A, β, m !.:; R !XF.:; Q !��Z(Y;
K !O�9:; εp !8[Y>G�; n !G�\(�:.

Z�35Y>ID�, C',G�\(��, )9\
(9:40 Sorimachi 4 Brimacombe [11] V��� 

��=<(�G� – G�-9:

K1/E = 0.13exp(−0.023θ) (4)
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K2/E =

⎧⎨
⎩

0.045 − 3.87 × 10−5θ, θ < 1050 ◦C

0.385exp(−0.00422θ), θ ≥ 1050 ◦C
(5)

K3/E =

⎧⎨
⎩

0.0197 − 1.68 × 10−5θ, θ < 1050 ◦C

0.0226exp(−0.00223θ), θ ≥ 1050 ◦C
(6)

V (4)—(6) :, E !N>:(; K1, K2 4 K3 !\(

9:; θ !��, T; V (4) \0=<!G��( 0.01; V
(5) \0=<!G� 0.01—0.02; V (6) \0=<!G�
�( 0.02.

3&.H+�MT'0^M 8, C)9\(9:]
5" MSC.Marc �NY>:4:, U7'�.1���
^_��JNY>YG.
1.3 ?LMN

:;P0�?3J:/(: Æ>��! 1533 T,
Q235 �S% ��! 1513 T, M% ��! 1446.0 T,
M/SD2 ��! 1459.6 T, `^��! 25 T, FM
��! 100 T, ,7==9:! 25.0 W/(m·K)[12] , _
V9:! 0.3[12], ,78�! 0.01[12].

���1�>YJ:�YG�1�B!�13^

R, _�:;�*�XE_�13-W. 3:;60�
Young’s N>:(&Poisson W&=``9:&X=9:&
W=:R5a/(PG:

Young’s N>:(40.b'5:R [13], U 700 T
" 1400 T, G 100 T5(Æ6), .G� 8 65()D
)! 8.422, 7.319, 6.005, 5.055, 4.367, 4.215, 3.021 4
0.6682 GPa.

Poisson WPR Uehara 8 [14] 'c:R�abV

3BcE

ν = 0.278 + 8.23 × 10−5T (7)

=``9:40.b'5� Q235 �"�+ �b
)=``9: [6], /c 1 Pa.

��X=9:407(-9V [15]:
M%�X=9::

K(θ) = 18.4 + 9.6 × 10−3θ2 (8)

X=9: K �?K! W/(m· T).
S%�X=9:KM%�� μ Y, 3:4: μ=5.
*%�8[X=9::

Keff = K(θ) · [1 + (μ − 1)(1 − fs)2] (9)

V:, fs !*%�:M%�FdD:; μ !X=9:e�

O 1 Q235 ��bdd�ef��
f [6]

Fig.1 Coefficient of thermal expansion (CTE) vs tempera-

ture for Q235 steel[6]

Y:.
��W=407(-9V [15]:
M%�W=:

Cs = 550 + 9.52 × 10−2θ2 (10)

Cs �?K! J/(kg· T).
S%��W=K.: 842 J/(kg· T).
*%�8[W=:

Ceff = fsCs + (1 − fs)Cl − Lf(
∂fs

∂θ
) (11)

V:, Lf !JMce�d=, Q235 �K 2.73×105 J/kg;
Cl !S%��W=.

2 3PQRSTU
!g(�����h�, GFg(������Z!

B = (W/H − 1) × 100% (12)

V:, B !eZ��M, %; W !'5����, mm; H

!eZ��, mm.
K��`':H�Æ6PI.!-eI3Bif, &

.B ���I ��(, jIkVZTg������
(, WVZTg��2���(. C 6 BM:4���
(I lI, LH(!eZ��M. S>�� 2000 mm×
230 mm� Q235� 0, 1.0 m/min fa(, ��eZ
��M/c 2 Pa. Uc 2 E7b�, �����23,
,(����HH, .h�3�B, ���eZ��M 
���H 6 6G�E[!)�gh, ��eZ��M B
6 G�E\"X�)�<4'�,  B 10 G�Ei��
IJ�4m(". :;KLZ�/��-&�, Q235 �
eZ��MI c[?), RU=D���� N6��
�c�(;EID, N�����(���()��, �
��I X�eZ��M! 1.44%,  �3�)6�eZ
��M! 0.76%.

j�/eZ��M IJHc[�]FID, iB 
B 5 4 6 G�E��\"X�))]FX!2;. !&
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.��,,��-, if-eI B 5 4 6 G�E��
42�����(, ���(2aB���(, 2��(
Tg��/%�(, -eI��4/%�(/c 3 Pa.
Uc 3 E7b�, �����������.��2��
�+�/%��dR%-, �����(4/%(-e�
(, c 3 :0g C�����X�)4/%�X�)�
,E7'�: P/%6(jj>X�)), ��U6(]
F�X�).

1��� F9:HB, ��4FM,7�HK, ^
'(9_f, 7*FMCh�LADCU[i%�/%.
`+2���jj>�_f4i%, �����_jj>
]F. �� FMjj>,7�.0(, 2���^'(
�Q), ����������, �9��. IJHBN
G�E���fa. 5 E4 6 EG�E%j.

�SLJ'���O���kF�, F9�kk��
�SLJ'�.0(�O��T.0�, ���O �S
LJ'�4F9�kk��KQ.0(',��, ��]
F4/%]F:ÆHD�!���N>��(, gÆHD
!���Y>��, ������',�Y>�� (0.
)C%-�(2a6�W�) �9�����.

O 2 Q235 ��	
�la��

��
Fig.2 Distribution of the ratio of ultimate broadening in

the secondary cooling zone for Q235 steel

O 3 Q235 �b 5 n 6 �

��
������
Fig.3 Changes of broadening along width direction and

bulging along thickness direction of slab with time

in the fifth and sixth segments of Q235 steel

!&.�����(.���HG��-9, KH 4
BM:4���6' 1 m 6�ÆBPI3B von Mises
8[G�.W, /c 4 Pa. H 3 BM:4� von Mises
8[G�^M!�, , 3 BM:4����(_^M!
�, Eh von Mises 8[G��iG�����13-
W. ���� B 7 4 8 G�E�(B 3 4 4 G�E, �
Hb von Mises 8[G��(�b, RU����cZ.
G�-W*-, 8.B��3mn>%-, lH',��
�����1*od>, N>��(4=��(cE7p
=, 7Y>��HD-Ep=.

ifH 4 BM:4��6' 1 m 6KQ��(, /
c 5 Pa.  4 6KV��6'���X�HKc��
 6'�:J, ��jH���(X�, X�6"X�6
4m+q, X���.X����<)�( 7%, �<)L
-U2, .( 2 m ����7m, QÆk>6��X�%
<-/ 1 mm. ,6�',�����6'4N, rl-
"s���-; Q)_���-Q(6'/%�e�: �
'((�0'(t��n9�6'/%, 6'u*U2s
�i%.

O 4 4 Yo	����pfqlg� von Mises hmr�
Fig.4 Distributions of equivalent von Mises stresses at the

middle of narrow side of slab in four groups sub–

model

O 5 4 Yo	����pf
�
Fig.5 Distributions of broadenings at narrow side of slab

in four groups sub–model
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���X�HKc�� 6'�:J, ,.c 4TG
�QÆ= von Mises 8[G�D  2�:J6X��
�*%Æs. QÆD +�PIDCKV,m&��n>
,m, von Mises 8[G��, ��(6�.

3 Z[\]
�s�����3A(�3-o��B, �3HH

�����X;5(. !!"�� N6������
Di, :0��,,v:CO�)3CG9@'c.  

v:CO+ :, �3n3k 5 min, K)��Jtn
u �3�9!o�, o� ��/�.0(�-JM,
KE'c�����?3TgZ�� �3�n3KV

6���TU. vp:CO�p=0,C��0��3,
.=D��3B795�, AK!"��EWKV6��
�).

'c�/! Q235 �, S>� 2050 mm, ?.0,
! 1.0 m/min, C�����(�:;�*4'5�*�
WA, /c 6 Pa. Uc 6 E7b�, '5�*4:;�
*c2a����23,,(���HE,  H 6 6G�
E�����<4!),  B 6 G�E\"X�)�TE
("�"����. �b�gh?3q:, cZHD:4
r,v6, :;�*.'5)N<?3 10 mm(0.5%)
7�, EhJNY>:4na����wo.��'&�
�%x:, ���1��� �SLJ'�.0(',J
NY>�� (W�) ��*.

'5����:R ���HE4m+p,  H 66
G�E�����yz[ >!C; :;:RA(��{
*SL, */%]F, F9jpKDE), n9:;�*�
:R]FA�. ����EIJ�, :;2a����4
m(", ��-&�Ps, 7'5�**ÆG]F, .1�
(795(�s<*-.

:;��.'5���N<23A7(y�>�-

n9: (1) ��JNY>3B� .'&��n>�<J;
(2) ;>J: (iB�1��<>YJ:) �N<; (3) :
4�?(; (4) 5(�N<. B:;>J:�N<�8)

O 6 �����	
�n�k�
Fig.6 Simulated and measured widths of slab

:;8��23�-, ��1��<J:�^Æ�5k�
�+ :):;Z9>�qq.

4 _`
��+ :, �SH����-�9ÆG2��J

O, 35����+9==4JM+ 7�9��. A

(��=<(1��O��<>Y4.�%W1**�

O�41�O�>, r��6'+*wlF, ���O�
���7�9��. �����1��� ������
,,JNY>����*, >N>��(/*0.)C%
-�(2a6�W�. �����(.�3��B&�S
LJ'���&��1�>Y&��O�&�O2�&0

,&kFFs'�&��S>��8Cm&9x&��-

W%-, ,�>*n3Æo&..
�����1��������r|�*,  ��,

,9x%.tG�=<(, ����X;uc, H+pN
y(9xJ: (s/'���t/), E7'����h�,
�,qu/5Æ99�BN�(. }!*[�9xrL

�: 5(W�/��� W9x=<(,,�%.(G�
�����(, H+'������CV), @?��,
,���.

5 Q`
(1)  v@w< MSC.Marc ?s+, H+�MT'

�0^M 8'�Z.1���JNY>�YG, VFZ
DE� 3D = – �A:*IP:4:;�����, &.
2U:;�*.'5)%m.

(2) :;�*2a, ���eZ��M ���H 6
6G�E[�!)�gh,  B 6 G�E\"X�)�D
<4'�, N����23,,(������HE.

(3):):;60�JNY>:4na�����9
wo.��'&��+ %x, ������9��O 
SLJ'�.0(',JNY>�� (W�) ��*.

(4) ��6'���X�HK�� 6'�:J, j
H���(X�, ��b<)A�, 2 m���%< 1 mm
7�.
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