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ABSTRACT The corrosion resistance of water cooled rebar is improved by applying a chemical
reagent cooling process on the basis of maintaining the high mechanical property. To provide the
reference basis for the on–site application of chemical reagent cooling process, the temperature field
of the two–stage cooling process (first stage of chemical reagent of FM cooling and second stage of
water cooling) of rebar produced by chemical cooling is simulated using the finite element method.
Furthermore, the corrosion resistance of scale formed during the first stage of chemical reagent
cooling was evaluated in laboratory. Applying the processing parameters of water cooling in steel
mill, the temperature field of one–stage cooling was simulated. Compared with the temperature
field of the one–stage cooling, the influence of processing parameters on the temperature field during
two–stage cooling is analyzed. The results showed that the smaller heat transfer coefficient is applied
to increase the oxidation temperature and improve the quality of the oxide scale in the first stage
of FM cooling. In the second stage of water cooling, the cooling curve is very approximate to that
of one–stage cooling when the heat transfer coefficient of one–stage cooling is remained. Therefore,
the mechanical property of hot–rolled rebar of grade III can be ensured. Furthermore, the first stage
of FM cooling process was implemented in lab using the optimizing parameters obtained from finite
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element analysis. The oxide scale forming using FM cooling is compact. And its corrosion resistance is
much better than water–cooled rebar, which proves that it is feasible to improve the corrosion resistance
of water–cooled rebar using FM cooling before water cooling.
KEY WORDS rebar, chemical reagent cooling, temperature field, finite element, corrosion resis-

tance, high strength

������ �����!���!" �3#
!!�� !$%"�#&!", �"!$"���'"
!" [1,2]. #$, �#(�%&���' �" )!"
$� II � (335 MPa) %�# III � (400 MPa) (4�
�, &*$�!!��)%+5�,-%&$(�" .
&�.%#' &'!�'+'(�,)% III �!!
�, '#+"(((*�,%�++!!��#&!")
*#!!�)%,/#$-)'#�$+, !$%*�+
,%, [3,4]. 0-��' �6"1.)+"�(*/ .
-(*/ %�0, ��728..&'Æ12/30�
( 4), 30514.2 + 9)2�*+56, $%.
%����#&!" [5−8]. /*, +"(((*�,+2
:!!��"!"�,3. 7,.849-580:)',
;;0-%1�6.�..<-, /)%,/6.;*�
/072 [9,10]; 17,., ��..�'0")238�
� 8�0"/ , 87�39�:4 [11−13]. 518�
�67�� <$3=8'94, � 4)+,��>,
*88�� 8;#9��:�"<=%�32'!".
1;, #$'#+"(((*�,)%�!!��*#:
=#;;5?. ,>>@$;A5 [9,14,15] 3�, +"(
((*�,)%�!!�..B!<�!&74C FeO
� Fe3O4 ?6, 3'.72@A<�6, 856=>�B
?6CD70"DE87.�&2/'" [16−18]. ?$
8@((!!���"!, ,8E7A3$7?(A!�
!&9 FM[9,14], ;# FM 3=+"(*)%!!�0,
..B!<!&748� Fe3O4 :-B<4), 3'.
72:C, 856=>�B?6CD70"DE87.�
&;���'"!". 9CD@*E<�� 7:�!!
��"!"�" .

'#!&9 FM �!!�3=+"(*, F"F-
'5(*�,, 30%�!!��#&!"�8@3..
�B!<<-. G.'#!&9 FM (*0, ��..�
B!<<-6"F;.B!<�H+G �0<, �G<
G($%.%�B!<�<-, IJ'#2/(*.%�
#&!")=&H=�. 1;, '#>7(*/ �9"
30D@!!��#&!"��"!"�" . '#=?
H(*, >$?;#!&9 FM 3=�GG(, "?'#
2/((�,,@)>;I7H=�$KI?.

I'#=?H�+"(*�,3=%�!!�#&

!"��'"!"��/DE, F"AL#$�+"((
(*)%J, :K$$BL�JC(*�,D#, I+M

+@*�+,M7�/0A?. $NNKL)7?/0*
�K�,@, F-�(*-53=G E#AKL, 9C
AF(*-58!!�GGO#51�G 4H [19−21],
� �/�E��,D#���!"D#, 4OB�,D
#���!"�0-, !*?�/*#�9=!%CBÆ.
,>'# ANSYS $NN,@KL$++!!�8+"
=?H(*-58�G E, �I�/�E7?H((�
�,D#���!", B CM$=?H(*-58(*
PD���#&!"��"!"�0-. �8DEBK

L$$?!&9(*-5, �I((���B!<, NE
$!&9(*AF�B!<�<-��"!", ?!&9
FM (�,�8J*#%CDCPF.

1 CDEF
1.1 GHIJKLJMNO

1.1.1 	
��
���� 8��(*�+G

D-58, G.���J Q*.R?, E9FOJ ,
S�+-PK, * CM?S,S�+-PK. 1;, �
��G 4H)�GQG E� >, +GD,5?

∂

∂x

[
λ

∂T

∂x

]
+

∂

∂y

[
λ

∂T

∂y

]
= ρ · cp · ∂T

∂t
(1)

H8, T ?G , L; t ?0<, s; λ ?��2+K#,
W/(m· L); ρ ?��C , kg/m3; cp ?��I+0,
J/(kg· L). MRPD?: HCP+&I9���J.Q
�G ?7T4H, >

T |t=0 = T0 (2)

H8, T0 ?��P+&IG , L.
!!�)%�E'#7?H(((*�,0, ��

P+"�(*-5N:RH(*K?. O7K??�GL
(?, >��QP+&I437(((*RS7I<<�
L(?. IK?���G �P 1000 LTU, +DJU
SLE��PD+%S, CJTD+?6, VD Stefan–
Boltzman CU. GMPD?

λ
∂T

∂x
+ λ

∂T

∂y
= εσ(T 4

b − T 4
a ) (3)

H8, ε ?���K ; σ ? Stefan–Boltzman Q#; Tb

?���..G , L; Ta ?��USLEG , L.
OGK??((2(?, >��Q(((*RS7I

4&I. IK?��J(?'5�PD+�JTD+. G
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MPD?

λ
∂T

∂x
+ λ

∂T

∂y
= εσ(T 4

b − T 4
w) + hw(Tb − Tw) (4)

H8, Tw ?��US(*(G , L; hw ?��J(<

<�'5�PD+K#, W/(m2· L).
ORK??3GL(?, >��Q(((*RS&I

48(WQ(*X+. IK?��..G )/,3, F
"CM��JLE<<�JTD+<Q/�PD+. GM
PD?

λ
∂T

∂x
+ λ

∂T

∂y
= εσ(T 4

b − T 4
a ) + ha(Tb − Ta) (5)

H8, ha ?��JLE<<�Q/�PD+K#,
W/(m2· L).

'#!&9 FM =?H(*0, 3(*-5NPY
H(*?, 4X?�GL(?<!&9(*?<((?�
3GL(?. >QP+&I#((7I��GL(?8�
714RS#.!&9(*. 38, �GL(?<((?
�3GL(?�G EKXJ7?H((7:. 8!&9
(*?, G.!&9 FM ?�7NL9�(AY, 3J�
��+GD:?�PD+�JTD+, GMPD?

λ
∂T

∂x
+ λ

∂T

∂y
= εσ(T 4

b − T 4
FM) + hFM(Tb − TFM) (6)

H8, TFM ?��US!&9G , L; hFM ?��J!

&9<<��PD+K#, W/(m2· L).
1.1.2 ������� ���QJ.Z?8[

�YZH, 1;, QZJ.T!?7H[H..U[, I\
9CVSWZ#, 87U[0<. [H?1>N'#\.
YX[WZ>N PLANE55, [H..>N'#GQ..
>N SURF151, [H\RS45Z 1 ]Æ, n1—n5 4
X�*��QJ.!GO451�3\?9 (r, 15

16r, 3
4r,

1
2r, 0) �WZ.

1.1.3 ���� '#]�]+"(((*)%

20MnSi III �!!�)%JQ��,D#.KL7?H
((-5�G E. 6"^7D#?: �GL(?RS?
8 m,((2(?RS? 16.8 m,3GL(?RS? 30 m,

W 1 ��
�]�_TU�
Fig.1 Grid division of the finite element model

��R?? 25 mm, (*(G ? 30 L, LEG ?
30 L, P+&IG ? 980 L, P+/ ? 9.5 m/s, 2
+K#? 30 W/(kg· L), ��C ? 7400 kg/m3, ��
I+0? 870 J/(kg· L), ��K ? 0.85. 16, F"
^7� 2 HD# hw � ha ^=�EDYPD�0-, ha

6"J��G �LEG $V, *0- hw �1.@�,
NP(-<(^<(G<��G <(*^�XH_. #$
)�Z$7_KX#.U[ hw, 6")CM(-<(G
<��G � hw �0-

[22−25]. /*, �3�KX� 
&WK#�3, KX�HH-`8%*aX, U[F&�
hw aX%*. 1;, hw �`F*a��3�]�DY_

[.JC. ,>8 hw � ha �`F)F-`F#A3=
XYU[, :QU[F#�`bG AJ�EDB�`b
G AI@, -�I�1`.7:0, aB`F�D+K
#9#.Z[DY�G E.

'#=?H(*0, �8bc((?, *)%#((
<$��GL(?, Q38M?!&9 FM (*?. G.
DY)%J((%cRSad+[&I$ 8 m�RS, !
I 8 m 8\& 1 m ��GL(?, 3d 7 m �+!&

9(*?, e�F"8bc((RS��,, ]9CD�
=?H(*. =?H!&9(*�^7D#8, 8$Q�
GL(?RS8? 1 m, !&9(*?RS? 7 m, :8
4)$!&9J����PD+K# hFM C6, 3bD
#J7?H((�^7D#7:. 8=?H!&9(*�
G EKL0, `F$ 600, 900, 1200 � 1500 W/(m2·
L) 4 H�3� hFM, 4O$ hFM ���..B!<<
-�#&!"�0-. :84O$P+/ �P+&IG
 ���B !"�0-.

1.2 XYZ[\ FM ]^_Z`ab
8DEBKL�/�E$?!&9 FM (*-5,5

c& FM (*B!<. DE# 20SiMn ++!!��!
&+4 (<-4#, %) ?: C 0.17—0.25, Si 0.40—0.80,
Mn 1.20—1.60, P 0.050, S 0.050, Fe d-. !&9 FM
)G 10% H2O2(2\4#), 5 g/L NaBO3, 0.45 g/L
Na2SiO3 � 0.45 g/L MgSO4 ?6"+4�(AY. !
&9 FM (*�,?: Q�]L(�!!�#Jb])
�+ 15 mm JL\, QL\#eccf<", #d ?
10%� HCl dec8..B!<; 8�G^He8, QL
\8Æ_!E`f)+# 980 L, ÆG 10 min ;<7+;
<"F-f['5^fKga$L\�"KRS, QL\
h/f,#g^RS8, %CL9 FM g^0<? 0.8 s,
<"L(; F-ALg^' , ;Fg^"Gb6BGi
BF���L\..G ? 890 L.

'# HITACHI S3400N hif_ (SEM) .g$
DEB5c�!&9 FM (*���B!<�..Hj.
'#6CGgD7)/0"DE@�I!&9 FM (*
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���((����"!. DE%c?k,)%� PR–
2KP cGcCLEh. 6CGgD7DE�D#?: 8
G 30 L�C 60% �6jPDfÆh 8 h, /"8G
 ? 40 L�C 95% �iCPDfÆh 16 h, CQ
24 h ?7HD7U;. MR0QLHL\8 0.3% �

NaCl AY8k7f, #Cl30".

2 CDcdefg
2.1 hYij]GHIJK

7?H((F#���QJ.!GO14451�
3\?9�(*lJ5Z 2 ]Æ. ��GO14 n1 9
8(*-58�`bG U[AJDBA�I@`. 1.
38, Ti ?!!�((7IG , Tf ?!!�((&IG

 , Ts ?!!�Q&'G . -`F hw=6500 W/(m2·
L), ha=200 W/(m2· L) 0, 9CF& 3 H`bG 
�U[AJDBAaX^%6, ma76. 1%, aB`
F�D+K#9#.KL�/�E7?H((-5�G

 E.
GZ 2 �(*lJ9CF&, 8RH(*K?, ��

�3\?9�G b!.�&�3�`b. ��8((<
$��GL(?�G f,%6, 1;, ��GO�51
�G aX%6. *8((?�((<"�3GL(?,
��QJ.�3\?98(*-58�G b!B<, �

W 2 ���	����danjikbl�����
Fig.2 Cooling curves of different radius at cross section of

rebar when using one–stage water cooling

k 1 ecjmonkmlondmlnnplnqe
Table 1 Comparison of calculated and measured characteris-

tic temperatures of the rebar surface

Parameter Measured Calculated Deviation

value, r value, r %

Ti 950 956 0.63

Tf 340 343 0.88

Ts 640 641 0.16

Note: Ti—inlet temperature of water cooling, Tf—outlet

temperature of water cooling, Ts—self–tempering

temperature

�GO n1 WZ98((-582/(*# 340 L, 3)
Æ12mb, 8<"�3G&'-58mb?&'Æ12;
onWZpSGGOo?SS51pK, ((?G f,
of3)qs, 82((*p3Z�G ofp�, e8
��?S�]7pS9Q�+3)Æ12mb, *)Gt
12mb?4.2�9)2. IJ((���DYBG
727:, 5Z 3 ]Æ. ���GOG&'Æ127+,
�� 1/2 \?9�517G56�4.2 + 9)27
+. �*�#&!"?: qf' 550 MPa, gh' 
670 MPa, qrs 17.5%, aB'#7?2(9CAF'
 Q�. 400 MPa ��' !!�.
2.2 qYi FM ]^GHIJK

2.2.1 �� FM 	

����� !"
#$
'#=?H FM (*, �8bc((�,, rFCM$?
FM (*0�D+K#���!"�0-, 8 FM (*

0`F 4 H�3�D+K#, 4X? 600, 900, 1200 �
1500 W/(m2· L). �I7?H((, '# 4 H FM (*

D+K#F#���GO n1 WZ�(*lJ5Z 4 ]

W 3 ��	����jikbl��qsr
Fig.3 Microstructures of rebar using one–stage water cool-

ing at marginal region (a), 1/2 radius region (b) and

central region (c)
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Æ. 9Ci&, '#=?H(*0, G. hFM �. ha, 3
(*/ 2.7?H��GL(?. 8on hFM �4),
$?(/)2, *�o"�((?<3GL(?�(*l
J0-%6. G.$? FM (/G0, )+B!<�G 
%�, 1;, 8 FM (*0`F@6�D+K#, $%.
%�B!<�<-, 8���#&!"0-%6.

2.2.2 %�&	
 !"
�'() =?H

(*0, 8$? FM (*0`F@6�D+K# (hFM=
600 W/(m2· L)), e7?H(*J=?H(*�G E
I@5Z 5 ]Æ. 9Ci&, '#=?H(*, 3"?
((?�3GL(?��GGO451�3\?9�(
*lJJ7?((�(*lJgQjk, 8 Tf (337 L)
� Ts (634 L) -^O3.7?H(*� Tf (343 L) �
Ts (641 L), aB'#=?H(*F#���BG72J
7?((�BG72+&r, 1;, ���#&!""h
P#7?((��' (\. :8=?H(*�$?L9
(*$%.%�B!<<-, 1;, '#=?H(*$%

W 4 ���	�i�� FM ����
����
�	�
��

Fig.4 Influence of heat–transfer coefficient of the one–stage

water cooling (solid) and first stage cooled by FM

(hollow) on the temperature field

W 5 ������������
�	
Fig.5 Temperature fields of one–stage cooling (solid) and

two–stage cooling (hollow)

.%����B !".
2.2.3 *+,-���%�&	
 !"
#$

8!!�(*-58, 8$(*/ �(*0<�0-<
6, P+/ <P+G -+0-��+1�!". Z 6
?P+/ ? 9.5 � 8.5 m/s 0, '#=?H(*�G 
E. 38 hFM � hw 4XF 600 � 6500 W/(m2· L).
P+/ ? 9.5 m/s 0, $? FM (*0<�"?((

0<4X? 0.74 � 1.77 s, $? FM (*&IG ?

891 L, Tf ? 337 L, Ts ? 634 L. P+/ ?
8.5 m/s 0, $? FM (*0<�"?((0<4X?

0.82 � 1.98 s, $? FM (*&IG ? 888 L, Tf ?

321 L, Ts ? 614 L. 8(*JJ 7C�PDf, '#
@6�P+/ 8.5 m/s 0, $? FM (*0<�"?

((0<^$]4). $? FM (*0<4) (G 0.74 s
4)# 0.82 s), 8$? FM (*&IG f,%6 (G
891 Lf,# 888 L), I$%.%�B!<�<-. 3
0, "?((0<4), Tf � Ts ^,3, $%.��#&
!"�%�. 1;, ,3P+/ $%.%����B 
!".

Z 7 ?P+G 4X? 980 � 1050 L0, '#
=?H(*�G E. 38 hFM � hw 4XF 600 �
6500 W/(m2· L). -P+G ? 980 L0, $? FM (

*&IG ? 891 L, Tf ? 337 L, Ts ? 634 L. -P
+G ? 1050 L0, $? FM (*&IG ? 954 L,
Tf ? 359 L, Ts ? 677 L. 9Ci&, -P+G %�
0, $? FM (0B!G %�, $%.8@B!<�<
-, /*, Tf � Ts 7�.P+G 0, #&!"+,3.
8I?_[f, 9CF-4)"?((�(/.%�#&
!". 34, -,3P+G , $? FM (*B!G -

o<,3, s3�B!G +0-B!<�<-; *30
Tf � Ts ^+,3, e$%.%����#&!". aB
P+G ���B !"�0-`87HlMA. 1;,
8`FP+G 0, F"B CM���#&!"��"

W 6 Æ
t��
�	���
Fig.6 Influence of finishing rolling rate (9.5 m/s: solid,

8.5 m/s: hollow) on temperature field
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!", `F7Hu8�A.
2.3 Z[\]^_Z`tuab

2.3.1 ./01234 8DEBKL$?!&9

(*-58, )+G ? 980L, !&9(*0<? 0.8 s,
8F-ALg^' .D�!&9(*&IG ?

890 L, D@ hFM ? 600 W/(m2· L). AF�B!

<..HjJ((����I�15Z 8 ]Æ. 9Ci
&, ((F#�B!<%@A, :8:$@�6u, t"!
9<0:F-B!<#Pj2.., 2:��0". *'
# FM (*F#�B!<�6..\L:C, $%.v
wt"!9<S��j2..�t7, vs��3)0"
�0<, 9C$K%�����"!".

W 7 Æ

��
�	���
Fig.7 Influence of finishing temperature (980 r: solid,

1050 r: hollow) on temperature field

W 8 	���i�	�������n���su
Fig.8 Microstructures of outer surface of oxide scale under

water cooling (a) and FM cooling (b)

2.3.2 /�5	
./0
678 '#6CGg

DE, I@$((���!&9(*����"!", 4
X5Z 9 � 10 ]Æ. ((��/- 10 HU;..)/
&�@�'v (Z 9b), /- 60 HU;klX�'" (Z
9c); *!&9(��/m$ 60 HU;�0",  8n1
<G1&�%S�'v (Z 10c). 9`, '#$?!&9
(*)+�B!<��"!"<=%.((��.

W 9 	���mvowptn������nsu
Fig.9 Corrosion appearances of water–cooled rebar after

dry–wet cyclic accelerated corrosion test for 0 d (a),

10 d (b) and 60 d (c)
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W 10 �	�����mvowptn������nsu
Fig.10 Corrosion appearances of FM–cooled rebar after

dry–wet cyclic accelerated corrosion test for 0 d (a),

10 d (b) and 60 d (c)

3 cg
(1) '#=?H(*, $?!&9 FM (*0, '#

@6��PD+K#, $%.8@B!<�<-; "?(
(0, Æhc7?((��PD+K#, =?(*�(*
lJJ7?((�(*lJgQjk, "hD@ III �+
+!!��#&!"�" , 9C%����B !".

(2)4O$P+/ �P+G �=?H(*0G 
E�0-. P+/ ,3, $%.��B !"�%�; P
+G ���B !"�0-`87HlMA.

(3) F-8DEBKL$?!&9(*-5, AF$
:C�B!<, 3�"!"<=%.((��, aB'#

$?!&9(*.8@((����"!")9=�.
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