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Abstract: A method of setting air-gap thermal resistance at the bottom of cooling mold was proposed to improve the 
homogeneity of circumferential microstructure and mechanical properties of BFe10-1-1 cupronickel tube produced by 
heating-cooling combined mold (HCCM) horizontal continuous casting. The influences of thermal-resistance angle on the 
heat transfer during continuous casting, circumferential microstructure and mechanical properties of the tube were 
investigated. The results show that for non-thermal resistance, the tube mainly consists of “V” type columnar grains at 
both the upper and lower parts, and axial columnar grains whose growth direction has an angle of 29°�36° to the axial 
direction at the lateral part. The morphology and number of the columnar grains at circumference of the tube are 
inhomogeneous, which induces apparent inhomogeneity of the tensile strength and elongation to failure of the tube. For 
the thermal-resistance angle of 8°�32°, with increasing the thermal-resistance angle, the angle between the columnar 
grain and the axial direction decreases, and the homogeneity of circumferential microstructure and mechanical properties 
of the tube is improved. The appropriate thermal-resistance angle at the bottom of cooling mold for BFe10-1-1 
cupronickel tube is 32°. Setting air-gap thermal resistance at the bottom of cooling mold improves the homogeneity of 
both circumferential heat transfer and temperature filed in the solidified zone of the tube during HCCM horizontal 
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continuous casting, which is mainly responsible for enhancing the homogeneity of microstructure and mechanical 
properties of BFe10-1-1 cupronickel tube. 
Key words: BFe10-1-1 tube; heating-cooling combined mold; horizontal continuous casting; thermal resistance; 
microstructure homogeneity�
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Table 1  Chemical composition of BFe10-1-1 and 

corresponding state standard GB/T 5234�2001 

Mass fraction/% 
Method 

Ni Fe Mn Cu 

Standard 9.0�11.0 1.0�1.5 0.5�1.0 Bal.

Measured 9.9 1.3 0.9 Bal.

 
HCCM [5]

1250 
1200 700 

L/h 50 mm/min[7]  
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Fig. 1  Schematic diagrams of thermal resistance of cold mold 

of HCCM continuous casting: (a) Structure of graphite mold; (b) 

Thermal resistance at bottom of cold mold 
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d 50 mm 5 mm
[6]  

( 2:2:1)

FeCl3(5 
g)+HCl(100 mL)+H2O(100 mL)
LV150

 
GB/T 228�2010

( )
MTS
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Fig. 2  Macrostructures of external surface of BFe10-1-1 tube 

produced by HCCM casting without setting thermal resistance: 

(a) Vertical view; (b) Front view; (c) Bottom view 

 
5 32°

2 5
32° HCCM

 
48°

“V”
4(d)

64°
4(e)  

6 HCCM
BFe10-1-1 7

8°
( 6(a)) (75 mm2)

(6 ) (11~12 ) 5~6
16°  



24 9              HCCM BFe10-1-1  2325
 
 

 
3  HCCM BFe10-1-1  

Fig. 3  Cross-section microstructure (a) and grain number distribution (b) of BFe10-1-1 tube produced by HCCM casting without 

setting thermal resistance 
 

 
4  HCCM BFe10-1-1  

Fig. 4  Lateral microstructures of BFe10-1-1 tube produced by HCCM casting at different thermal-resistance angles: (a) 8°; (b) 16°; 

(c) 32°; (d) 48°; (e) 64° 
 

2  HCCM BFe10-1-1  

Table 2  Circumferential macrostructure parameters of external surface of BFe10-1-1 tube produced by HCCM casting at different 

thermal-resistance angles 

Macrostructure parameter 
Circumferential position/(°) 

0° 8° 16° 32° 48° 64° 

0 V V 8° 7° E E 
45 30° 25° 14° 11° 32° M 
90 36° 34° 22° 16° V M 
135 35° 30° 25° 17° E E 
180 V V V V E E 
225 33° 30° 25° 16° E E 
270 32° 31° 17° 14° V M 
315 29° 27° 12° 12° 33° M  
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5  32° HCCM  

Fig. 5  Macrostructures of external surface of BFe10-1-1 tube produced by HCCM casting at thermal-resistance angle of 32°:     

(a) Vertical view; (b) Front view; (c) Bottom view 

 

 

 

6  HCCM
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Fig. 6  Cross-section microstructures 

of BFe10-1-1 tube produced by HCCM 

casting at different thermal-resistance 

angles: (a) 8°; (b) 16°; (c) 32°; (d) 48°; 

(e) 64°�
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Fig. 7  Grain number distribution of BFe10-1-1 tube produced 

by HCCM casting at different thermal-resistance angles 
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Fig. 8  Tensile strength (a) and elongation to failure (b) of 

BFe10-1-1 tube produced by HCCM casting at different 

thermal-resistance angles 
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9  HCCM BFe10-1-1 �  

Fig. 9  Liquid-solid interface shape and position of BFe10-1-1 tube produced by HCCM casting 
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Table 3  Liquid-solid interface position and angle between 
interface and axial direction of BFe10-1-1 tube  

Thermal-resistance 
angle/(°) a/mm b/mm �2/(°) 

0 99.3 87.2 76.4 

8 99.7 88.5 77.4 

16 107.5 101.0 82.6 

32 109.3 103.5 83.4 

48 114.5 111.8 � 

64 115.9 113.1 � 

 
� �
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�
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Table 4  Average axial temperature gradient in solidified zone 

of BFe10-1-1 tube at different thermal-resistance angles 

Average axial temperature gradient/ 

( ·min�1) 
Circumferential 

position/(°) 
0° 8° 16° 32° 48° 64°

0 2.7 2.6 2.1 2.1 1.6 1.6

45 3.1 3.0 2.5 2.4 1.7 1.6

90 4.1 4.1 3.0 2.8 1.8 1.7

135 5.0 4.9 3.3 3.2 1.8 1.7

180 5.3 5.2 3.4 3.3 1.8 1.8

 
GA (0°) GA

(180°) GA GA

GA  
GA 2.7 /mm 5.3 

/mm 8° GA

16° 32° GA
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GA GA GA

1.6~1.8 /mm HCCM
BFe10-1-1
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32°



24 9              HCCM BFe10-1-1  2329

BFe10-1-1

 
 

3   
 
3.1   

BFe10-1-1
HCCM

BFe10-1-1
�

 
10

BFe10-1-1

( 4) �
�

� �2(76.4°)
90°( 3)  
 

 

10   

Fig. 10  Schematic diagram showing structure change of cold 

mold with thermal resistance (a) and without thermal resistance 
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11  32° HCCM  

Fig. 11  Schematic diagrams of grain growth of BFe10-1-1 tube produced by HCCM casting without thermal-resistance angle ((a1), 

(a2), (a3)) and with thermal-resistance angle of 32°((b1), (b2), (b3)): (a1), (b1) Vertical view; (a2), (b2) Front view; (a3), (b3) Bottom 

view 
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