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Influences of thermal-resistance angle of cooling mold on
microstructure and mechanical property homogeneity of
BFel0-1-1 cupronickel tube produced by
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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 BFel0-1-1 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 BFel0-1-1
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: BFel0-1-1 tube; heating-cooling combined mold; horizontal continuous casting; thermal resistance;

microstructure homogeneity
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Table 1

corresponding state standard GB/T 5234-2001

Chemical composition of BFel0-1-1 and

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.
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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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Fig. 2 Macrostructures of external surface of BFel0-1-1 tube
produced by HCCM casting without setting thermal resistance:

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

S5 BN I ABH ARy 320MEIERE R 1) AN ] 35
PSRRI XTERIE 2 RS AT, LR i B BH A
L, SRS A 3200 HCCM ZKF 38 AR 1) b
1) 0 ) 2 R G35 Sy k3 B S e

M ARSI K S 4801, M LIRS
HILR T SRR X, M T R T RV IR AR
KA A AR AL, W 4 PR, 3B
h 64°I), M LRI O S A RO, )
THI AR S DX, W BB 4(e) T

Bl 6 FTa i AFHHEH A& F HCCM /K14
BFel0-1-1 EMEHETIAIZ:; B 7 FoR R AN A FABH £
AT AR AT AN [ 3807 P s i o0 AT 1
IR AR K 8T, AT AR R B K T LA
PEF SRR SFOIL K 6(a)), FEARIZETHTHIAR Y (75 mm?)
IR ERIEL (6 ) H AR AL AR (11~12 ) 5~6
A HIABHA R 16°0T, M S ALK SR AR A



o524 & 9 L, e RRABIAA X HCCM /KPR BFel0-1-1 F0 il [l 4L UR1) 2 M e 38 5 Mk (K 5% 2325

Mumber of grain
o

Lipper Lefi Right Lower

B3 AR E RPN HCCM /K V%4 BFel0-1-1 E MBI I 41 VR Al R 93 A
Fig. 3 Cross-section microstructure (a) and grain number distribution (b) of BFel0-1-1 tube produced by HCCM casting without

setting thermal resistance
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Fig. 4 Lateral microstructures of BFel0-1-1 tube produced by HCCM casting at different thermal-resistance angles: (a) 8°; (b) 16°;
(c) 32°; (d) 48°; (e) 64°
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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 \Y% v 8° 7° E E
45 30° 25° 14° 11° 32° M
90 36° 34° 22° 16° \% M
135 35° 30° 25° 17° E E
180 \Y% \Y A% \Y% E E
225 33° 30° 25° 16° E E
270 32° 31° 17° 14° \Y% M
315 29° 27° 12° 12° 33° M
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Fig. 5 Macrostructures of external surface of BFel0-1-1 tube produced by HCCM casting at thermal-resistance angle of 32°:

(a) Vertical view; (b) Front view; (c) Bottom view
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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 BFel10-1-1 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
BFel0-1-1 tube produced by HCCM casting at different

thermal-resistance angles
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Fig. 9 Liquid-solid interface shape and position of BFe10-1-1 tube produced by HCCM casting
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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 -
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Table 4 Average axial temperature gradient in solidified zone

of BFel0-1-1 tube at different thermal-resistance angles

. . Average axial temperature gradient/
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0 27 26 21 2.1 1.6 1.6
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180 53 52 34 33 1.8 1.8
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Fig. 11 Schematic diagrams of grain growth of BFe10-1-1 tube produced by HCCM casting without thermal-resistance angle ((a,),
(ay), (a3)) and with thermal-resistance angle of 32°((b;), (b,), (bs)): (a;), (by) Vertical view; (ay), (by) Front view; (a;), (b;) Bottom

view

AHN, HCCM 7K V&4 BFel0-1-1 & AR 1)
AL, EIRERRLI AR W2 T8 M N A kL
i, HAP RSN LRI T 1) B
R A B LA Y, 52 BRI VE IR 52
Wiy 71 T F B 22 R Ak, TS A 358 0k I 7 7
WA, BT B R R R D 2) BT X
(18 ] =0 S TR AR ™ A DX (LI 11(as)), R AR R
R A O A K, T X3 ) 9 A o AR
TR X L 11(ay), B8 StokE 52 2% A0 i)
LA S A M TR R A= K 10 Bt g LA 1 594 1 O A A

TEA BB E B, T A 280 i 1 A 1) A
R RE S A 3 S Ve . MBS R 8IS, YA TSR
JSCR AP AS AN, 6 I e b Tl = St T 3L
LEM R 0, FEmE/NILE 3 F 4), I,
EMALIEIL AR G AR K7 ) S e 6, 224k
AN

LIEH AR A 320mF, B WA S T AL
AN BE 73 A I B A PR 4), AR AR KT ) 5
EMEN I AR 0, B WIS, R Al e ECe AR
EPEE, AR AN [RD S AR it 1 A e B0 R P
ZESHIRN e SiAh, PR XS A S, Al
L I ST A A R T WL T AZ B8 RN A A TR 22 0/
PRV =R i & TR VALY R = R S N = i
UGS e R E . [, A TR RS v A PH 5 3
] = S 1H A A By, B2 V8 LA 1 FH 5% i B
DR R E A TY TN Y S VAT IS k-6l N1
LTED AN S STDANG 7 4 S

AP AR A 48°F1 6401, VAT MU
FEW R TR, AEE R e AR A (LR 3), B
At T U PR 1 A A 20D S R 1] DX 49
T3t FEE B P82 W) A 9 /NI 4, AN T TR Bl A 326 ) il )
BORFRRE . 386, AERRUBRIIRIMA R Y, 4
(I T R T R 22 A /S ik, JF HAE IR T
BB (3 G 2R, AL I SR A A )
A, TERAR R AR LD

3.3 AMEMNEM HF MR

FERSESAE N, A B AR Af A 80, 16°
HU 3205 A IR, HEAT LR PRl 1) B ) AR
HEFNIR D R ) i S, AESLRA AR T R T, T
0 SERE YAl R0V RS T 1 B RO . HA AR FE R
T R 2 BERRAG, APRIE AR TR I v o TR 4K
AN, WTR L BRI R LA SZ BE R B ) S A AR
T, DR AT B s i i B AR T B T, TR
R T 40%.

IABH AR 8o, R TNALLA S A B B SABH I
P ZARBILIE 2(b)F1 4(a)), B BT 5 RS i
KRR/ BB AR 3200, M4
W HIBCER Z (L 4R 6(c)), HHE ok it
B, EMIPURI SR N AZIE O, ERRR A KT S
B A 6 BR R AP 29°~36°78 /N h
11°~17°, ERARIR bl ) B o) P S 25 4, 9B/ T
PR AR T I R rh B S 1 it SR BRI, BRI T
BRI B2 A (0 TARALRRRE,  SEA R R 4% 2 i B



5524 558 9 W

L, e RRABIAA X HCCM /KPR BFel0-1-1 F0 il [l 4L UR1) 2 M e 38 5 Mk (K 5% 2331

)RR A EHIL S 0l S AR T R T, AR
JEE BRAR AN T J5 (R A 1K

2 BBH A AR S K S 48°R1 64°1), ML T LA
RIS S 18 e LA A T 00 7 R P AR, ot e
(VR SR 4(d) Fii(e)), ShAECREW B %, £
VAR I R, SRS T AL IIE S, S TR
FAb A R A R ZE R, T RN Sy, A
RF BT i S T S84 v R i - S S 3 A

B ) AN TR PRI 5 P R IR 5 (K 4 1 3
SIPES H R I A A3 ST B DA OG o R B FABH I,
ER BRSO IR AL 4L 2
SRR RS 290~36° AR A, B IR ETAR v
TEF B RIS I 0, M ZzERBRK, FEEM
JE) ) AN [ AV () 04 5 AR AT i o 5 1) 2 S B
FABH ARG E 320mF, B AL ATAR AL R T
Koot S LS e 0 ZE N, A D) P RE
Bs ki B E.

FA IR S 25 AN AT T, IS e A SR A
TR A AR KA A 2 R B G B A A
P2 5 M 1) A B B4 S R A e RE A3 AT R 385
P, & HCCM /K V34445 BFel0-1-1 & A AR fb il 7] B
)RR A ) A 2R g 2 M R A AT PR w1 E 22 AL

1) 7& HCCM ZK-VIERG 45 3 178 BB B A
BHL, W45 2% BFel0-1-1 458 J it F 3y ) A
] DX ) T3 B A (R 1) 5 o 4 B BE A7 O 8°~32°I
li] — F T b T AT RIS L 2 R I X N, ELRE A
BEA RGOS, J B Ay ARS8 S e s M FABH A Y
KA 48°~64°IN,  [Hl - S Il 58 B REAR AL

2) RBCE B, A AR S U A A
A7, RN FHS I S VTR AR B A2,
N Ay S 5 1) 2 A7 0 29°0~36° I FRIR A1 s a4kl
FOYE R 32°mF, M A ] AR SR 1 2 A e 45T
HARRSHL S o Amoh 2 110~17° S0
FAR 48°~64°If, M TE R T ARl A 40 AR A
PRI TR A A2

3) RECEIBHR, B 5. MESAT R P
FRIE YW 246, 231 Fl 243 MPa, WiJE (K551 4
44.5%  42%FH1 39.5%. IBHSIR 32°0), B 1A
PEREMI S S s, JE B, MR R b R
394 231, 227 Al 227 MPa, Wija iR 54
45.8%. 45.8%F!1 44.0%.

4) BFel0-1-1 5 FF HCCM 7K 3% 84 V4 1R J i v
BRI A A 320, FEVA TR B E B, e
HCCM /K-35 IR 87 i) 1] e A0 PRy 35 0 1 it [ 1XC
JEV )L 3 o AT 38 S P, AR il 1 R 1) 7
JZ. R ALy A e A R m i) E R

REFERENCES

[1] GLOVER T J. Copper—nickel alloy for the construction of ship
and boat hulls[J]. British Corrosion Journal, 1982, 17(4):
155-157.

[2] AULT J P, GEHRING G A. Statistical analysis of pitting
corrosion in condenser tubes[J]. ASTM Special Technical
Publication, 1997(3): 109—121.

(3] B SN T A R R AR AT A N T HORBIE FU R
[71. " EREEERE, 2010, 29(11): 1-7.

XIE Jian-xin. Development of compact processes for high
efficiency fabrication of hard-to-working metals[J]. Materials
China, 2010, 29(11): 1-7.

[4] BT, &R, XFHE, T R AEE RS A A
BOKTEH T2 5% %&: 1 HE, ZL 201010501407.4[P].
2012-06-27.

XIE Jian-xin, MEI Jun, LIU Xin-hua, LIU Xue-feng. A kind of
process and equipment for fabricating cupronickel pipes with
heating-cooling  combined mold
201010501407.4[P]. 2012—-06—27.
[5] MEI J, LIU X H, XIE J X. Microstructure and mechanical

casting:  China, ZL

properties of BFelO cupronickel alloy tubes fabricated by a
horizontal continuous casting with heating-cooling combined
mold technology[J]. International Journal of Minerals
Metallurgy and Materials, 2012, 19(4): 339-347.

[6] i, XUHidk, WHECH. BFelo (418 M HGA 41 A% 10K
TR URE I IR B L[], R A G m AR, 2012, 22(5):
1430-1439.

MEI Jun, LIU Xin-hua, XIE Jian-xin. Solidification temperature
field simulation of BFelO cupronickel tube during
heating-cooling combined mold continuous casting[J]. The
Chinese Journal of Nonferrous Metals, 2012, 22(5): 1430—1439.

[77 MEIJ, LIU X H, JIANG Y B, CHEN §, XIE J X. Liquid-solid
interface control of BFel0-1-1 cupronickel alloy tubes during
HCCM horizontal continuous casting and its effect on the
microstructure and properties[J]. International Journal of
Minerals Metallurgy and Materials, 2013, 20(8): 748—758.

(8] Mg MR, xUFrte, FLMEK, B A in4i2{ BFelo-1-1
EMAAM TR PR PR SR, A
BJE AR, 2012, 22(9): 2529-2538.

MEI Jun, LIU Xin-hua, JIANG Yan-bin, XIE Jian-xin. Evolution
of microstructure, texture and mechanical properties of

BFel0-1-1 tube with microstructure along axial orientation



2332

T A (8 R

2014 9 H

[9]

(1]

[12]

[13]

during cold-rolling[J]. The Chinese Journal of Nonferrous
Metals, 2012, 22(9): 2529-2538.

YAN Z M, LI X T, CAO Z Q, ZHANG X L, LI T J. Grain
refinement of horizontal continuous casting of the
CuNilOFelMn alloy hollow billets by rotating magnetic field
(RMF)[J]. Materials Letters, 2008, 62(28): 4389-4392.

YAN ZM, LIUH, LI TJ, ZHANG X Q, CAO Z Q, ZHANG X
L. Effects of alternating magnetic field and casting parameters
on solidification structure and mechanical properties of copper
hollow billets[J]. Materials and Design, 2009, 30(4): 1245—1250.
LI X T, GUO Z X, ZHAO X W, WEI B, CHEN F B, LI T J.
Continuous casting of copper tube billets under rotating
electromagnetic field[J]. Materials Science and Engineering A,
2007, 460/461: 648—651.

BICHR, 8k, R, SR KOV BRGER T LR
ALY RERE U] WA S Jm # kS TR, 2006, 35(7):
1126—-1128.

LI Qiu-lin, LI Xin-tao, LI Ting-ju, JIN Jun-ze. Structure and
property of Cu tube by horizontal electromagnetic continuous
casting[J]. Rare Metal Materials and Engineering, 2006, 35(7):
1126—-1128.

PG, B, FEXR, RS, KeH, SRE. By
Xof 7KV EE R S R R M AL SR eSS (0], Th A
48 23R, 2004, 14(12): 2060-2065.

LI Xin-tao, LI Qiu-lin, LI Ting-ju, SONG Yan-qin, ZHANG
Jin-li, JIN Jun-ze. Effect of electromagnetic field on surface
quality, macrostructure and property of horizontal continuous
casting of copper hollow billet[J]. The Chinese Journal of
Nonferrous Metals, 2004, 14(12): 2060—2065.

R, BAER, B E, BRRE, RS, FER. ek
#ida%t BFel0-1-1 /E.*,/*@Wﬁ,/\&jw PERERISEMN]. hIE
B4 JF %R, 2007, 17(6): 922-926.

LI Xin-tao, ZHAO Xiang-wei, WEI Bi, CHEN Feng-bao, YAN

[15]

[16]

(18]

[19]

Zhi-ming, LI Ting-ju. Effect of rotating electromagnetic field on
solidification structures and mechanical properties of tube billets
of BFel0-1-1 alloy[J]. The Chinese Journal of Nonferrous
Metals, 2007, 17(6): 922-926.

B, SRHEAH, BAAER, ZRAEZS. IRE R RS )]
o EAT 4 B 24k, 2008, 18(3): 439-443.

LI Xin-tao, GUO Zhao-xiang, ZHAO Xiang-wei, LI Ting-ju.
Thin-walled tube billets of cupronickel alloy by electromagnetic
continuous casting[J]. The Chinese Journal of Nonferrous Metals,
2008, 18(3): 439—-443.

PR, XUBTHE, SRKAR. TSI R 2 A0V AR K Y
Bk A% hIE, ZL 201110207276.3[P]. 2011-07-22.

XIE Jian-xin, LIU Xin-hua, WU Yong-fu. A kind of horizontal
continuous casting mold for circumferentially uniform cooling:
China, ZL 201110207276.3[P]. 2011-07-22.

BATHELT A G, VISKANTA R. Heat transfer at the solid-liquid
interface during melting from a horizontal cylinder[J].
International Journal of Heat and Mass Transfer, 1980, 23(11):
1493-1503.

SHIRAISHI Y, MAEDA S, NAKAMURA K. Prediction of
solid-liquid interface shape during CZ Si crystal growth using
experimental and global simulation[J]. Journal of Crystal Growth,
2004, 266(1): 28-33.

WHEE, £, AL LR LU K G
WA AT 0 L IR L], EAT e m AR, 2011,
21(10): 2324-2336.

XIE Jian-xin, WANG Yu, HUANG Hai-you. Extreme plastic
extensibility and ductility improvement mechanisms of
continuous columnar-grained copper and copper alloys[J]. The
Chinese Journal of Nonferrous Metals, 2011, 21(10):
2324-2336.

(RiE BRI



