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Prediction of the Formation of Eutectic Nb(C, N) in Large Ingot of High-Cr Ferritic Steel
Koji MORINAKA, Masato MIKAMI, Kihei SOEDA, Yoshikuni KADOYA, Ryotaro MAGOsHI and Hisataka KAWAI

Synopsis : Nb addition is widely used for strengthening of low-alloy steel. In case of large ingots, however, where the cooling rate during solidification

is low, eutectic Nb-carbide can easily coarsen. Nb addition can substantially reduce the ductility and toughness of the material by the influ-
ence of such large eutectic carbide. As the effect of Nb on the strengthening is advantageous in high Cr steel, 12% Cr rotor forgings generally
contain about 0.05wt% Nb in order to improve the high temperature strength. In case of 12% Cr steel, Nb forms Nb carbo-nitride
(Nb(C, N)), because 12% Cr steel usually contains N of several hundred ppm. This research shows a guideline of chemical composition to
avoid the formation of Nb(C,N) for a large 12% Cr steel ingot manufactured by conventional method. Formation condition of eutectic
Nb(C, N) in 12% Cr steel and low-alloy steel were compared. It is confirmed that Nb(C, N) is formed less easily in 12% Cr steel than in low-
alloy steel. The experimental results were arranged such that the amount of eutectic Nb(C, N) was expressed in an experimental formula as a
function of contents of Nb, C and N, and the cooling rate. The experimental formula was verified the investigation of a large 12% Cr steel

ingot weighing 68 t, and its validity was confirmed.

Key words: ingot making; 12% Cr steel; rotor forging; solidification; precipitation; cooling rate; Nb carbide; Nb carbo-nitride.
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Fig. 1. Schematic figure of the equipment.

Table 1. Chemical compositions of materials.

(wt%)
Material C | Si|Mn|Ni [Cr|{Mo| V| Nb | N
2.25CrMoV _0()"1435 0.07] 0.7 [ 0.8 |2.25/1.10 [0.25 _%'0024 0.004
12Cr-1 -%.lfz 0.05| 0.6 | 0.6 |10.5{1.50 [0.16| 0.05 %‘?g:
12Cr -2 _%.1339 0.06] 0.1 [ 1.3 [11.01.40 |0.20 Ooofo %01505

Table 2. Chemical composition of the 12Cr steel ingot
weighing 68 t for verification.

(wt%)
C | Si{Mn|[P | S|IN |Cr|Mo| V |Nb| N
0.14 | 0.03|0.20 |0.0060.002} 1.07 [9.77 | 1.39 | 0.20 | 0.05 [0.043

2.2 KRR E AV -REERR

NRRRHZ &k B EERERE, FERBEO 120 8 A RIFH 1
TREEL 72, 12Cr#i%2 L —-REBEBRIFCHMBEL =%, B
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Table 3. Effect of cooling rate and chemical composition
on the area ratio of eutectic Nb(C, N).

Material |Sample] C | Cr | Nb | N |Cooling Rate| Nb(C.N)
No. | wt% | wt% | wth [ wt% C/h %
2.25CrMoV | _Al 0.13] 2.201 0,03} 0.01 30 (1]
A2 0.13] 2.15] 0.04] 0.01 15 0
A3 0.19{ 2.04} 0.04] 0.01 30 0
Ad 0.45] 2.25| 0.04] 0.01 600 0.108
A5 0.26] 2.26] 0.04| 0.01 1000 0
| A6 0.28] 2.32] 0.04] 0.01 40| 0.03
AT 0.29| 2.21| 0.03] 0.01 40{ 0.05
A8 0.43] 2.37| 0.05| 0.01 40| 0.108
A9 0.27] 2.23| 0.04} 0.01 300 0
Al0 0.27] 2.25| 0.04] 0.01 100| 0.002
All 0.22] 2.20| 0.02] 0.01 40 0
Al2 0.19] 2.18] 0.02| 0.01 40 0
Al3 0.32| 2.31{ 0.03[ 0.01 40{ 0.053
Al4 0.27] 2.23| 0.02] 0.01 40 0
12Cr—1 Bl 0.42110.42] 0.05/0.004 20| 0.0
B2 0.30]10.40} 0.05]0.005 20[ 0.008
B3 0.24[10.45] 0.05]0.003 20] 0.002
B4 0.20/10.45] 0.05]0.002 20[ 0.005
B5 0.14/10.44| 0.0510.004 20 0
B6 0.17]10.39] 0.05}0.020 20] 0.002
B7 0.21]10.45]| 0.05]0.020 20 Q
B8 0.17/10.43| 0.05/0.030 20{ 0.002
12Cr—2 Cl 0,131 9.,99! 0.07;0,051 20 Q
Cc2 0.14| 9.95| 0.07]0.050 20 0
C3 0.13]10.03] 0.07)0.054 20 0
C4 0.15[10.04| 0.050.052 20 0
C5 0.20]11.00{ 0.09/0.065 20 0
Cé 0.19/11.01] 0.09]0.067 20 0
C7 0.25{11.14| 0.09]0.058 20{ 0.075
Cc8 0.26]10.95] 0.09]0.099 20[ 0.096
c9 0.32|11.00| 0.09]0.051 20| 0.117
Cl10 0.39]11.26] 0.10]/0.060 20| 0.175
%6Nb+0.4%C —0.03410g 1=0.073++++xwreesueresenunnsennes (1)
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Fig. 2. Examples of Nb(C, N) in the laboratory heats.
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Fig. 3. Relationship between NbC parameter and the area
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Table 4. Effect of C and N content on the area ratio of
Nb(C,N).

(1)Effect of N content

Sample N Nb C Area ratio Note
No. (wt%) | (wt%) | (wt%) %)
Cc7 | 0.058 | 0.09 | 0.25 0.075  |-Nb: Same level
C8 | 0.099 | 0.09 | 0.26 0.096  |*C8Ris adjusted
CsR_| 0.099 | 0.09 | 0.25 | 0.090 by C from C8.
(2) Effect of C content
Sample C Nb N Area ratio Note
No. | (wt%) | (wt%) | (wt%) %)
C7 0.25 0.09 0.058 0.075
-N: Similar level
C9 0.32 0.09 0.051 0.117 C10R is adjusted
C10 0.39 | 0.10 0.060 0.175 by Nb from C10.
C10R | 0.39 0.09 0.060 0.160
0.2 —r ! - T
8
< 0.15 . -
Z Effect of N Change:
e Slope=0.038
2 - -
= : :
S 0Vl bl LR .
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S 0.05[7. i CT o]
< Effect of C Change:
Slope=0.060
ol i P B .
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Fig. 4. Effect of carbon and nitrogen for the area ratio of
Nb(C, N).
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Table 5. Re-evaluation of the test results by the activity.

Material |Sample Activity NbCN parameter | Nb(C,N)
No. ac |an, | N by activity %
2.25CrMoV |_AL | 0.121]0 026/0 007 0.0
A2 | 0.121]0.034{0.007 0.045] 0
A3 _| 0.183]0.032]0.008 0057, 0
A4 | 0.480/0.024/0.008, 0.123| 0.108
A5 | 0.254/0.030/0.008 0.031 0
A6 | 0.276/0.029/0.008 0.087] 0.03
A7 _| 0.289]0.022[0.008 0.085] 0.05
A8 | 0.452|0.030[0.008 0.159| 0.108
A9 | 0.266 0.008 0.054| 0
A10 | 0.266]0.029/0.008 0.070{ 0.002
All | 0.213|0.016[0.008 0.048] 0
A12 | 0.182[0.016[0.008 0.036| 0
A13 | 0.322|0.021{0.008 0.097| 0.053
Al4 | 0.26710.015/0.008 0069, 0
12Cr—1 Bl 0.27710.03110.002 0.098] 0.060
B2 | 0.189 0.002 0.067| 0.008
B3 | 0.146/0.038/0.001 0.053] 0.002
B4 | 0.120(0.040/0.001 0.044] 0.005
B5 | 0.082(0.042/0.001 0031 ©
B6 | 0,101/0.041(0.007 0.039] 0.002
B7 | 0.127(0.039(0,007 0.047| ©
B8 |0.101/0,04110,011 0.040 0.002
12Cr—2 c1 | o.079l0060l0019 0052 0
C2 | 0.086]0.060/0.019 0.054] 0
C3 | 0.079]0.060/0.020 0053 0
c4 | 0.092/0.04210.020 0.039] 0
C5 ] 0.1180.07110.023| 0080 0
c6_| 0.112]0.075(0.023 0081 0
C7 | 0.153/0.064/0.020 0.086] 0.075
C8 | 0.158(0.067[0.035 _0.094] 0.096
c9 | 0.199/0.062/0.018 0.102] 0.117
C10 | 0.25210.06010.022 0122 0175
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A
*+ 12Cr1 E
Z 0.15 - * 1202 / 7]
%’ 2.25CrMoV é
z ot ¢ 7
© /
2 4
§au- N2 4
§ a
RS SRUPUPY SPRE. P .
r E ]
v b e b e e by by b e b
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

NbCN Parameter by Activity

Fig. 6. Relationship between the area ratio of Nb(C,N)
and the NbCN parameter by activity.
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Fig. 7. Sampling location in the 12Cr steel ingot weighing
68 t for verification.

Table 6. Area ratio of Nb(C,N) and chemical composition
in the top portion of the 12Cr steel ingot weighing
68 t for verification.

Sample] Chemical composition |Cooling| NbCN [Nb (C,N)
No. (wt%) rate |parameter | area ratio
Cr{ C | N |Nb|CC/h) (%)
A [10.45)|0.22 10.056| 0.09 10 0.158 0.071
B |[10.15/0.21 [0.058( 0.07 10 0.135 0.029
C 19.97]0.19 |0.051] 0.06 20 0.105 Q
D [9.87]0.16 |0.044| 0.05 40 0.071 [4]
E [9.79(0.14 [0.039( 0.05 80 0.051 0
F |9.7810.13 |0.038]{ 0.05 | 200 0.033 [4]
G [9.77 {0.18 {0.049] 0.05 20 0.090 0
H 19.77 {0.16 |0.043] 0.05 20 0.081 0
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B7-0ICBE X - 68 tHRIZ, 15009 D 7L — & LEAER
FEEMICEE SN %, B h, ERFEEMIHT 2Y)
W& h, KEFEED KOS 5 A & FRELL 7=, KB4
PR EER DO PBOET IR & BIERARRHREGLE % Fig. 712, &K
4y 538 & Nb(C,N) D S BIER D R % Table 61277
BEGHEE L, ERHEDICLDBoAEEFEAL
77,

B1%2 X 1L7- Nb(C, N) I B & NbCN A RIER DRIk %
HIRL7-Fig. 5&ERB &, Fig 8D &KS2& D, 12Cr
WOPNERTEBR THON-RREITIT T 5 2 L2
Wxht, HENDC,N)IZ, 68tHHBRDARAKIMGH ITE
ZXhT, FEH 128 SAED P REBO 2FBHZ DO AH
"X Nz, HRED 2RO IHLEN(C, N) BEEEBOBHAMSE
BH % Fig. 9128 . NbC,N)IXRELTH D, 1{#10um
BEORKRPOEA L L TBER NS, SWRIKE T Fig.
20 XS ITBREFATVZDOR, BEEHICKDES
o2 eMnagns,
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NbCN Parameter : %Nb+0.4%C+0. 25%N—0. 03410g t

Fig. 8. Relationship between NbCN parameter and the
area ratio of Nb(C,N) in the 12Cr steel ingot

weighing 68 t.
Sample | Chemical
No. | composition 100 u m

A | C=022wt% |
Nb=0.09 wt%| &
N=0.056 wt%

Area Ra o of Eutectic N

B | C=0.21 wt%
Nb=0.07 wt%
N=0.058 wt%) &

Area Ratio of Eutectic Nb(C,N) =0.029%

Fig. 9. Eutectic Nb(C,N) appeared in the top portion of
the 12Cr steel ingot weighing 68 t.

3.5 XBUSALRD Nb(C,N) D-F Rl

Fig. 8IZ/R L 72k 512, (5)RTED XIS NbCNAERK
BB E ND(CN)EFEEORBEA, EEREL NLET T
KGBRIZB VT RILT B Z AR s R, ZORMK
VT, 12Cr#RRIGD Nb(C, N) D4 BRI 4 F il
5ZENTESD, NbCNERBROBEHD - Ic S X
Nb, C, NOWRSE & BEE A HEE 2, MMERS I 21—

26

YalVviATLEEHALTRODSEIENTES, DK
I, BB O ERY I v —-Y s VEBHTAI L
T, SRSV OLENC,NDTFRINTTREE K 72, &
DFEOBAIZ LD, SBRERET, MBS, RORET 48
EISREZ LT, HEFITKEFLEND(C, N) D 8 @ 4 2 3
MEEDLZELATES,

4. #

(1) NEHSMONBC,N)DOERRN 2ETHEL LT,
BT IRE L BEHEE | 5 % 5 NbCNAER ISR
%Nb+0.4%C+0.25%N—0.034logt Z¥LA L 7=,

(2) 1R2Cr#DBAIZ DWW TIE, NbCNAERIEEKA20.10
PLEIZAR 2 L HRENDC, NYDERKSED 5 NS, FOMH
PRI L BEAHARE OB E U TRRD LS IcEH
T35 L AMERL -,

Nb(C, N) T T (%)
=1.4(%Nb+0.4%C+0.25%N—0.034 log /) —0.14

(3) ZOEBRKXIZE, 68tdidl% - HBH LR T
BREEX N, NbDCNAERERABEE TS 2L T, KEIHRO
fE % DERLIZIH T 5 HENC,N)DEEE L FHIT 22 &
MO[RE & 7 - 72,

(4) MR K IREEEROER, 2Cr#FlTIHES S
2 HND(C, N)DAEREA AT 0 |, ERBEBSESERE
N> 7 b3 Z LR INT, ZORRIT, SEED
CIDFEBCENDHERAZE T ERBILIZEk-TEZ B
LEZ LN, NoCNAEBRBROR S EHAERIZ T3 T,
BARDOEEHR LTI TE5ZLERML, UTD
EEA A EH N,

Nb(C, N) H 3 (%)
=3.33(ay, +0.4a.+0.25a,—0.034 log £)—0.22
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