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Prediction of Multiplying Factor of Molybdenum and Hardenability of
Fe-C-Mo Alloys with a Correction of Insoluble Carbide

Tsuyoshi INOUE

Synopsis :

Hardenability of Fe-C-Mo alloys varies to a larger extent with carbon and molybdenum contents, and
with quenching temperature, and this is attributed to the variation in effective molybdenum and carbon due
to insoluble carbides. For this reason, it is important for molybdenum hardenability to be evaluated by net
amount of effective molybdenum with a correction of insoluble carbide.

In this study, basing on the previously reported data, multiplying factor of molybdenum is derived as a
function of effective molybdenum, [Mo]( %), for Fe-C-Mo alloys containing molybdenum up to 2% :

fuo = —0.512 X [Mo]? + 2.86 X [Mo] + 1

Furthermore, prediction formulae calculating the amount of insoluble carbide remained on quenching as
well as molybdenum and carbon fixed as carbide are proposed by a kinetic consideration of carbide dissolu-
tion at quenching temperature. Combining these formulae, hardenability of Fe-C-Mo alloys are calculated
directly from chemical compositions and quenching conditions.

Key words : prediction; hardenability ; multiplying factor of molybdenum Fe-C-Mo alloy; insoluble carbide:;

effective molybdenum.
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Table 1. Chemical compositions of the steels investigated.

Steel C Mo Si Mn P S Ni Cr Al B N 0]
2C2M 0.17 0.19 0.005 <0.005 0.005 0.0016 <0.005 <0.005 0.003 1 9 11
2C5M 0.18 0.48 0.005 <0.005 0.005 0.0017 <0.005 <0.005 0.004 1 10 <10
2C8M 0.18 0.80 0.005 <0.005 0.005 0.0014 <0.005 <0.005 0.003 1 9 18
2C10M 0.18 1.00 0.009 <0.005 0.005 0.0014 <0.005 <0.005 0.002 1 9 <10
2C20M 0.17 2.00 0.006 0.006 0.006 0.0050 <0.005 <0.005 0.003 1 31 16
4C2M 0.37 0.19 0.005 <0.005 0.007 0.0028 <0.005  <0.005 0.005 2 8 <10
4C5M 0.39 0.50 0.007 <0.005 0.006 0.0025 <0.005 <0.005 0.002 1 8 <10
4C8M 0.37 0.90 0.005 <0.005 0.002 0.0020 <0.005 0.018 0.002 1 25 18
4C10M 0.38 1.00 0.005 <0.005 0.005 0.0025 <0.005 0.013 0.004 1 8 18
4C20M 0.40 1.97 0.009 <0.005 0.010 0.0040 0.009 <0.005 0.001 2 12 16
6C2M 0.56 0.19 0.008 <0.005 0.005 0.0032 0.008 <0.005 0.010 2 8 <10
6C5M 0.57 0.50 0.006 <0.005 0.007 0.0031 <0.005 <0.005 0.003 1 8 <10
6C8M 0.59 0.80 0.005 <0.005 0.006 0.0027 <0.005 <0.005 0.002 2 9 <10
6C10M 0.59 1.01 0.006 <0.005 0.006 0.0033 <0.005 <0.005 0.003 2 10 13
6C20M 0.59 2.12 0.007 <0.005 0.005 0.0028 <0.005 <0.005 0.004 1 9 <10
% ppm for B, N and O and mass % for other elements

ROV CIRETERDICH L (il T o 2T Table 2. Steels and quenching temperatures con-
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taining insoluble carbide and Fe and Mo fixed as
carbide.

As carbide
Steel QT(°C)
[Fel(%) [Mol (%)

2C20M 895 0.18 0.21
1000 0.12 0.05

1100 0.11 0.03

4C20M 845 0.43 0.85
950 0.30 0.26

1100 0.21 0.17

6CSM 780 0.10 0.14
815 0.82 0.11

910 0.84 0.09

1100 0.03 0.07

6C8M 780 0.19 0.27
815 0.18 0.24

910 0.17 0.22

1100 0.08 0.14

6C10M 790 0.17 0.42
815 0.17 0.37

920 0.15 0.26

1100 0.14 0.13

6C20M 790 0.16 1.45
815 0.17 1.37

920 0.11 0.56

1100 0.08 0.21
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Fig. 1. Illustration of carbide dissolution model
during the heating at quenching temperature. p is a
fraction of dissolved carbide and (1-p) represents
a carbide fraction remained undissolved.
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Table 3. Constants A and B of equation ( 3) for
steels with various carbon and molybdenum con-
tents.

Steel Constant in equation ( 3 )
C(%) Mo (%) A B
0.17 2.00 0.653 218.7
0.40 1.97 0.386 197.2
0.57 0.50 0.173 31.0
0.59 0.80 0.141 33.1
0.59 1.01 0.177 66.5
0.59 2.12 0.254 159.8
20 T T T T T T
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Fig. 2. Comparison of the observed amounts of
molybdenum fixed as carbide with the calculated
curves using equations ( 2 ) through ( 8 ) for steels
carbide was extracted.
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Fig. 3. Comparison of calculated and observed
values of effective molybdenum.

WBDHRELND.

S5, B [(Mo], A% [Cl B (1)K A2 HEIE T
BIEMNTESL. Fig. 31 LAOHETHELLED
[Mo] & it T REMRALY DI 5HT A S FEERIY I K
WA % [Mo] 2B LR ERYT. WHELV—
BERLTBY, BUTFHHBENSHLZ L0br 5.

4. BAMEHOTH

4-1 BEERER~AOERRE

B TR L7 Fe-C-Mo & DHMAHED T — 7139
THEAIGIEL LTV s 3 = —BEAMMBICBNT50%
2T oA M E R TEOBAM D O ORBETH
5 Jso AL

— AP OEETROBAURE L, TOXELE
FHAVWEERTORBERERE (D) LEALLEDSH
SR TOHMEREROLLERINA TS, 2O
9, BEARERY ROH-DICIRTT S ¥ BERRE
BICETLENDA.

GrossMANN HPNZ X B & Jpo E BBEEREEOBIZIX
SWHEASH B ERASRTWA. (10)3id - DR

UL 72D THS.
D;(mm) = 0.00143 X (Js)® — 0.164
X (Js0)2 4 7.94 X (Jgg) reeereseneeess (10)

Fig. 4 3RIHICR L7z Joo EBEAMEICARNIZE VT
wWaER [Mo] 0Bt %, (10)RZHVCHBERRE
% (D) £H%) [Mo] DBRICIBRE LR ERT.
4-2 BEFEREREEOHEN

Mo DHE AL (fu.) & Fe-C-Mo 3 TRAETO
AR REEL Fe-C 2 TR TOMBERRERE (12
oA EABEBERER LIS, D TRY) &O

—111—



620 & & % 78 4F (1992) 4 B
T T T T D o=45.66x[C]*863 exp(-0.0657xGSN)
100 i 40 T T ! . Grain
t i { 3 i | size No.
E I :
Y 2
5 g 4
e [ £
® 40 L. [oa s O3 o 6
5 | > | =3
3 : “
o 20 | @ 10
. 2 .E
; ©
o 1 1 s 1 -
0 0.5 1.0 1.5 2.0 §
Mo (%) =
Fig. 4. Ideal diameter wvs. effective molybdenum
for steels of 0.2, 0.4 and 0.6% C.
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which was derived from K-S-B’s experiment®.
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Fig. 6. Multiplying factor as a function of effec-
tive molybdenum for Fe-0.2% C-Mo steels.
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Fig. 7. Multiplying factor as a function of effec-
tive molybdenum for Fe-0.4% C-Mo steels.
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Fig. 8. Multiplying factor as a function of effec-
tive molybdenum for Fe-0.6% C-Mo steels.
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Fig. 9. Multiplying factor as a function of effec-

tive molybdenum for Fe-C-Mo steels with carbon
contents of 0.2 t0 0.6%.
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5 : Average of K-S-B® 6 : Minimun of K-H-T? 7 :B-M?
Fig. 10. Multiplying factor derived in the present
study is compared with those of past studies.
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Fig. 11. Variation of austenitic grain size number

with quenching temperature. Fitting line is calcu-
lated by approximate equatuion (17).
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Fig. 12. Comparison of the observed ideal dia-
meters and the predicted values by the method
proposed in the present study.
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HMHIZBWT, BANRBRICRTT 5 RKER R
CEZESNTWwS {Mol, |Cl %#FesMozC & L THTH
LTWwh EMEEL, METAHILIZKD Mo &4 2%
WL FTHOBAMFHBELCFMTCELI L ERL
7z '
KTNSO T — ¥ 2 et e ¢4 2 L
Xy, =35 m (C), (Mo) BEAMEE DS RIL &
LCEEShTWw [Cl, Mol %8HHL, &H6ICH
% [Cl, [Mo] 2 FHlI¥ Az 7.

¥ 7:, HAAEREAERCXLHEALOFMA S Mo
R Mo DBEAMERE & A% [Mo] DEIfR %KD, K
DR E 7.

e =—0.512 X [Mo]* + 2.858 X [Mo] + 1

Z® Mo DBEAMEETIZ 0.2~0.6%C, 0~2%Mo D
PTHHATELLDTHS.
EHIZIhbDFRRERETAI LICLD, B
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Fe-C-Mo &2 817 5 REMRILMOFE 2 HHIE L 72 Mo DEEAMERZ L BEAE DTN 623

(C), WM (Mo) &BEANRMEELSHMOMBFERHEED
HELTHILNTE, av¥a—y—%flioBum
BOMEFIIERNT 5 LT THS.
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