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Estimation of Hardenability of Steels
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Alloy series used and their range of alloy addition investigated.

Numbers of

Range of alloy addition

alloying clement

C Si Mn Ni Cr Mo
Binary alloy 0.2/0.6 — = — — —
Ternary alloy 0.2/0.6 0/1.5 0/2 0/10 0/10 0/2
Quaternary alloy 0.2/0.6 0/1.5 0/2 — - 0/2
Quintary alloy 0.2/0.6 0/1.5 0/2 0/5 0/2 0/2

Impurities : B<0.0004, P<0.003, $<0.005
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Vacuum Melting of 10~50kg ingots

4

Forging to 32~50mm¢ Rods
Surface Machining
Homogenization Treatment at | 200~ 250°C

4
Normalizing

4
Specimen Preparation

— Jominy test

Determination of Austenite G.S. No.

Optical Microscopy

—> Chemical Avalysis

> C.C.T. Diagram

Fig. 1. Experimental Procedure.
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Fig. 2. Comparison of observed hardenability with
calculated hardenability. (Fe-C and Fe-C-i
alloys)
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Fig. 3. Gomparison of observed hardenability with
calculated hardenability. (Fe-C-i-j alloys)
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Fig. 4. Comparison of observed hardenability with
calculated hardenability.
(Fe-C-i-j-k alloys)
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Fig. 5. Multiplying factor derived from various alloys.
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Fig. 7. Interaction cffect between alloying elements on hardenability.
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Table 2. Results of regression analysis.

Alloy series

Regression equation

Fe-C D;=4.272- (%C) 0.1078 . (0.3240
—=27.688- (9,C)9.1978 . exp{—0.1123- (GSN)}

Fe-C-Si Dy=Dg-exp{0.5297- (%C) (%51) }

Fe-C-Mn Dy=D,-exp{0.3661- (2%Mn) +0.1326- (%Mn)?}
-exp{0.1329- (%C) (% Mn)}

Fe-C-Ni Dy=D,-exp{1.7697- (%Ni) —0.4665- (% Ni)?}
-exp{—0.4740- (%C) - (%Ni)}
exp{—0.0417- (16.143— (GSN)) }

Fe-C-Cr Dy=D,-exp{1.5350- (%Cr) —0.3952. (% Cr)2}

R -exp 055912(%9)'(%01?))% e
.exp{—0.0291- (16-643— (GSN))} h

Fe-C-Mo Dy=D,-exp{0.9379- (%Mo) —0.3767- (%Mo)?}
-exp{1.3309. (%C) - (%Mo)

Fe-C-Si-Mn Di=D,-exp{0.2865 (%Si) —0.1615- (%51)%}

-exp {0.6600: (%C) - (%Si)}
.exp{0.2301- (%Mn) +0.1756- (%Mn)?}
.exp{0.8651-(%C) - (%Mn)}
.exp{—0.0148- (16.643— (GSN))}

Fe-C-Si-Mn-Ni

D;=D;(Fe-C-Si-Mn) -exp{0. 7789(9,Ni) }
-exp{—1.0281-(%C) - (%Ni)}
-exp{0.0148- (16.643— (GSN))}

Fe-C-Si-Mn-Cr

D;=D;(Fe-C-Si-Mn) -exp{1.0103- (%Cr) —0.2698- (%Cr)?}
-exp{1.3082- (%C) - (%Cr) }
cexpi{0.1325 (9%Mn) - (%Cr)}
exp{—0.0148. (16-143— (GSN)) }

Fe-C-Si-Mn-Mo

exp

Dy=D(Fe-C-Si-Mn) -exp{2.0767- (%Mo) —0.9829. (%Mo)}
exp{2.0943- (%C) - (%Mo)} .
exp{—0.2559- (%5i) - (%Mo)}
0.0202. (16-643— (GSN))}
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Fig. 8. Effect of grain size on the ideal critical
diameter of Fe-0.49,C steel.
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Fig. 9. Multiplying factors for several elements in alloy steels

containing 0.49; carbon.

Table 3. Results of multiple linear regression.

Regression coefficients Rz F-level (%)
Ag 1.34322
Bg —0.072819 0.025 0.000
B¢ 0.39084 0.022 0.000
Bg; 0.39173 0.039 0.000
Bun 1.0359 0.430 0.000
Bui 0.60389 0.093 0.000
Be. 1.2843 0.120 0.000
Bumo 1.9360 0.104 0.000
Cwmn 0.091104 0.006 0.000
Cni —0.030573 0.012 0.000
CrMo —0.043268 0.031 0.000
Dcs; 0.061628 0.004 0.001
cMn 0.046986 0.003 0.002
CNi —0.10792 0.014 0.000
ccr 0.076293 0.004 0.000
Mo 0.060088 0.004 0.001
Dgimn 0.074959 0.005 0.000
MnNi 0.099795 0.004 0.000
MnCr 0.10876 .0.003 0.002
MnMo 0.13000 0.006 0.000
N =‘—6]4 RZTOTAL 0.929

logeJs0=~A0+Bg(G.S.No.) +Bg(loge %C) + T Bi(%X;)
* E 3 k3 3k *
+Cas(GSNo)2+ TGy 96X5) 2+ I Dy (9%6Xi) (X)) + DE;(%X;)/

*
(G.S.No.)

&= (C-0.3926)/0. 1569
$i = (5i-0.4107) /0.4608

Ni= (Ni-0.3085)/0.7620

Cr=(Cr-0. 1480)/0.3801

* *
Mn=(Mn-0.7742)/0.6672 Mo=(Mo-0.1581)/0.3217

GS'No. = (G.S.No.-4.5619)/2.2112
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Table 4. Regression coefficients of Eq. 10 in Fe-
C-Si-Mn-X alloys.

G* C= C= C=

R* 0.29; 0.49, | 0.6%
Regression Si —0.065 | 0.269 { 0.151
coefficient Mn 0.569 0.494 | 0.534
for main Ni 0.565 0.526 | 0.381
effect Cr 0.597 1.091 1.014
(a;) Mo 0.796 1.448 1.463
Si-Mn 0.436 | 0.471 0.926
Regression Si-Ni [—0.352 |{—0.250 (—-0.311
coefficient Si-Cr |—0.275 |—0.798 0.163
for interaction | Si-Mo |—0.033 0.293 1.145
effect Mn-Ni 0.253 |—0.001 |—0.058
(bi;) Mn-Cr 0.129 | 0.249 | 0.484
<=t Mn-MoT—0.413 | 0.625  0.668

Number of data 60 83 54

C#* Content R* Regression coefficient
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5.
1~2% Crflor 2 s =—fhii : 2 hoDva § =
—ERRRIE K RS HOFEREE & biT, EEDMHEFHRAE
¥, P CWABENS. O YT 5B Ok
WhWBERIIR IV —AF 1 2L bR, VTV I K
LHMBEEORE, FHCHMMic -1+ THhAHI &
D BTk, ThABEGWDI, ¥ g 3= —hf
R E L EEX BRS, s, o5t Cr 04
BFEOobDLEBbhs.

6. & b =

AZBLSTRELCEAMTRHORERRZ, CrX
CCUADAESTEBOHEER OB EHEEL, *
hooBEXEERACE H) AhicEi, KRk hEH
nhH5.

HEERBOHBHIERCOWTIY, BEDOE - 585
DyTIX oA, FEERRC BT 2 SR B L T, %
DALY E 2 THB.

HETLROTIMC X AR O, & —2FF4
FOSERERE, Tihbhb, 72T 4 BB TSI -F A
PEREDOBAE & RR EEH LT, ALTEI IS

BET B IRET 5.

FTRONC, 7 =254 P EREBEOWTELTRS &,
Ni, Mn, Si, Cr, Mo it X DEE&TLHERIRK OB TIZ
EAEDELILGWZ ERHLRTE DY, Licdi>T,
IhoDOLHRE BOICEEREEYESR®LZI FICX
2T, BEABILEEL TS LEE L 55, Ni, Mn #
T X BBAEREE OB, BNEF - 2hbHEEX

DB HEREVY DR LT, 7 =71 MEE
{ETTHETHY, o, BARKILHEEITHETD S
Mo, Cr X OBEITIZEAERETE X 5 8
HERBEY RT. Lot oo GHTERw
A, WEREFR A bW IR O ARG hYE, HBHITHE
RO THKEL S TRhRVWTEOHAREIHED X 5 7l
B, HEEAPBE KT 30TV E HExbh
%.

DFEWICSA—F A FPERERDOWTE L TRE, = OB4
ik b EEL AL, Mn, Ni 2Fe;C il Licv 0
LT, Si, Cr, Mo (T THITTEMBL, -S54
FORKREELESIETHS. LA DT, 7271
FEEDH DL —F A P EREOTRNFTERNTH D
PIEoT, CLCLUNDEESTEDHALEHLEIC LD
BEABORGIZENEL, oz &, HAEMFERELT
BIhbDTihvWhiELbBRS,

DLk, &&TEOHEAERCOWTHEEY INL fos,
HEERYIE L BT 57010, BARRT, BAH
Hic DB S0 b, FLVERORE & EEAREE 5
CHEhBEZATHS.

EREAMCEVWTRZOWR TR LA DOES
TEXELZENEL, Z o CHLERILTLLED
ERTAhITiTricudd, T CRAVEFRELYE
AT I oTCERPMOBAYFRAYEE X LT
HEEZLRSD.
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