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New Empirical Formula for Estimation of Hardenability

from Chemical Compositions

Masakatsu UENO and Kametarou ITOH

Synopsis :

The accuracy of GrossMANN’s equation, which has been widely used for calculation of the hardenability of a
steel, is not always satisfactory in paticular in the case of B-added steels. We found out that this problem
arose from the fact that the GrossMaNN’s equation was not always formulated rationally. In this work, an in-
vestigation has been made to obtain the new empirical formula for estimating the hardenability in place of

GROSSMANN's equation.
The results are as follows :

The hardenability of a steel can be predicted acculately by the following equations.

D In the case of a B-added steel (free-B = 5 ppm)

log V. 90=2.94—0.75 8

B(%)=2.7C+0.4Si+Mn+0.45Ni+ 0.8Cr+ 2Mo

where, V_ o is the critical cooling velocity ("C/s) at which 90% martensite structure can be obtained.

@ In the case of a B-free steel.
log VC_90=3.69—0.75,8'

B'(%)=2.7C+0.4Si+Mn+0.45Ni+0.8Cr+ Mo

Those results show that the effect of Mo in B-free steels is a half of that in B-added steéls and the

effect of B itself is equivalent to 1%Mn addition.

Key words : heat treatment ; alloying element ; phase transformation ; hardenability.
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Table 1. Chemical compositions of B-added steels
(wt%) and observed value of hardenability in terms
of critical cooling velocity (°C/s) and ideal di-
ameter (inch).

SVEETLEEOLR L. TR ENRTW AW AL
P,SEix&nfe IET, AlI=0.03~0.05%(E= %,
LUFREIL), P, S 4 0.005~0.015% T 5.

B# D4, free-B=>5ppm TH i B ORIz K
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PABIZ 1250°C(1523K), 2h TmEE, BMFEET 13

Table 4. Chemical compositions of B-added steels
and observed value of hardenability (Effect of Ni).

Steel C Si Mn Cr Ve-90 Dy—s50
K-32 0.16 0.24 1.20 — 38 2.4
M-28 0.21 0.26 1.19 — 27 2.6
M-20 0.23 0.26 1.22 — 32 2.7
M-22 0.23 0.26 1.20 - 31 2.6
M-24 0.23 0.25 1.21 — 29 2.6
M-26 0.23 0.26 1.19 — 25 2.6
K-41 0.13 0.28 1.20 36 2.3
K-42 0.16 0.28 1.19 — 32 2.3
K-43 0.20 0.28 1.21 - 26 2.7
K-44 0.27 0.28 1.23 — 20 2.9
M-5 0.21 0.27 1.42 — 19 3.3
M-16 0.24 0.28 1.42 — 17 3.2
NS-12 0.23 0.26 1.42 — 20 3.0
K-37 0.11 0.27 1.40 — 27 2.7
K-38 0.16 0.27 1.38 — 21 3.0
K-40 0.18 0.28 1.42 — 17 3.1
S-53 0.27 0.25 1.41 — 18 3.2
I-1 0.11 0.24 0.41 0.97 58 2.1
I-2 0.16 0.24 0.41 0.97 48 2.5
I-3 0.21 0.25 0.42 0.98 42 2.7
I-5 0.12 0.25 0.43 0.93 70 1.9
1-6 0.18 0.25 0.43 0.96 45 2.5
1-7 0.22 0.25 0.42 0.94 37 2.6
1-8 0.28 0.25 0.43 0.95 36 2.9

Table 2. Chemical compositions of B-added steels
and observed value of hardenability (Effect of Si).

Steel C Si Mn Ve—90 Di—s59
S-58 0.25 0.11 1.18 25 2.8
S-59 0.25 0.47 1.16 22 3.0
S-60 0.24 0.75 1.15 14 3.4
K-51 0.15 0.11 1.17 42 2.3
K-52 0.15 0.48 1.17 32 2.5
K-53 0.15 0.77 1.17 23 3.0
Table 3. Chemical compositions of B-added steels

and observed value of hardenability (Effect of Mn).

Steel C Si Mn Cr Ve—90 Dy—s5¢
S-34 0.05 0.25 0.97 — 110 1.5
S-35 0.05 0.25 1.27 — 70 2.0
S-36 0.05 0.25 1.66 — 50 2.4
S-37 0.05 0.25 1.44 — 50 2.2
S-19 0.09 0.25 1.01 0.38 32 2.6
X-0 0.10 0.25 1.36 0.41 20 3.2
S-6 0.11 0.28 1.34 0.40 20 3.0
S-20 0.09 0.27 2.08 0.40 8 —
R-11 0.20 0.25 0.25 1.18 27 3.0
R-12 0.20 0.25 0.51 1.18 20 3.5
R-13 0.20 0.25 0.76 1.18 12 4.2

Steel C Si Mn Ni Ve—-90 Di—s50
S-70 0.05 0.26 1.11 0.48 70 2.0
S-71 0.05 0.26 1.13 0.95 50 2.3
S-72 0.04 0.27 1.14 2.09 20 3.3
K-32 0.16 0.24 1.20 — 36 2.5
S-64 0.15 0.26 1.22 0.59 26 2.9
S-65 0.15 0.26 1.22 0.99 22 3.0
S-66 0.15 0.26 1.22 2.08 7 4.9
Table 5. Chemical compositions of B-added steels
and observed value of hardenability (Effect of Cr).
Steel C Si Mn Cr Ve-90 Di-s50
S-37 0.05 0.25 1.44 — 55 2.1
S-38 0.05 0.26 1.42 0.50 32 2.8
S-39 0.05 0.25 1.42 1.02 16 3.8
NS-15 0.10 0.25 1.22 0.25 34 2.8
NS-16 0.10 0.25 1.21 0.78 22 3.3
NS-17 0.09 0.26 1.22 0.62 27 3.0
K-41 0.13 0.25 1.20 — 36 2.3
NS-18 0.14 0.26 1.22 0.63 14 3.7
NS-19 0.13 0.25 1.19 0.30 23 2.9
K-33 0.18 0.23 1.16 — 28 2.6
NS-20 0.18 0.26 1.20 0.31 16 3.3
NS-21 0.18 0.26 1.22 0.10 27 2.6
NS-22 0.19 0.26 1.21 0.61 11 3.8
-1 0.18 0.24 0.42 0.97 55 2.3
I-12 0.18 0.26 0.42 1.29 38 2.7
I-13 0.19 0.26 0.42 0.60 65 1.9
I-14 0.28 0.26 0.42 1.33 19 3.7
I-15 0.28 0.25 0.41 0.59 50 2.0
I-16 0.28 0.26 0.41 0.96 38 2.6
Table 6. Chemical compositions of B-added steels
and observed value of hardenability (Effect of Mo).
Steel C Si Mn Mo Ve—90 Dj—s50
L-8 0.13 0.23 1.33 — 100 1.5
L-9 0.15 0.24 1.36 0.28 40 2.7
L-10 0.14 0.24 1.34 0.49 22 3.3
L-11 0.14 0.25 1.35 0.69 12 3.7
S-67 0.05 0.25 1.23 — 85 1.6
S-68 0.05 0.25 1.22 0.41 23 3.9
S-69 0.05 0.25 1.22 0.81 7 5.5
S-73 0.13 0.27 1.21 — 50 2.1
S-74 0.12 0.26 1.21 0.20 27 3.0
S-75 0.12 0.27 1.23 0.60 6 —
M-1 0.21 0.26 1.20 — 27 —
M-2 0.21 0.26 1.20 0.21 15
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Table 7. Chemical compositions of B-free steels
and observed value of hardenability (Effect of C).
Steel C Si Mn Cr Ve-90 Di-sp
S-4 0.09 0.21 1.35 — 250 —
M-7 0.24 0.27 1.45 — 140 1.0
P-11 0.30 0.40 1.35 - 95 —
N-25 0.30 0.30 1.37 — 95 —
N-43 0.37 0.22 1.43 — 65 —
N-44 0.38 0.22 1.41 — 53 —
K-57 0.10 0.25 1.37 0.51 110 1.6
K-58 0.20 0.26 1.37 0.51 85 1.9
K-59 0.29 0.26 1.33 0.50 50 2.5
K-60 0.15 0.25 1.35 0.50 90 1.7
K-61 0.24 0.26 1.35 0.50 65 2.1
K-62 0.33 0.26 1.30 0.50 40 2.5

Table 8. Chemical compositions of B-free steels
and observed value of hardenability (Effect of Mn).

Steel C Si Mn Cr Mo Ve-90 Dy—s50
M-31 | 0.20 0.25 0.78 0.98  — 45 2.8
M-32 | 0.18 0.24 1.18 0.9 — 22 3.2
M-33 | 0.19 0.24 1.39 0.98  — 19 3.6
M-34 | 0.20 0.25 1.8 0.98  — 8 —
A-60 | 0.18 0.11 0.50 0.49 0.29 100 1.5
A-61 0.18 0.11 0.73 0.49 0.29 80 1.8
A-62 | 0.16 0.11 0.9 0.49 0.29 42 2.6
A63 | 0.16 0.12 1.42 0.49 0.30 18 3.0
M-29 | 0.19 0.25 1.33 0.49 — 35 2.6
M-30 [ 0.19 0.25 1.81 0.51  — 18 3.6
S-21 1 0.09 0.26 1.01 0.40 — 180 1.0
S§-22 | 0.10 0.28 2.06 0.42 — 65 2.3
Table 9. Chemical compositions of B-free steels

and observed value of hardenability (Effect of Cr,
Mo).

Steel C Si Mn Cr Mo Ve—90 Dy_sp
S-76 0.21 0.26 1.01 0.52 — 100 1.6
S-77 0.21 0.26 1.01 0.96 — 75 2.1
S-78 0.20 0.26 1.01 1.49 — 30 3.6
M-17 0.24  0.25 1.15 0.50 — 90 1.8
M-18 0.23 0.25 1.16 1.61 — 8 —
L-4 0.04 0.24 1.19 0.12 — 210 0.8
L-5 0.04 0.25 1.21 0.12 0.26 150 1.3
L-6 0.04 0.24 1.20 0.12 0.5] 100 2.0
L-7 0.04 0,24 1.18 0.12 0.69 70 2.7
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Fig. 1. Effect of C on hardenability of B-added
steels.
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Fig. 2. Effect of Mo on hardenability of B-added
steels.

Table 10. K;-value of each alloying element.

Element
C Si Mn Ni Cr Mo
Case
B-added 2.0 0.30 0.75 0.34 0.60 1.5
B-free 2.0 * 0.75 0.34 0.60 0.75

* Not observed

Twh, Fig. 1 26 KcfEx ko s L 2.0/C(%) »i5
2% (AN

¥WT Si,Mn DT ED K, {li% Table 2~6 IZ/R L
HEBEHVTKk® /. Fig 21270 fFFELT
Mo iIZ2 W T DORIER AT, Mo DFE L COBGE
AR Mo BA DKy, EDVH B Z Ldbhrb, 20D
HMH S Ky, K5 L 1.5/Mo(%) SR, fbo
RHELENENOTEBFD K, i b Z Labh
N, FRSOMER F & T Table 10 (/R L 7.

3:2 B-free 8D K, i

B#TIT2o7-D & &L UBNITHET B-free #iZ B
FBETHED K iz ko, Zo%H4H BRE R,
BENFZIZEAFD K AN H D Z Ehbhol:. OB
ROl % Fig. 3,4 (IR

Fig. 313CoOEE*RITHTHAH. ZOL2LH K=
2.0 ¥ 6h, BABICLOT K HRIAETHHI L
Hbhhro/:.

EZAMN Mo DBEIBOEB|IZLOTRE S Ky,
ErHoRA Fig 2 TRKDHDZ-B#EMDO Ky, i id
1.5/Mo(%) T&H o704 L, Fig 4 5%k % %
B-free S ® Ky, 12 0.75/Mo(%) TH27:. ZOHFR

k Steel

_ [ C-0.25Si-1.2Mn
C~025Si-1.4Mn
C-0.255i-1.35Mn-05Cr

DOOE

200

8

~ O
o o

Ve-90 (°C/sec)

~N
o

0 0.1 02 03 04
C (%)

Fig. 3.

steels.

Effect of C on hardenability of B-free

Base:004C-0.25Si-1.2Mn-0.1Cr

300+t
200

100

<2
o

Vc-90 (°C/sec)

&~
o

N
o

10— ;
0 Q2 04 06 08

Mo (%)

Fig. 4. Effect of Mo on hardenability of B-free
steel.
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Fig. 5. Relationship between g-value and critical
cooling velocity of B-added steels.
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obtained as D; (B-added)/ D, (B-free).
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Fig. 7. Relation between difference of observed
D, and calculated D; Value of B-added steels and
C-content.

Table 11. Boron-factors observed by different researchers.
Dj-value
Year Researcher B-factor Max-fg Ref. No.
B-free B-added
1942 M. A. GROSSMANN [ ] ([ ] 1.496 (1)
1944 W. CRAFTS @] O 1.76 (7)
1946 R. A. GRANGE [ ] [ ] 1+1.8(0.82—C) (8)
1948 G. D. RAHRER [ ] [ ] 1+1.5(O.9—C§ (9)
1961 R. A. GRANGE Q @) 1+1.5(0.9—C (10)
1968 B. M. KAPADIA [ ] (] 2.9 (11)
1968 YAMADA O O 1.8 (12)
1972 D. H. BREEN O @) 1+1.76(0.74—C) (13)
1973 R. F. KERN O Q 14+1.6(0.81—C) (14)
1973 G. F. MELLOY X (] 3.2 (15)
1974 D. T. LLEWELLYN [ ] (] 1+2.7(0.85—C) (16)
1974 R. HABU X ) 1.5 (17)
1977 K. YAMANAKA X o (18)
1978 R. TANAKA @) @) 1.8 (19)
1979 F. NAKASATO X O 2.65 (20)

Note : X---Not observed
(O+++Observed but data not shown
@:--Observed and data shown
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