918 % r @M B T4 (198) F5F

© 1988 ISLJ
‘% %  GROSSMANN OBEA M Tl 0 EERIIRET
I
E % OIE BT B R
Empirical Verification of GROSSMANN'S Equation
Masakatsu UENO and Kametaro ITOH
Synopsis :

According to GRossMANN’s equation, the effect of alloying element on the hardenability of a steel is ex-
pressed in terms of the multiplying factor. Its reliability, however, becomes doubtful since it was confirmed
that B-factor is not a function of only B-content. Therefore, in order to confirm whether GrossmanN’s equa-
tion is reliable or not, the relation between a multiplying factor of different alloy element and its content
has been investigated. The results obtained are as follow:

1) The multiplying factor fx is a function of Ds as well as content of alloying element X. Dg is the hard-
enability of the steel before addition of alloying element X. With increasing D, fx becomes smaller.

2) Boron factor, fg, is a function of D;” and shown as follows,

fs=1+41.6/D;, where D; is the hardenability expressed by ideal critical diameter of B-free steel.

3) Accordingly, GrossMaNN’s equation is not always realized. When Dg is smaller than 2 inch and the
hardenability of the steel after alloying element added is less than 3 ~ 3.5 inch, GrossmanN’s equation is
available.

4) There is more intimite relation between the critical cooling velocity and alloy content, X than between
D;and X. D;is ideal critical diameter of a steel.

Key words: heat treatment; alloying element; hardenability; quality controll.
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Table 1. Chemical composition of steels (%) (B-free steel).

Steel c si Mn Cr Mo Nb Ti Al P S N Di-oss
M-31 0.20 0.25 0.78 0.98 — — - 0.029 0.008 0.009 0.0017 2.8
M-32 0.18 0.24 1.18 0.98 - — — 0.024 0.008 0.009 0.0017 3.2
M-33 0.19 0.24 1.39 0.98 — — - 0.024 0.009 0.010 0.0016 3.6
A-60 0.18 0.11 0.50 0.49 0.29 0.027 0.010 0.033 0.003 0.001 0.0036 1.5
A-61 0.18 0.11 0.73 0.49 0.29 0.027 0.010 0.028 0.003 0.001 0.0032 1.8
A-62 0.16 0.11 0.99 0.49 0.29 0.027 0.010 0.031 0.003 0.001 0.0031 2.6
A-63 0.16 0.12 1.42 0.49 0.30 0.027 0.010 0.030 0.003 0.001 0.0030 3.0
M-29 0.19 0.25 1.33 0.49 — — 0.031 0.004 0.005 0.0030 2.6
M-30 0.19 0.25 0.81 0.51 — — — 0.029 0.005 0.005 0.0021 3.6
S-21 0.09 0.26 1.01 0.40 — — — 0.047 0.005 0.006 0.0065 1.0
S-22 0.10 0.26 2.06 0.42 — — 0.046 0.005 0.007 0.0058 2.3
S-76 0.21 0.26 1.01 0.52 — — - 0.041 0.006 0.005 0.0017 1.6
S-77 0.21 0.26 1.01 0.96 — — — 0.042 0.006 0.006 0.0016 2.1
S-78 0.20 0.26 1.01 1.49 — — — 0.043 0.006 0.007 0.0018 3.6
L-4 0.04 0.24 1.19 0.12 — — — 0.027 0.009 0.008 0.0080 0.8
L-5 0.04 0.25 1.21 0.12 0.26 — — 0.029 0.010 0.008 0.0079 2.0
L-6 0.04 0.24 1.20 0.12 0.51 — — 0.021 0.010 0.008 0.0079 2.0
L-7 0.04 0.24 1.18 0.12 0.69 — — 0.021 0.010 0.008 0.0074 2.7

Table 2. Chemical composition of steels (%) (Effect of Mn on hardenability of B-added steel).
Steel C Si Mn Cr Ti Al P S N B ATi Di-ops  Di—car Is Mark
S-34 0.05 0.25 0.97 — — 0.036 0.010 0.009 0.0019 0.0021 — 1.5 0.3 5.0
S$-35 0.05 0.25 1.27 — — 0.035 0.009 0.008 0.0016 0.0020 — 2.0 0.4 5.0 e}
S-36 0.05 0.25 1.66 — — 0.038 0.011 0.011  0.0019 * 0.0021 — 2.4 0.5 4.8
S$-37 0.05 0.25 1.44 — — 0.032 0.009 0.008 0.0018 0.0023 — 2.2 0.5 4.4
S-19 0.09 0.25 1.01 0.38 — 0.033 0.012 0.018 0.0023 0.0016 — 2.6 1.7 1.5
X-0 0.10 0.25 1.36 0.41 — 0.026 0.009 0.007 - 0.0017 0.0009 — 3.2 1.2 2.7 o
S-6 0.11 0.28 1.34 0.40 — 0.036 0.008 0.007 0.0018 0.0012 — 3.0 1.2 2.5
M-2 0.26 0.26 1.00 — - 0.041 0.009 0.007 0.0027 0.0015 - 2.3 0.8 2.9
NS-4 0.24 0.24 0.99 — 0.025 0.039 0.009 0.007 0.0016 0.0030 0.020 2.4 0.8 3.0
M-26 0.23 0.26 1.19 — 0.025 0.044 0.011 0.009 0.0037 0.0015 0.012 2.6 0.9 2.9 A
K-25 0.25 0.25 1.16 — 0.021 0.039 0.009 0.004 0.0061 0.0013 0.0 2.8 0.9 3.1
M-16 0.24 0.28 1.42 — 0.023 0.069 0.005 0.006 0.0034 0.0020 0.011 3.2 1.0 3.2
M-6 0.26 0.28 1.47 — — 0.070 0.005 0.006 0.0010 0.0019 — 3.5 1.1 3.2
R-11 0.20 0.25 0.25 1.18 0.023 0.026 0.009 0.003 0.0034 0.0020 0.011 3.0 1.1 2.7
R-12 0.20 0.25 0.51 1.18 0.023 0.026 0.009 0.003 0.0034 0.0020 0.011 3.5 1.6 2.2 A
R-13 0.20 0.25 0.76 1.18 0.023 0.026 0.009 0.003 0.003¢ 0.0020 0.011 4.2 2.3 1.8
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Table 3. Chemical composition of steels (%) (Effect of C on hardenability of B-added steel).
Steel C Si Mn Cr Cu Ti Al P S N B ATi  Dios Dr—cat fs Mark
S-37 0.05 0.25 1.44 — — — 0.032 0.010 0.008 0.0018 0.0023 — 2.1 0.5 4.2
S-38 0.05 0.25 1.42 0.50 — — 0.031 0.009 0.009 0.0020 0.0023 — 2.8 1.0 2.8 O
S-39 0.05 0.25 1.42 1.02 — — 0.027 0.010 0.011 0.0022 0.0022 — 3.8 1.5 2.5
NS-15 0.10 0.25 1.22 0.25 — 0.024 0.028 0.015 0.006 0.0074 0.0015 —0.001 2.8 1.9 1.5
NS-16 0.10 0.25 1.21 0.78 — 0.024 0.030 0.012 0.006 0.0078 0.0008 —0.003 3.3 0.9 3.7 ®
NS-17 0.09 0.26 1.22 0.62 — 0.022 0.034 0.013 0.005 0.0082 0.0011 0.010 3.0 1.5 2.0
K-33 0.18 0.23 1.16 — — 0.019 0.023 0.010 0.006 0.0037 0.0012 0.006 2.6 1.7 1.5
NS-20 0.18 0.26 1.20 0.31 — 0.024 0.037 0.010 0.008 0.0064 0.0020 0.002 3.3 1.3 2.5 A
NS-21 0.18 0.26 1.22 0.10 — 0.025 0.033 0.010 0.009 0.0085 0.0016 —0.004 2.6 0.9 2.9
NS-22 0.19 0.26 1.21 0.61 — 0.025 0.035 0.011 0.007 0.0075 0.0019 —0.001 3.8 1.8 2.1
I-11 0.18 0.24 0.42 0.97 0.29 0.020 0.020 0.014 0.013 0.0057 0.0018 0.0 2.3 1.1 2.1
I-12 0.18 0.26 0.42 1.29 0.30 0.021 0.021 0.015 0.014 0.0060 0.0018 0.0 2.7 1.4 1.9 A
1-13 0.19 0.26 0.42 0.60 0.30 0.021 0.023 0.014 0.012 0.0048 0.0018 0.005 1.9 0.9 2.1
I-14 0.28 0.26 0.42 1.33 0.30 0.021 0.021 0.015 0.013 0.0049 0.0017 0.004 3.7 1.8 2.1
I-15 0.28 0.26 0.41 0.59 0.29 0.021 0.023 0.016 0.015 0.0055 0.0016 0.002 2.0 1.0 2.0 O
1-16 0.28 0.26 0.41 0.96 0.29 0.021 0.024 0.017 0.015 0.0053 0.0017 0.003 2.6 1.4 1.9
K-41 0.13 0.25 1.20 — — 0.023 0.028 0.011 0.009 0.0058 0.0011 0.004 2.3 0.6 . 3.8
NS-18 0.14 0.26 1.22 0.63 - 0.024 0.040 0.016 0.011 0.0056 0.0018 0.005 3.7 1.6 2.3 [ }
NS-19 0.13 0.25 1.19 0.30 — 0.022 0.034 0.014 0.010 0.0066 0.0010 —0.000 2.9 1.0 2.9
Table 4. Chemical composition of steels (%) (Effect of Mo on hardenability of B-added steel ).
Steel C Si Mn Mo Ti P S N B ATi Di—obs  Di—cal fB Mark
L-8 0.13 0.23 1.33 — 0.015 0.020 0.008 0.006 0.0070 0.0007 —0.009 1.5 0.7 2.1
L-9 0.15 0.24 1.36 0.28 0.016 0.021 0.009 0.006 0.0068 0.0014 —0.007 2.7 1.2 2.3 e
L-10 0.14 0.24 1.34 0.49 0.016 0.022 0.009 0.006 0.0065 0.0012 -—0.006 3.3 1.9 1.7
L-11 0.14 0.25 1.35 0.69 0.015 0.021 0.009 0.006 0.0066 0.0011 —0.007 3.7 2.3 1.6
S-67 0.05 0.25 1.23 — — 0.034 0.003 0.005 0.0027 0.0012 —_ 1.6 0.4 4.0
S-68 0.05 0.25 1.22 0.41 — 0.034 0.004 0.005 0.0021 0.0015 — 3.9 0.9 4.3 o
S-69 0.05 0.25 1.22 0.81 — 0.036 0.004 0.005 0.0025 0.0013 — 5.5 1.4 3.9
S-73 0.13 0.27 1.21 - — 0.036 0.005 0.007 0.0021 0.0021 — 2.1 0.7 3.0 A
S-74 0.12 0.26 1.21 0.20 — 0.036 0.005 0.005 0.0017 0.0023 — 3.0 1.0 3.0
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Fig. 10. Relation between log V¢ _g0 and Cr content.
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