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Effects of Phosphorus and Boron on Torsional Strength of Induction Hardened Steel for Automotive Shafts

Tatsuro Ocni, Hideo Kanisawa, Hivoshi Sato and Tadao WATANABE

Synopsis :

The purpose of this study is to establish a method of increasing strength of shaft steels in mode I fracture associated

with intergranular fracture. The effects of phosphorus and boron on the torsional strength in mode I fracture were

investigated.

The strength in mode I fracture of induction hardened steel was increased by the addition of boron. The beneficial
effect of the addition of boron on the torsional strength was larger than that of lowering phosphorus content from

0.013% to 0.002%.

recognized and the amount of phosphorus segregation was one half that of boron-free steel.

In the boron bearing steel, the segregation of boron in prior austenitic grain boundary was

This was because the

segregation of boron and phosphorus occurred concurrently at the induction heating and boron scavenged phosphorus

in prior austenitic grain boundary.

It is concluded that the increasing strength by the addition of boron was due to two causes : lowering the amount
of phosphorus segregation by the effect of scavenging phosphorus in grain boundary and the increase in the grain
boundary strength by the unique effect of boron. The effect of the latter on the strength was larger than the former.

Key words : medium-carbon shaft steel ; induction hardening ; torsional strength ; grain boundary segregation ; intergranular fracture
; brittle fracture ; phosphorus ; boron ; low temperature tempering.
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Table 1. Chemical composition of steels. nass &
Series | Steel C Si Mn P S Cr Al Ti B N
Al 0.41 0.25 0.81 0.013 0.015 1.00 0.030 0.022 - 0. 0045
Series A2 0.47 0.25 0.81 0.012 0.015 1.00 0.030 0.023 - 0. 0041
A A3 0.54 0.25 0.81 0.012 0.015 1.00 0.032 0.023 - 0. 0049
A4 0.60 0.25 0.81 0.013 0.015 1.00 0.032 0.023 - 0.0048
Bl 0.40 0.25 0.80 0.002 0.014 0.99 0.027 0.022 - 0. 0049
Series B2 0.46 0.25 0.80 0.002 0.014 0.99 0.026 0.022 - 0. 0046
B B3 0.53 0.25 0.81 0.002 0.015 1.00 0.027 0.022 - 0. 0046
B4 0.60 0.25 0.81 0.002 0.014 1.00 0.027 0.022 - 0. 0044
Cl 0.40 0.25 0.81 0.012 0.014 1.00 0.030 0.023 0.0025 0.0041
Series C2 0.46 0.25 0.82 0.014 0.015 1.00 0.030 0.023 0.0025 0.0038
C C3 0.53 0.25 0.82 0.013 0.014 1.00 0.030 0.023 0.0024 0.0035
C4 0.59 0.25 0.81 0.013 0.016 1.00 0.030 0.023 0.0024 0.0037
D1 0.52 0.28 1.33 0.002 0.014 - 0.027 0.020 - 0. 0045
Series D2 0.53 0.28 1.33 0.015 0.014 - 0.026 0.020 - 0. 0039
D D3 0.53 0.27 1.32 0.003 0.014 - 0.029 0.020 0.0020 0.0037
D4 0.53 0.27 1.31 0.013 0.015 - 0.029 0.021 0.0021 0.0036
Table 2. Case hardness, Case hardening depth and y-grain size No. of
induction hardened specimens
Feed Speed (mm/s)
Steel 20 15 12.5
Case Case 7r-G.S. | Case Case 7r-G.S. |[Case Case 7-G.S.
Hardness Depth* No. | Hardness Depth No. Hardness Depth No
Al 629 0. 45 7.8 618 0.89 7.2 638 1.0 6.6
A2 670 0. 44 7.8 667 0.70 7.4 657 1.0 6.3
A3 708 0. 46 7.8 696 0.73 7.4 701 1.0 6.6
Ad 734 0. 43 7.6 729 0.66 7.8 736 1.0 6.8
Bl 620 0. 45 - 822 0.74 - 607 1.0 -
B2 660 0. 43 - 658 0.65 - 637 1.0 -
B3 702 0. 46 - 686 0.75 - 712 1.0 -
B4 723 0. 43 - 727 0.78 - 728 1.0 -
Cl 639 0.44 7.6 602 0.75 7.0 626 1.0 6.8
C2 664 0. 44 7.8 648 0.71 7.7 657 1.0 6.7
C3 700 0.41 8.0 694 0. 60 7.6 693 1.0 6.8
C4 737 0.43 8.1 735 0.68 7.6 734 1.0 6.7

*Case hardening depth;
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Fig. 1. Relationship between equivalent hardness
and torsional strength.
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Fig. 2. Effect of phosphorus and boron contents on
torsional strength.

Fig. 3. SEM fractographs of steel A3 : (a) around origin of mode I fracture, (b) high magnification of the region

surrounded by broken line in the photograph

(a).

Fig. 4. SEM fractographs: (a) around origin of fracture of steel B3, (b) high magnification of the region
surrounded by broken line in the photograph (a), (c) around origin of fracture of steel C3, (d) high
magnification of the region surrounded by broken line in the photograph (c).
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Fig. 5. Depth profiles of (a) phosphorus concentra-

tion and (b) boron concentration below
intergranular fractured surface.
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Table 3. Data for calculation of grain boundary
normalized enrichment of phosphorus at

1273K.
Do (cm®/s) Q (kcal/mol) D (cm®*/s) B d (cm)
0.01 43.7 @ 3.145x107'° 334 5x107% 4
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Table 4. Data for calculation of grain boundary
normalized enrichment of boron at 1273K.

Do (cn®/s) Q (kcal/mol) D (cm®/s) 8 d (cm)
2x107% 21.0 'V 4.964%x10°7 11137 5x10°®
1.0 | | T

Grain boundary
normalized enrichment

at 1273K
0 L ! 1

0 0.5 1.0 1.5 2.0
time (s)

Fig. 6. The calculated change in grain boundary
segregation of boron and phosphorus with
time.
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Fig. 7. Effect of phosphorus and boron contents on
torsional strength.
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