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Effects of Carbon, Silicon and Molybdenum on Torsional Strength of
Induction Hardened Steel for Automotive Shafts

Tatsuro Ocui, Hideo Kanisawa, Hiroshi Sato and Tadao WATANABE

Synopsis : An increase in the torsional strength of automotive shafts has been a subject of particular interest. Induction hardening
can afford a medium-carbon steel shaft desirable torsional strength. When case hardness exceeded a certain level, the
fracture mode of some test-pieces changed from mode Il to mode I with intergranular fracture. The purpose of this
study is to establish a method of increasing strength of shaft steels to mode I fracture. The effects of carbon, silicon
and molybdenum on torsional strength in mode I fracture were investigated.

The strength in mode I fracture of induction hardened steel decreased with increasing carbon content.

The

precipitation of fine cementite in the prior austenite grain boundary was recognized. The amount of cementite in the

grain boundary was increased by increasing carbon content.

The reduction of the strength with increasing carbon

content was due to two causes : large amount of grain boundary cementite and high hardness. The magnitude of effect
of grain boundary cementite on strength was almost the same as the effect of hardness.
The strength in mode I fracture was increased by increasing silicon or molybdenum contents. This was because the
size of grain boundary cementite was refined by the addition of silicon or molybdenum.
Key words : medium-carbon shaft steel ; induction hardening ; torsional strength ; grain boundary cementite ; intergranular fracture

- brittle fracture ; carbon ; silicon ; molybdenum.
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Table 1. Chemical

composition of steels.

mass %
Series Steel C Si Mn P S Cr Mo Al Ti B N
Al [0.36 0.22 0.79 0.020 0.018 0.04 - 0.027 - - 0. 0045
A2 [0.36 0.20 0.81 0.020 0.019 0.13 - 0.030 0.027 0.0031 0.0037
A3 |0.41 0.27 0.75 0.016 0.018 1.09 - 0. 035 - - 0. 0051
A4 (0.43 0.26 0.81 0.020 0.016 1.11 - 0.035 0.030 0.0020 0.0043
A5 |0.47 0.22 0.87 0.017 0.019 0.12 - 0. 030 - - 0. 0048
Series A6 {0.54 0.22 0.78 0.024 0.020 0.12 - 0. 028 - - 0. 0053
A A7 1055 0.25 0.80 0.014 0.014 0.99 - 0. 036 - - 0.0123
A8 [0.58 1.39 0.70 0.010 0.008 0.70 - 0.036 - - 0. 0055
A9 [0.60 0.03 0.50 0.006 0.007 0.79 0.10 0.032 - - 0.0115
Al0 ] 0.65 0.25 0.81 0.014 0.014 1.00 - 0.037 - - 0.0125
A1l | 0.71 0.28 1.65 0.016 0.017 -~ - 0. 035 - - 0.0108
AlZ [0.79 0.26 0.74 0.020 0.014 0.99 - 0.030 - - 0.0116
Series Bl |0.53 0.27 0.81 0.013 0.015 1.02 - 0.031 - - 0. 0049
B B2 |0.54 1.47 0.83 0.013 0.016 1.02 - 0.035 - - 0. 0040
B3 {0.52 0.26 0.81 0.012 0.016 1.01 0.50 0.026 - - 0. 0051
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Fig. 1. Relationship between equivalent hardness
and torsional strength.
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Fig. 2. Macroscopic view of fractured specimen
(steel AB).
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Fig. 4. Effect of carbon content on Auger electron spectra
steel All.
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on intergranular fractured surface: (a) steel A9, (b)

Fig. 5. TEM micrograph and electron diffraction pattern of the region of prior austenite grain boundary (steel
A7) : (a) TEM micrograph, (b) electron diffraction pattern. An arrow indicates prior austenite grain

boundary.

57

661



I 662 &% & #MVol. 83(1997)Nal0

N—2Z2HTH BB LI AT 2SI, MoZ L ZNDIEK DM
BOLIRVBEOBBREZRLIZLDTH 2, R Y EZI,
0.5%Mo#RtNiz & b #170MPa, 1.2%SiDHEEZX b #1200
MPa¥inid %,

INLOMBRCINR - IEOm ¥ 5~L, T
~NTFig. 3 L RBRORER SO EEH TH b, AT
RAENFEL T 5, Fig. 7 CEZHEBR A OB % /RT 5,
PR CTH A ITHEB AR R BN O TH 5, RAEIN
B OMESIE, N—2MDOB 18T I A D 6892, 0mmD
FHTHA DAL T, B2HTHO. 7mm, B3 MTHIL.0
mm &R RENDFEKI NS L - TF b, SIE, Moils
i & VRIRHNSHF I T 3,

Fig. 8 {ZAESIZ & » TRO ILCORMIES &, N— 2T
H BB1EICKT 5Si, MoZ hZ DT EDOMES DO BIR

1400 T T T T
fracfure mode : mode I

1300 -

A
1200

1100

I

Torsional strength (MPa)

1000 —

o001 | I l
o) 05 1.0 1.5

Difference from the base composition(%)

Fig. 6. Effect of silicon and molybdenum contents
on torsional strength.
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Fig. 8. Effect of silicon and molybdenum contents
on the depth of carbon segregation.

Fig. 7. SEM fractographs: (a) steel B1, (b) steel B2, (c) steel B3. The regions surrounded by broken line show

the areas of intergranular fracture.
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Fig. 9. Effect of silicon content on TEM micrographs of the region of prior austenite grain boundary : (a) steel
B1, (b) steel B2. Arrows indicate prior austenite grain boundary.
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fracture with plastic work.
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Fig. 11. Effects of carbon content and case hardness
on torsional strength in mode I fracture.
Case hardness is varied by the change of
tempering temperature (443~623K).
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