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1 Introduction

At present, improvement of the fatigue limit of automotive components is a top priority. The de-
mand is especially high for automobiles due to the environmental and fuel economy expectati-
ons. To improve the fatigue limit of automotive components, the following three methods are
currently in common use: (i) Minimize surface roughness, (i1} Increase the hardness of the ma-
terial, (iii) Introduce a large compressive residual stress at the surface. Item (iv) is an extremely
adequate method; therefore, a close attention is being paid to achieve a minimized surface roug-
hness at this time. Although item (ii) is a reasonable method, it is difficult to apply to the auto-
mobile gears and springs with hardness as high as 600-700 HV. Fatigue limit (Ag,) is
proportional to hardness up to 400-500 HV. Above 500 HV, Ao, does not increase with hard-
ness, but decreases as hardness increases. Therefore, it is not appropriate to increase hardness
further for components such as gears and springs. Item (iii) is a general method and shot pee-
ning is used widely. However, it is extremely difficult to introduce a large compressive residual
stress by shot peening since the hardness of automotive components reaches 600700 HV. To
solve above problems and improve the fatigue limit of automotive components, the authors con-
ducted a study focusing on the following points: (a) What is the process of fatigue fracture and
what is the resistance factor in each stage? (b) What stress ratio (R) can be applied to automoti-
ve components? (¢) Why does the fatigue limit start decreasing when hardness reaches some le-
vel? Is there any way by which the decrease can be inhibited? (d) How can a large compressive
residual stress be introduced to a material with 700HV or more? As a result of this study, it was
found that the number of components subjected to cyclic loading with positive stress ratios
(R > 0) is unexpectedly high among automotive components such as gears and springs. Therefo-
re, after working closely on the above four points concentrating on the R > 0 components, the
following results for improvement of the fatigue limit were proposed: (1) Increase the hardness
of materials as high as possible. (2) Introduce compressive residual stress as high and deep as
possible. (3) Decrease the grain size as much as possible. (4) Grind the surface region of com-
ponents to remove early stage fatigue damage such as extrusion and intrusion, and stage T fati-
gue crack. (5) Heal the stage I fatigue crack during service if possible [1]. In this paper, the
fatigue limit range of a gear was improved considerably, simply and economically, using above
methods (1), (2) and (3) together.

2 Fatigue Process and Resistance Factor to Fatigue Fracture

The process of fatigue fracture is introduced in many references [2]. According to these refe-
rences, the process of fatigue fracture consists of the following seven steps: (1) Cyclic stress be-
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low yield stress activates the dislocations. (2) The activated dislocations then create a slip band
inside a grain. (3) Extrusions and intrusions are formed near the surface region. (4) A stage I fa-
tigue crack is formed along the intrusion and then propagates through few grains. (5) The stage
[ crack is then transformed to a stage II fatigue crack by cyclic tensile stress. (6) Propagation of
the stage II fatigue crack. (7) Final fracture. In the above seven steps, promoting and resistance
factor for fatigue damage of each step were considered systematically as shown in Table 1. The
promoting factor of early stage of stage I crack is a cyclic shear stress. And to resist the damage
and the crack propagation, it is important to increase the hardness as high as possible and to
make the grain size as fine as possible. The promoting factor of stage II crack is a cyclic tensile
stress. To increase the resistance of the stage IT crack propagation, it is important to introduce a
large compressive residual stress. Tange et al. [3] showed that it is very important to increase
the compressive residual stress at the surface in fine grained steel. From the statements above, it
can be concluded that using a combination of the following methods improves the fatigue limit
of the components subjected to R > 0 loading: (1) Maximizing the yield stress (the hardness).
(2) Introducing a large and deep compressive residual stress. Introducing a large compressive
residual stress at the surface improves the fatigue strength especially for fine grained steel. (3)
Decreasing the grain size as much as possible.

Table 1: Promoting and resistance parameter for fatigne damage at each stage

Resistance parameter
Promotive | Yicld stress
Ste Vickers L Compressive
P parameter lfa,rdness\ Grain size mmi} o
Shear
O stress © © X
Stage I crack | (2) i © © x
(3) U © © X
4 U X © ©
Tensile
©) stress X x ©
Stage I crack | (6) " X X ©
@) " X X ©

@:contribute considerably, X: have no relation

3 Application to Test Gears

3.1 Materials, Samples and Test Method

Two kinds of steels were used in this study. Chemical compositions (wt.%) of these steels A
and B are; C: 0.19, 0.51, Si: 0.06, 0.20, Mn: 0.84, 0.74, P: 0.010, 0.02, S: 0.019, 0.02, Ni: 0.09,
0.04, Cr: 0.11, 0.11, Cu: 0.09, 0.08 and Mo: 0.4, 0.0, respectively. Both steels were quenched
and tempered to a hardness level of 200 HV. Then, they were machined to a gear (module: 3,
number of teeth: 36, helix angle and hand: 17° right hand, pressure angle = 14°30’, over-ball
diameter: 123.6 mm). Six kinds of gears were made. Gears I-IV were made of steel A while the
gears V and VI were made of steel B. The surface treatment techniques adopted are Vacuum





















