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ABSTRACT

The mechanism of pitting caused by rolling contact is analyzed using the fracture mechanics approach. The
governing factors are the initial crack length, crack angle, contact force, friction, strain-hardened layer, and the
hydraulic pressure of trapped fluid acting on the crack surface. The strain energy density factors are calculated
by application of the two-dimensional finite element method. The strain energy density criterion is applied to
show that shallow angle crack under small rolling contact force and friction enhances the probability of pitting
under the roller’s running surface. The presence of a strain hardened surface layer also tends to affect the fracture

behavior. The analytical results agree well with the experimental observations.

1 INTRODUCTION
Rolling contact problem involving cracks has had a long standing interest. Stress intensity factor
calculations have been made [1] for two-dimensional surface-breaking cracks under Hertzian contact
stress distribution. The complex variable technique was used [2] to solve the two-dimensional
problem of a rigid cylinder sliding on an elastic half-space with a surface-breaking crack. Discussed
in [3-6] are the growth mechanism of surface-breaking cracks in elastic half-space subjected to repeat
loading. The pressure created by the fluid tends to enhance crack propagation and alter the direction of
growth [7]. Despite the great number of past investigations, the phenomena of crack initiation and

propagation associated with rolling contact are still not fully understood.

2 PROBLEM STATEMENT
Figure 1 depicts a circular cylindrical on an elastic plate of length W = 1.5 mm and the thickness H =
0.55 mm which will be treated as an elastic half-space. The Young’s modulus and Poisson’s ratio of
the elastic plate are 282 GPa and 0.3, respectively. The crack makes an angle B with the surface in the
rolling x- direction. The rigid cylinder of radius R indents the plate surface with depth d. It runs ata
velocity V = 0.0838 mm/sec and rotates at an angular velocity o = 0.01 radian/sec from x = -0.2 mm to
the x = 0.3028 mm. The bottom of the plate is fixed and the two sides are allowed to move only in

the y- direction. Note that h denotes the thickness of the strain-hardened layer

3 RESULTS AND DISCUSSIONS
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Figure 1.  Schematic of rigid circular roller on cracked plate.

3.1 Critical pressure

It is of interest to define the critical pressure p, at which pitting will initiate. Shown in Figure 2 are
the variations of S, for a = 0.06 mm, 3 = 25°, p=0.05 and d = 0.006 mm. The maximum of S,
occurs at A.  According to the minimum strain energy density theory [8], the crack would initiate, say
in the direction 6y when the maximum S.;, reaches Sc for the given material. If the analysis is
continued until the crack grows from a = 0.012mm, the finial configuration corresponds to that given in
Figure 3(a) for p = 650 MPa. A pit near the surface is thus formed. Suppose that S, reaches S at
B in Fig. 2, the crack path would correspond to that shown in Figure 3(b) where it extends downward
into the substrate. Both cases have been observed from experiments [11]. The corresponding

pressure p is defined as the “critical pressure” p,;.

3.2 Indentation force

By specifying the downward displacement of the rigid roller, an indentation force exerted by roller can
be computed. For a=0.012 mm and p = 25°, Figure 4 shows a relation between the critical hydraulic
pressure p.; and indentation depth d. Each point at the curve predicts pitting. The corresponding

critical pressure p,, tends to increase with the indentation depth.

3.3 Initial crack length and position

Figure 5 displays the variations of the critical pressure p., with the initial crack length for different
crack angles B. It shows that short crack length a and small crack angle B correspond to lower
hydraulic pressure for creating a pit. If the initial crack length is long and/or the initial crack angle is

large, the crack would extend downward.



0.02 5

o 0.015 { \

£ o0l v x
z
g 0.005 3
0
-0.005 | |

03 02 -0.1 0 0.1 0.2 0.3 0.4

Position x of roller center (mm)

Figure 2.  Variations of minimum strain energy density factor with roller center for a = 0.06 mm, 3

surface surface

(a) (b)
Figure 3.  Step-by-step finite element results of crack path for a = 0.012 mm, f =25°, p = 0.05 and d
=0.006 mm (a) p = 650 MPa, (b) p =450 MPa.
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Figure 4.  Variations of critical pressure with indentation depth for a = 0.012 mm, p = 25" and p =

0.05.
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Figure 5.  Critical pressure versus initial crack length for different crack angles 3 with p = 0.05 and d

=0.006 mm.

3.4 Coefficient of friction
Figure 6 shows a plot of critical pressure p. against the coefficient of friction for a = 0.012 mm, =
25% and d = 0.006 mm. For dry rollers with high p [7], pits did not form. ~Pit formation was rapid in

good lubricant conditions where friction was low.
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Figure 6.  Critical pressure versus coefficient of friction fora = 0.012 mm, B = 25° and d = 0.006

mim.



3.5 Strain-harderned surface layer

A strain hardened surface layer is formed under repeated application of elastic-plastic stress arising
from rolling contact. For layer thickness h equal to 0.01 mm and a Younge’s modulus 1.4 times that
of the base plate material, B = 25° and d = 0.006 mm, Figure 7 gives the critical pressure as a function
of the initial crack length for different p. For steeply inclined cracks with a = 0.012mm and 0.024 mm,
the tips are in the layer. Hence, higher critical pressure would be required to form a pit on account of

the hardened layer. Moreover, higher coefficient of friction tends to enhance downward crack growth.
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Figure 7.  Critical pressure versus initial crack length for different p with p = 25°, d = 0.006 mm and

h=0.01 mm.
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