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A Rupture Criterion for Ductile Fatigue Crack Advance
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In 1949, Orowan') introduced double slip rupture as a possible
mechanism for ductile fracture. It has been thoroughly reviewed from
a continuum mechanics point of view by McClintock.2) This mechanism
was modified and first applied to explain the ductile fatigue crack
advance by the author in 1967,%) and independently by Pelloux in 1969%
Recent experimental work®:»®) verified the geometric features of this
mechanism in ductile metals. In this paper it will be tried to close
the gap between schematic drawings like fig. 1 on the cne hand, and
continuum mechanics calculations on the other, by deriving a quantita-
tive rupture criterion, which then may be used in continuum mechanics
calculations to describe the boundary conditions for the strain fields
at the crack tip.

The sequence of events during the opening of a crack by the
double slip mechanism is shown in fig. 1. The elementary process of
crack advance used in fig. 1 is shown in fig. 2a: A shear displacement
ci1 along a single slip plane 1 through the crack tip moves the tip.
The corresponding action on the slip system 2 determines the spacing
1 between the activated slip lines of the system 1 and vice versa.
The result is an average strain on both sides of the crack of E;=<li/si
(i=1,2) and an angle y at the crack tip that is equal to the angle a
between the slip planes of the two slip systems. We can easily go to
the limit of a continuous slip distribution by di’ s; 0 keeping
; = const. Then we still have y = qa.

A more general picture of the elementary slip process at the

crack tip is shown in fig. 2b. The only modification as compared to
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As previously stated during the discussion of fig. 2a, the amount
of slip dz on the slip plane 2 determines the spacings of the slip
lines on slip planes 1 and vice versa. This means the 'q cannot be

<hosen independently. For a = 90° and h; =0, it can be seen immedi-

ately from fig. 2 that

thus

mllr—l
(3]

for the general slip process of fig. 2b, it can be shown for the

stationary case (Y.= Y' = YS)
(3-c1-c2)
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Since the right-hand side is monotonically decreasing in ¢ and

0§ci§1, we have
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Cys Cys o are material constants and (4) is the only condition that

must be fulfilled to keep the sequence indicated in fig.l going. We

may therefore call (4) the coarse slip rupture criterion. It states
that there is a critical value of the geometric mean of the two strains
on the two slip systems. This critical value € depends slightly on

the coarseness of slip [cf. (5)] and lies always between 3/2/Z = 1.06

and 9/4/2 = 1.6 for fcc metals [cf.(6)]. In the symmetrical case

€ = £, we have/'a'i?z’ = q= €, -and therefore both the strains CH
mst be equal to Ec- If one strain is smaller than €c» then the other
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must be correspondingly larger according to (5), Note, however, that
it is impossible from (5) for one strain to become zero (true double
slip Criterion). Purthermore, the strains entering the Criterion are
the local strains occurring during one Cycle at the crack tip. They
are not accumulated strains. [In this respect the criterion deviates
from others proposed for fatigue.

As derived, the criterion is applicable to fatigue as well as uni-
directional tension. It has to be kept in mind, however, that for
increasing crack advances per cycle the internal stresses produced by
the large displacements necessary become very large as long as we do
not have a fully plastic specimen. In fatigue, only the displacements
during one cycle contribute to the internal Stresses since they are
annihilated during each compression phase again. This explains the
strong dependence of crack advance per cycle on the stress amplitude
as long as we do not have fully plastic specimens.

A task remaining for further continuum or dislocation calculatians
is to determine which applied stress, which plastic zone size, and
which energy dissipation is necessary to produce the strains at the
crack tip of known angle Y Tequired by the criterion,

Summag

Examination of the elementary slip processes occurring during the
coarse slip rupture process leads to an expression for the stationary
crack tip angle Ys- It depends even in the limit of infinitely close
slip bands on the coarseness of slip. Furthermore, a criterion for the
necessary strains at the crack tip is derived. This criterion may be
used in continuum or dislocation calculations to define the boundary

conditions at the crack tip.
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Sequence of slip processes at the tip of an opex.ung 3)3 gu
crack according to the coarse slip model of fatigue.
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The stationary crack tip
angle Yy as a function of
the coarseness of slip
with the angle o between
slip planes as parameter.
a = 109.47° and 70.53° are
the possible slip plane
angles in fcc metals.

1. E. Orowan, Rep. Prog. Phys. 12 (1949), 185.
| | i i 71
F. A. McClintock, Fracture, ed. Liebowitz, Academic Press 1971,

Zs
Vol. III, p. 47.
| 3. P. Neumann, Z. f. Metallkde, 58 (1967), 780.
4. R. M. N. Pelloux, ASM Trans Quarterly, 62 (1969), 1.
¥ 5. C. Q. Bowles and D. Broek, Int. J. of Fract. Mech. 8 (1972), 75.
: 6. P. Neumann, Third Int. Conf. on Fracture, 1973, Minchen, Paper

No. 70.



