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ABSTRACT

At the head of a crack tip of plane stress problem, the near far stress field is taken as the Wedsterga
equations for elasticity. Closer, it is given by the HRR plastic field. More closer, where damage dccurs,
IS given by a linear approximation of stress from the ultimate stgsst the border of the damage zome t
o.(1 — D,) at the real crack tip where the damage reaches its critical Vaju# is shown that the damade
zone is very small and homothetic of the plastic zone and that the ductile crack growth rate may bd deduc
from the plasticity and damage parametérs.

STRESS ANALYSISAHEAD OF A CRACK TIP

Consider the simple reference case of fracture mechanics: a crack of delogithed in mode | by a stat
of quasi-static monotic plane stresg, at infinity. Due to the properties of a material subjected to elasticity
plasticity and damage, the domain close to the crack tip is divided into three regions as shown in figure 1.

— Aregion E far from the crack tip where the behavior of the material is purely elastic. The state ®f stres
not too far from the crack tip is given by the Westergaard analysis [1, 2].

— Aregion P closer to the crack tip where the behavior of the material is purely plastic. The statesof stre:
is given by the H.R.R. field [3, 4].

— A region D surrounding the crack tip where the behavior of the material is elasto plastic soffened b
damage up to the crack tip where the damage reaches its value at fracture.

Elastic zone E

Using Westergaard equations the purely elastic domain is limited by a line along which the van Mise

equivalent stress,, = \/%(7505 reaches the yield stresg of the material. Its distance from the cracg ti

along ther-axis is (G: strain energy release rate),
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Figure 1. Elasticity, plasticity and damage ahead of a crack

Plastic zone P

The plastic property of the material is represented by the Ramberg-Osgood constitutive equation,
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wherep = /3¢l is the accumulated plastic strain ahdand )/ are material parameters. Eq. (2) madel
plasticity as a nonlinear elasticity problem. It is valid as long as no unloading occurs and neglects the elas
part of the strain. Ramberg Osgood law is the constitutive equation used in the HRR analysis iroorder
determine the von Mises equivalent stressand the equivalent plastic strairalong thex axis,
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r = a + r, is the abscisse corresponding to the yield limit where the yield strgss reached, or ina
equivalent manner wheretakes a conventional value, let us say= o,/FE, of the order of magnitudefo

0.2-1072, and
M
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xr = a + rp is the abscisse corresponding to the damage limitD.e-0if z >a+rp, D #0if x <a+rp
considering the continuous damage variablésurface density of microcracks or microcavities) as a scatar fo




isotropic damage. The damage threshgld below whichD = 0, is generally loading dependent and retate
to the damage threshold in pure tensigp characteristic of each material [5]. For simplicity we takeeher

PD = €D,
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This shows that the damage zone is homothetic to the plastic zone
e
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In fact, this zone is very small. H, is of the order of 0.20 2, ¢,, for metals is often of the order of 5t
2010 %2 andM of 3to0 8,
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Damage zone D

The abscisse of the damage zangis defined byp = pp which corresponds for most metals to a
equivalent stress close to the ultimate strgsfs]. Theno., = o, for z = a + rp.

At the crack tipz = a, the damage reaches its critical value at mesocrack initiddea D, (D, ~ 0.2
to 0.5 depending upon the material). Considering the hardening saturated-fer,, the plasticity criterio
coupled to damage by the effective stress concept is written as
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which gives the value of the stress at the crackstip a

Oeqg = 0u(1 — D,) (10)

Figure 2: Behavior of the material by zone



The damage zone being small, a linear variation of the strgds assumed fot < z < a + rp,

Gog = O [1-1)6 (1—33_“)] (12)

D

The behavior of the material, elastic fey, < o,, plastic by the Ramberg-Osgood law foy < o, < 0y,
is softened by damage for larger plastic strajncorresponding ter,. The hardening being saturatedeth
accumulated plastic strain, is in this range a linear function of the von Mises stress (figure 2) and

Pr — Du
dp = — oD, doeq (12

This allows to calculate the plastic evolution and the damage from its law of evolution taken as anfunctio
of the total elastic energy and of the accumulated plastic strain [6], two variables governing also khe crac
propagation [7]
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dD_<2ES>dp if p>pp (13

also from the plasticity criterioniD = —do.,/o, E is the Young’'s modulus$ ands two material damag
parametersk, is the triaxiality function. The linearity of the plastic strain induces the linearity of the damage

dD D, —
= — and D(z,a) = D, (1 2 a) (14)

dr — rp rp(a)
CRACK GROWTH

Consider the loading, at the level which has just created the crack of lengthhe loading incremensi
notedio.. It induces a virtual increment of the stréss,, but as the stress,, is bounded by, atx = a+rp,
this corresponds to a decreaséo., which induces first an increment of the plastic strain, then an increnfient o
the damage, and finally a real increment of the cracka discontinuity of crack mechanics from contingou
damage mechanics) as the Damage is bounddd, {¥igure 3).

Figure 3. Crack increment



It is necessary to indroduce a link which can be an energetic equivalénce D, between the crac
growth dissipatiorD, and the damage dissipati@®, [5, 8]. If a(ty) = ao anda(t) = q,
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whereG = o2 ma/E is the strain energy release ratéjs the damage energy release rate density (a canstan
hereY =Y, = 02R,/2E), h is the size of the Representative Volume Element. The second integral is in fac
an integral between, anda + 7 (a) as outside of the damage zoheremains equal to zero,

a+rp(a) ao+rp(ao)
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Equations (1) and (8) may be combined in order to giyeas:
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Using the approximatio®, ~ h(a — ay)(G + Gp)/2 and anticipating the fact that the initial strain energ
release rate does not have a quantitative effect, the energetic equivBlgac®, allows for the determinatio

of G as
G~ \/hY;Dc(a — ap) (19

which is the equation equivalent to the one of the R-curve in Fracture Mechanics. Furthermore it gives tf
possibility to evaluate the danger of a damage crack initiation regarding to an increase of the loading.
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