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It is known that material failure depends on specimen geometry and
loading configuration. The two-parameter characterizations can
quantify variations of the crack tip fields without relating material
failure process. In the present paper we use the Gurson-Tvergaard-
Needleman damage model to check the correlation between the
damage evolution around the crack tip and the known constraint
parameters. It is shown that a crack does not grow along the
symmetric plane even under the mode I loading conditions. The
crack growth angle at initiation increases with the applied T stresses

if 0.5<|T/o,|<1. For |T/o,|<0.5, however, the crack angle hardly
changes. After small amount of crack growth the damage zone
develops toward the symmetrical plane. For the same J value the
material damage is increasing with the applied T-stresses. Under
plane strain conditions the evolution process of the damage zone
can be described by both J and T.

INTRODUCTION

Extensive computational and experimental efforts have shown that the material failure
depends on specimen geometry and loading configuration, which was termed as
constraint effects in the fracture mechanics community. The known crack assessment
methodologies, e.g. J - 7 [1] and J - O [2], have been confirmed under nearly plane
strain loading conditions. that is, so-called in-plane constraint effects can be accurately
quantified by an additional parameter, e.g. T or Q. Effects from the out-of-plane,
however, can only partially or even not be caught by using these methods. Detailed
three-dimensional computations [3, 4] reveal that the crack front is effected by the
nearly plane stress state increasingly with loading and the nearly plane strain crack field
around a three-dimensional crack front shrinks. These effects cannot be described by
the known second parameters. To understand the limitations of the two-parameter
characterizations and to generate a more general description for the material failure
process, we need more detailed theoretical and computational knowledge about crack tip
fields. It becomes important to find out the relationships between the global fracture
parameters and the local material failure process [5].
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In the present paper we use the Gurson-Tvergaard-Needleman (GTN) damage
model [8, 9] to check the correlation between the damage evolution around the crack
tip and the known fracture parameters. Upon detailed finite element computations
we are studying interdependence of material failure and the constraint effects.

MODELING

In this work the ductile materials behavior is modeled by porous metal plasticity
first introduced by Gurson [8] and modified by Tvergaard and Needleman [9, 10].
The plastic potential is written as
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where o, is the macroscopic effective von Mises stress and om is the macroscopic mean
stress; q1, g2 are the fitting parameters introduced by Tvergaard to improve numerical
accuracy of the model. o is microscopic yield stress of the matrix material. In this
study the matrix material has a initial yield stress go and a true stress-logarithmic

strain relation as
o foro <1
= ’ 5
2 {a+a(a"—1) for o > 1. (5)

Here the stress, o, and Young’s modulus, E, are non-dimensionalized by go. 7 = 10
describes the plastic strain hardening exponent. The matrix material is assuming
isotropic and may be described by the J, flow theory of plasticity. The void volume

fraction
for f < fe
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is defined as the ratio of all cavity volume over body volume and is an internal variable
to describe material damage. More detailed explanation of material parameters in (1)
- (6) about the micromechanical damage model are referred to the works of Tvergaard
and Needleman [9, 10]. This material model is implemented into the general FE code
ABAQUS using the UMAT interface.

For our computations the initial void volume fraction, fo = 0, will not change
our final results. Further material parameters of GTN model are f. = 0.15, fy = 0.3,
fy = 0.04, fy = 0.667,ex =03, sy =01, 1 = 1.5, @2 = 1, E/oo =300 and a =1,
respectively.
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To study effects of applied load biaxiality on material failure, we consider a
mode I crack tip field modeled by the modified boundary layer (BLF) under plane
strain conditions. The remote loads are given by the first two terms of the elastic
asymptotic solution in the form

K

oii(r,9) = \/Q—Wfij(ﬂ) + 161615, (7
where r denotes the radial distance to the crack tip. The significance of this 7-
term for the size and shape of the plastic zone size under small scale yielding (SSY)
conditions have been studied extensively in [1, 6, 7). The T-stress is supposed to
characterize effects of the in-plane constraint in elastic-plastic fracture mechanics.

It is known that the local assumption in continuum mechanics makes stress
and strain distributions scalable by some geometrical dimension. It follows that the
prediction of material failure based on a local mechanics model is mesh-dependent,
especially for crack analyses [11, 12]. Actually, all stress/strain fields in a elastic-
plastic solids and so the predictions of the crack initiation based on the continuum
mechanics can be linearly scaled by a characteristic dimension of the FE model [13].
One may not hope to give an accurate prediction of material failure without intro-
ducing a microstructural characteristic length scale. This problem can be overcome
only by using non-local formulation in continuum mechanics which beyond our scope
of this paper. In crack damage modeling the blunting radius of the crack tip plays a
key-role. To study the crack tip fields we use a very fine FE mesh as shown in Fig. 1.
Our numerical experiments using mesh with 12 to 36 element sectors around the tip
from 0 to 180° confirm that the crack initiates at numerically similar J values if the
length of the smallest elements ahead of the crack tip is set uniformly. The element
number around the crack tip does not substantially affect the final prediction.

To diminish the model effects, the cracked geometry is discretized using a
similar mesh structure for all computations. The radius of the blunted crack tip, &g,
is 1077 times the remote radius of BLF, Ry. The radial length of the elements directly
near to the crack tip is equal to /2. The mesh in r > 10, is scaled exponentially in
the radial direction. There are 12 to 36 sectors of elements within the angular region
from 0 to 180° in the crack-tip region. Both 4-node B-bar elements as well as 8-nodal
isoparametric elements are used in different computations. Because of symmetry we
only have to model the upper plane. A typical mesh with 24 elements around the
tip is plotted in Fig. 1. The ABAQUS general-purpose finite element program has
been used for the computations.

RESULTS

From fracture mechanics we know that the J-integral in the modified boundary
layer formulation does not depend on the transverse stress T. It implies that the
crack tip fields are characterized by both J and T'. In our computations the trans-
verse stresses 7 (= T/og) are given and the applied stress intensity factor J or
K of Eq. (7) increases from J/(8p00) = 3.33 to 20. We have computed with
T=-1,-0.75,-0.5,-0.25,0,0.25,0.5,0.75, 1 and different meshes under small scale
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Figure 1: Details of the finite element mesh Figure 2: Angular distributions of the

around the blunted crack tip. The mesh void volume fraction under different applied
shown in the figure consists of 24 elements transverse T-stresses at J/(o0do) = 9.63 and
around the tip. » = 2J,. The mesh contains 24 quadratic

element sectors around the tip.

yielding condition (rplastic < 0.05Rg). It is observed that the crack initiates at
J/(8000) 2 5.0 and the exact values essentially vary with T

The T-stress changes crack initiation since the developments of the damage
zone around the crack tip are sensitive to the biaxial loading. Fig. 2 shows angular
distributions of the void volume fraction f at r = 280 and J/(6000) = 9.6. The ap-
plied transverse stresses are 7 = —1,-0.5,0,0.5and 1.0, respectively. The curves are
smoothend using spline functions. From the figure we learn that the crack does not
initiates along the symmetrical plane (9 = 0). The crack growth angle at initiation,
Derack, depends continuously on the loading biaxialities, T.

More detailed FE-computations using different meshes and element types in
Fig. 3 show that Jerack is only slightly affected by FE models. In the figure the solid
symbols and open symbols denote the quadratic and linear isoparametric element
meshes, respectively. With increasing the transverse stresses Derack MOVES towards
to 9 = 60°. For |7| < 0.5 Jerack hardly changes. The crack growth angle can be
approximated by a third-order polynomial as

O orack = 34+ 87 + 672 + 137°. (8)

The coefficients of the polynomial are determined using the least square fitting and
seem only effected by the parameters of the GTN-model. Numerical scattering of
the prediction above is smaller than the element sector angles of FE-mesh around
the crack tip.
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Figure 3: Crack growth angles, ¥cyqck, as a Figure 4: Radial distributions of the void

function of the applied transverse T-stresses volume fraction around the tip under dif-
using different FE-meshes. The curve leg- ferent applied transverse T-stresses at ¥ =
ends denote the numbers of element sectors Yerack. The mesh contains 24 quadratic ele-
around the tip. The solid and open symbols ment sectors around the tip.

stand for the quadratic isoparametric and
linear B-bar element meshes, respectively.

The prediction about the crack growth angle is not contradictory to known
computational results. With further increasing the applied loads the crack growth
turns to the symmetrical plane and the kinking occurs just at the very begin of
the crack growth (Aa < 26,). Should the finite elements be as large as the initial
blunting radius [14] this small kinking cracking can be simply suppressed.

Furthermore, the transverse stress changes not only the crack growth angle but
also evolution of the damage zone around the crack tip. In Fig. 2 we find that for the
same applied J values the total damage amount of the material which is proportional
to the areas below the curves increases with 7. It means that a negative T stress
will make less material in the crack tip field damaged under the same applied crack
drive force. It tentatively explain why the crack with higher constraints, i.e. T > 0,
initiates at a lower applied J value and vice versa.

The length of the damage zone at ¥ = ¥.qck is hardly effected by the applied
T stresses. Fig. 4 shows radial distributions of the void volume fraction along the
crack growth directions. As known in strain localization analyses, the width of the
high damage zone corresponds to the element size which implies the known mesh
dependence in local mechanics. The results in Fig. 4 implies that the prediction of
the crack growth amount is sensitive to the FE mesh.
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CONCLUSIONS

The crack tip fields have been studied using different finite element meshes. Accord-
ing to the present computations the numerical results are essentially determined by
the initial blunting radius of the crack tip. All numerical predictions are scalable
with the blunting radius.

Using most different meshes we have confirmed that the crack does not initiate
along the symmetrical plane and the crack growth angle at initiation can be approx-
imated by a third-order polynomial. The crack angle increases with the T stress.
Furthermore, T’ promotes material damage around the crack tip under the same ap-
plied J value. Under small-scale yielding conditions the present results confirm the
two-parameter characterizations based on continuum mechanics.
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