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A DAMAGE MECHANICS BASED APPROACH FOR DEVELOPING
A QUANTITATIVE UNDERSTANDING OF DUCTILE FRACTURE

W. Richards Thissell*, Davis L . Tonks**, and Daniel S . Schwartz** *

Los Alamos National Laboratory, Los Alamos, NM 87545
*thissell@cybermesa.com, **X-7, tonks@lanl.gov, ***NMT-16, dschwartz@lanl.gov

ABSTRACT A self-consistent damage mechanics approach for describing ductile
fracture is introduced . This approach consists of damage quantification of incipiently
failed specimens resulting from well-controlled and diagnosed experiments that span a
wide parameter space of stress triaxiality, strain rate, and equivalent plastic strain .
Numerical simulations are performed of these experiments using damage constitutive
models and the simulation predictions are compared with the experimental measurements
and post-mortem damage quantification, with the goal of developing, validating, and
calibrating the damage constitutive models . New developments are described, such as the
coupling between void and deformation bands .

INTRODUCTION: Damage mechanics refers to the processes that can lead to failure
surface formation through the mechanisms of nucleation, growth, and coalescence of
damage features upon loading, in the absence of a pre-existing macroscopic flaw .
Damage features include voids, micro-cracks, and deformation bands. This is to be
contrasted with fracture mechanics, which is concerned with the processes involved with
the propagation, or lack thereof, upon loading, of pre-existing flaws .

Damage mechanics approaches for describing fracture involve damage
constitutive models for use in finite element simulations . These models are used in
conjunction with equation of state and strength constitutive models, the latter preferably
containing internal state variables to achieve path-dependence . The first damage
constitutive model that consisted of both nucleation and growth sub-models is the SRI
NAG model (Antoun [2003]) . This model has been calibrated and validated for several
materials under uniaxial strain loading conditions using rigorous quantification of
incipiently failed microstructures . Gurson [1977] flow surface based models have been
developed for application to a wide range of stress trivialities, but rigorous calibration of
these models to materials using quantification from incipiently failed experiments is
almost non-existent in the literature, with the exception of the work of Becker [1988] for
notched tensile bars, a few others, and the present authors . Addessio [1993] addressed
the long-standing problem of damage constitutive models having an intrinsic length scale
dependence, which manifests itself as a mesh size dependence upon the absence of rate
dependence in the damage model . Rate dependence is a feature of the TEPLA family of
damage constitutive models .

Many applications of damage mechanics involve loading conditions that can span
a wide range of stress triaxiality from pure shear up to almost pure hydrostatic tension,
strain rates that can sp an 3-4 orders of magnitude, : and equivalent plastic strain, from a



few percent up to over a hundred percent . Damage constitutive models can he
confidently applied in these problems only if they do not exhibit a mesh size effect and if
they have been calibrated and validated using rigorously quantified incipient failure
experiments that span the range observed of the above three parameters .

'Conks [2004] discusses calibration and validation of a nucleation sub-model of a
TEPLA damage constitutive model using incipient failure experiments that span the
above mentioned range of parameters . The present paper provides a brief overview of
the damage quantification procedure and highlights a new quantification method for
deformation hands, which are localized regions of very high deformation that can
manifest between voids in certain materials under certain loading conditions up to
dimensionless distances (edge-edge length/mean void diameter) of a hundred .

PROCEDURES, RESULTS AND DISCUSSION : The damage mechanics framework
consists of Nvell-controlled and diagnosed experiments, both incipient and full fracture,
coupled with post-mortem damage quantification of the specimens ; both of which are
compared with explicit finite element simulations of the experiments that are used for
constitutive damage model development, validation, and calibration . New damage
quantification methods, motivated by the observation of damage features such as shown
in Fig . 1 . Thissell [2004], have been developed which combine image analysis data of
metallographic section planes with optical profilometry data of that surface to increase
the statistical significance of the sparse observations and reduce the incidence of false
positives to statistical insignificance . Fa l se positives can have a major affect on the
resulting measurements . The foundation of this methodology is that profilometry data is
used with image analysis data to tit each damage feature to an arbitrary ellipsoid and
artificial intelligence criteria is employed to determine whether the resu lting ellipsoid
represents a true or false positive .
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This new damage

quantification method provides

measurements o f porosity
distributions, volumetric void number

density distributions, spatially

resolved volumetric size distributions,

damage cluster measurements such as

cluster length, width, and volumetric

size distributions, and deformation

band measurements such
dimensionless lengths and an ad-hoc

deformation band area fraction .
Fig . 1 . Example microstructure of an incipiently
stalled Fansteel tantalum containing irregular Recent progress has been
shaped and sized voids, clusters, and deformation made on expanding previous

ba»ds• deformation band quantification by



assuming that the deformation band width is a third of the average of the minimum axis
lengths of the connected ellipsoids . This permits an estimation of band area fraction
using a rectangular approximation of the bands, where their length is defined as the edge-
edge distance between the voids linked by a deformation band . Fig. 2 compares the
resulting porosity and deformation area fraction distribution of two Cabot Ta flyer plate
experiments that differ in pulse amplitude and duration . These experiments and others
indicate that the porosity must reach about ten percent before deformation bands appear .
Deformation bands can therefore be considered an important coalescence mechanism in
this material under hydrostatic tension loading conditions .
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Fig. 2 Compares the porosity and deformation band area fraction of (a) 65 .3 GPa, 0.4
.is and (b) 5 .6 GPa, 2.2 µs flyer plate experiments .
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