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ABSTRACT

Based on the results of an extensive series of systematic experiments on commercially pure tantalum (bcc
crystals), a physically-based, rate- and temperature-dependent constitutive model is proposed for bee single
crystals and is applied to simulate the experimental results, using the Taylor averaging method. The model
calculation is based on a new efficient algorithm for the numerical solution of the finite deformation of bee
single crystals, involving up to 48 potentially active slip systems. The accuracy and efficiency of the proposed
algorithm are checked through comparison with the results of the conventional explicit Euler time-
integration scheme, using a very large number of timesteps. The model effectively simulates a large body
of experimental data, over a broad range of strain rates (107 -4 x 10%/s), and temperatures (77 to 1300 K),
with strains exceeding 100%. using very few adjustable parameters whose values are fixed at the outset for
a given material. All other involved constitutive parameters are estimated based on the crystal structure
and the physics of plastic flow. ¢ 1998 Elsevier Science 1.td. All rights reserved.
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1. INTRODUCTION

A fundamental approach to develop constitutive models for elastoplastic flow of
polycrystalline metals requires the following basic ingredients :

o description of the kinematics of slip-induced plastic flow and the accompanying
elastic lattice distortion, based on the microstructure of the crystal ;

e constitutive relations defining the slip rates in terms of the applied stress, existing
temperature, and the microstructure of the polycrystal;

e an efficient and accurate computational algorithm for incremental calculation of
the crystal deformation and stress state ;

e an averaging model to obtain the polycrystal deformation and stress measures in
terms of the corresponding single-crystal quantities ;

o reliable experimental results over a broad range of strains, strain rates, and tem-
peratures, in order to fix the constitutive parameters and check the model capability.
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Based on the fundamental crystal structures, the kinematics of crystal plasticity has
been developed by Hill (1966), Rice (1971), Hill and Rice (1972), and Hill and Havner
(1982). Reviews and references are given by Havner (1992).

In the application of the theory to rate- and temperature-dependent crystals, consti-
tutive relations are required to define the slip rates in terms of the stress, temperature,
their histories, and the microstructure of the crystal. Generally, these relations have
been phenomenological and empirical, being based essentially on a power law or its
variants; see, e.g., Hutchinson (1976), Pan and Rice (1983), Peirce et al. (1983),
Nemat-Nasser and Obata (1986), Rashid er al. (1992), Zikry and Nemat-Nasser
(1990), and Anand and Kalidindi (1994).

Crystallographic slip generally occurs by the motion of dislocations. In this event,
the dislocations must overcome short-range barriers due to the lattice structure (the
Peierls barrier) and other dislocations or point defects, as well as the stress field
induced by the long-range barriers such as forests of dislocations, point defects, and
grain boundaries. Recently, Nemat-Nasser (1996) has suggested dislocation-based
micromechanical models to describe the slip rates in bec and fee crystals, which
directly account for the athermal and thermally activated barriers to the motion of
dislocations (barriers which can be overcome by dislocations through their thermal
energy are referred to as “‘thermally activated barriers’). An objective of the present
work is to apply his bcc model to commercially pure tantalum, and then compare the
results with experimental data over a broad range of strains, temperatures, and strain
rates. The experiments are performed using the recovery Hopkinson technique which
allows development of both adiabatic and isothermal flow stress of metals at high
strain rates and at temperatures ranging from 77-1300 K ; see Nemat-Nasser e¢r al.
(1991) and Nemat-Nasser and Isaacs (1996).

The computations are performed using a suitable version of an efficient algorithm
which has been proposed by Nemat-Nasser and Okinaka (1996) to solve finite-
deformation problems of fcc single crystals. In the case of bce crystals, there are, in
general, forty-cight potential slip systems, many of which usually become active
during crystal deformations. For a bee crystal, it is usually assumed that {110}, {112},
and {123} are the families of the primary slip planes, with the family (111} defining
the slip directions. In the proposed algorithm, the finite-deformation problem is solved
incrementally by first tentatively assuming that the total deformation increment is
solely due to plastic slip, and then correcting this solution to account for the
accompanying elastic lattice distortion. The approach is referred to as the “plastic-
predictor, elastic-corrector method™. The resulting solution fully accounts for the
rigid-body rotation of the lattice.

The approach that has generally been followed in past studies to obtain, in a
consistent manner, the nonlinear finite-deformation properties of a polycrystal from
those of the single-crystal constituents, is based on the linearization of the nonlinear
constitutive relations which are then evaluated using an implicit time-integration
technique ; Peirce er af. (1983). Following the method proposed by Iwakuma and
Nemat-Nasser (1984) for the rate-independent slip theories, Nemat-Nasser and Obata
(1986) established a self-consistent approach for polycrystals, which is based on
such a linearization of the constitutive relations of the corresponding single-crystal
constituents. Although a forward-gradient (tangent-modulus) method of this kind






