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1. Statement of Problem Studied: 

Tantalum is a high-density, high-ductility bcc material of interest to the ARMY as 
a possible liner material for explosively-formed penetrators (EFPs). An important 
issue in the design of the liners for EFPs is the role of the initial texture of the 
liner in the evolution of the macroscopic shape during the process of liner collapse. 
A prerequisite for developing a computational capability to simulate the evolution 
of the macroscopic shape of an EFP is a physical, crystal mechanics-based theory 
of thermo-elasto-viscoplasticity which is valid for large strains (« 300 — 500%) and 
high strain rates (up to « 106sec_1) at low ( < 0.5 ) homologous temperatures. The 
theory should be able to predict the macroscopic anisotropic stress-strain response, 
the evolution of crystallographic texture, and the macroscopic shape changes for 
bcc tantalum. 

The major thrust in our research over the period of the grant was modeling of high 
rate deformation of b.c.c. tantalum using crystal plasticity models. 

In addition we conducted research on modeling of inelastic deformation of f.c.c. 
metals due to slip and twinning. 

2. Summary of Most Important Results: 

The scientific progress in both areas is briefly summarized below: 

(a) TANTALUM: 

i. Strain-rate and temperature-dependent constitutive equations for poly- 
crystalline metals which are capable of modeling the initial and evolving 
anisotropy in ductile metallic materials due to the evolution of crystal- 
lographic texture were formulated and then specialized to reproduce the 
stress-strain response of commercially pure b.c.c. tantalum for strains up 
to 60%, at strain rates from quasi-static to 30,000 s_1, and temperatures 
from -200 to 525°C. 

ii. The constitutive equations were implemented in a finite element program. 

iii. The computational capability was used to simulate the evolution of crys- 
tallographic texture in simple compression, plane-strain compression and 
torsion under quasi-static conditions. 



A comparison of the predictions against corresponding experiments showed 
that the crystal plasticity-based model predicts the texture evolution and 
the macroscopic stress-strain curves satisfactorily, 

iv. The computational capability was also used to simulate the dynamic Tay- 
lor rod-impact tests on pre-textured tantalum cylinders. 
The numerical simulations were shown to reasonably reproduce the fi- 
nal length and the ovalized macroscopic shape of the impact end of the 
cylinders observed in experiments. 

(b) CRYSTAL PLASTICITY BY COMBINED SLIP AND TWINNING 
There have been considerable recent advances in the understanding of aniso- 
tropy due to crystallographic texturing, and a reasonably successful elasto- 
viscoplasticity theory for the deformation of face-centered-cubic (f.c.c) single 
crystals and polycrystals with high stacking fault energies is now at hand. The 
high stacking fault energy f.c.c. materials (e.g. Cu, Al) deform predominantly 
by crystallographic slip. In contrast, for materials with low stacking energies 
(e.g. a-brass), in addition to crystallographic slip, deformation twinning plays 
an important role in maintaining generalized plastic flow. A direct manifes- 
tation of twinning is the different crystallographic texture that is observed in 
70-30 brass as compared to pure copper. 
In our research 

i. We formulated an incremental constitutive model which accounts for both 
slip and twinning. Since twinning occurs very rapidly, and visco-plastic 
models of twinning are nebulous, we developed a rate-independent crystal 
plasticity model to account for slip and twinning, and also developed a 
new scheme to determine the active systems and the shear increments on 
the active slip and twin systems. 

ii. We implemented our constitutive equations in the finite-element program 
ABAQUS/Explicit. 

iii. By using comparisons between model predictions and macroscopically- 
measured stress-strain curves and texture evolution we deduced informa- 
tion about the values of the single-crystal parameters associated with slip 
and twin system deformation resistances and hardening due to slip and 
twinning. 

iv. We showed that our model was able to reproduce both the experimen- 
tally measured pole figures and the stress-strain curves in plane strain 
compression for a-brass. 

v. With the model so calibrated, we showed that the predictions for the 
texture and stress-strain curves from the model were also in reasonably 
good agreement with experiments in simple compression. 

vi. We also evaluated the applicability of a Taylor-type model for combined 
slip and twinning. 



Our calculations showed that for the high-symmetry f.c.c. brass, a Taylor- 
type model for crystals deforming by combined slip and twinning is able 
to reasonably well predict the macroscopic stress-strain curves and crys- 
tallographic texture evolution, 

vii. Our calculations showed that in plane strain as well as simple compression, 
the crystallographic texture that develops is a result of lattice rotation due 
to both slip and twinning, and that in contrast to copper which does not 
twin under normal circumstances, it is twinning which is responsible for 
the brass-type texture that is observed in f.c.c. metals with low stacking 
fault energies. 
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