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1. INTRODUCTION

The material flow mechanisms which occur during ballistic penetration regimes and their role in

influencing penetration behavior are not fully understood.

Penetration experiments at the U.S. Army Research Laboratory, in which tungsten single crystal rods
of high symmetry orientations were fired into semi-infinite rolled homogenous armor (RHA) targets,
showed that the penetration results were a strong function of crystallographic symmetry, and that the best
performing orientation, the four-fold [100], exceeded current tungsten heavy alloy penetrators and was
comparable to depleted uranium (Bruchey, Horwath, and Kingman 1991). Preliminary examination of
recovered penetrators showed distinct differences in flow and failure pattens as a function of
crystallography (Bruchey, Horwath, and Kingman 1991; Bruchey et al. 1992). The observed flow patterns
are shown in Figure 1. These results are of fundamental interest because in single crystal experiments,
all variations in geometry, ballistic conditions, and such material parameters as density, grain size, etc. are
eliminated—crystallography is the single variable. Since the overall macroscopic deformation geometry
in all cases is eversion of the rod into a continuous tube possessing a pattern of scroll-like foliations on
the inner surface, the large differences in penetration must therefore arise from the crystallography of the

detailed processes operating in the initiation and continuation of material flow in the lattice.

[100] [111] [110]

Figure 1. Geometry and flow patterns around nose of penetrators.

Preliminary characterization of the flow patterns and fracture topography of the post-mortem
specimens has been further extended and now provides a basis for better understanding the mechanisms

which influence the penetration performance.




2. EXPERIMENTAL APPROACH

A synergistic approach was applied to characterization, using optical metallography, scanning and
transmission electron microscopy, and x-ray diffraction. The penetrators were embedded in semi-infinite
RHA target blocks which were longitudinally sectioned. The residual back end of the penetrator, typically
about one diameter (~6 mm) in length, rested at the bottom of the penetration cavity surrounded by a thin
layer of flowed material which extended back along the cavity walls to form a continuous back-extruded
tube 1-3 mm thick. Previous optical studies of these sections demonstrated the effects of crystallographic
orientation on the general flow pattem during penetration and eversion (Bruchey, Horwath, and
Kingman 1991; Bruchey et al. 1992) and provided a spatial reference frame for correlating microstructural
information. The large size of the steel target block sections limited scanning microscopy of the fracture
surfaces to examination of separated fragments, generally from the back-extrusion tubes. The unpolished
halves of the sectioned targets were cut up and prepared for transmission microscopy. Transverse and
longitudinal transmission electron microscopy (TEM) samples for each orientation were obtained by
standard thinning techniques. X-ray diffraction patterns of the polished metallographic sections were used
to determine the crystal orientation and provide lattice information at intermediate resolution. To
characterize the small, inhomogeneous residual penetrator samples still embedded in massive blocks, Laue
back reflection was the only feasible method. Although the irradiated area is comparatively large
(about 0.5 mm), by making a series of small, incremental translations and comparing changes, the spatial
resolution can be improved by about an order of magnitude. The target block was mounted in a special
holder equipped with x and y micrometer translations. Once a reference point was established, relative
positioning was extremely precise and reproducible and could be correlated directly with optical macros.

Information from white-radiation diffraction in necessarily qualitative but nonetheless Laue patterns
can provide a wealth of information about a deformed sample: orientation, lattice inhomogeneity
(bending, substructure, etc.), recrystallization, grain size, preferred orientation, etc. This information was

a major key in drawing together all of the observations into a coherent picture of the deformation process.

3. RESULTS

3.1 Transmission Electron Microscopy. Dislocation arrangements were examined in samples of all
three symmetry orientations, in both transverse and longitudinal sections, except for [110], where the only
thinned sample obtained was transverse. More detailed discussion of the TEM results has been presented

elsewhere (Bruchey et al. 1992), but the principal observations are summarized as follows.




The principal defect type observed was arrays of predominantly screw dislocations of the type
b = 1/2 <111>. All crystals contained dislocation networks, subboundaries, and recrystallized grains, but
the detailed dislocation arrangements varied as a function of crystallographic orientation. Dislocations
observed in the [100] and [111] crystals were networks of pure screws or mixed dislocations with a large
screw component. Dislocations in the [110] penetrator were straight screw dislocations with short
segments left by edge dislocations. Other types of defects, such as twins and stacking faults, were not
observed. There was often extensive recrystallization, with freshly recrystallized material adjacent to
heavily deformed structures. However, due to the extreme inhomogeneity of the deformation, it was not
possible to make direct correlation between the actual TEM observation area and the macrostructural flow
pattern.

3.2 X-ray Diffraction. Observations for each orientation are summarized below.

3.2.1 [110] Penetrator. This residual penetrator was completely recrystallized except for a small
region at one comer of the back end. The material in the etched band structure is polycrystalline, and
Debye-Scherrer (D-S) rings from various regions showed a variety of substructures ranging from sharp,
equiaxed recrystallized grains to broad cold-worked rings, generally with heavy texture. The few single
crystal regions were distorted and ambiguous, and thus no orientation information could be obtained.
Further examination showed that the rear surface of the rod was a jumble of irregular surfaces, implying
that the residual rod was cracked irregularly throughout as suggested by the cracks visible in the macro-

section.

3.2.2 [111] Penetrator. Diffraction patterns showed the clearly defined residual rod to be a single
crystal, with little net lattice rotation except in the lobes near the front edge of the rod. Material in the
flowed regions was primarily polycrystalline, with strong preferred orientation, but there were also
included regions, primarily directly ahead of the residual rod, which were still single crystals, although
severely bent and deformed (see Figure 2).

3.2.3 [100] Penetrator. The most salient factor in the [100] x-ray results was the persistence of single
crystal character throughout the entire head of the penetrator and well into the extrusion tube. Optical
macros showed no clearly outlined rod remnant, as seen in the [111] penetrator, but instead there was an

assemblage of blocky segments defined by large cracks, and throughout much of the sample on a smaller
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Figure 2. Diffraction pattems frorh [111]: (left) residual rod, (right) fragment embedded in
recrystallized material ahead of residual rod.

scale there occurred a semicontinuous network of fine, straight crack segments intersecting at right angles.
In the central residual rod, these cracks were parallel and perpendicular to the rod axis, but in the
peripheral flow regions, they became respectively radial and parallel to the cavity interface.

X-ray analysis confirmed that the cracks were in all instances parallel to {100} cleavage planes. In
the residual rod remnant, the diffraction pattemn was always uniquely sharp and well-defined. Along the
penetrator axis directly ahead of the residual rod, the orientation was maintained and the spots were
uniformly broadened without asterism (see Figure 3). A traverse across the sample directly below the rod
remnant showed the lattice orientation changing continuously, corresponding with the reorientation of the
{010} cleavage cracks, with surprisingly little asterism except in the vicinity of major cracks (see
Figure 4). Numerous sequences throughout the sample demonstrated that single crystal reflections were
obtained except in the vicinity of a few obvious inhomogeneities such as the severe, localized bands found
near the back edges of the penetrator, where local recrystallization occurred. Single crystal patterns from
the immediate vicinity of major cracks or similar inhomogeneities sometimes contained twisted, forked,
or ginko-leaf spot shapes, indicating complex local bending. Superimposed D-S rings from
recrystallization might be seen, but in many other instances, uniform single-axis reorientation of the lattice
occurred with a minimum of inhomogeneity (see Figure 5). These Laue patterns contained uniform,
continuously extended spots. When both ends of each spot were plotted, two crystal orientations related
by a single axis rotation were represented, giving the limits of the continuous lattice rotation occurring

within the irradiated area.

Since the observation surface is an axial plane of the penetrator, continuous lattice reorientation about

the normal to the observation plane is consistent with radial material flow. Along the left edge of the
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Figure 4. Stereograms of diffraction patterns taken in sequence across [100] peripheral flow,

correlating with cleavage cracks.




penetrator, this lattice rotation can be documented continuously from the nose back into the hollow
extrusion tube for several rod diameters without discontinuity, until the single crystal spots finally
disappear in textured D-S patterns. Along the right edge, an orientation discontinuity occurs at a major
crack near the residual rod, and a new orientation begins. Examination of a large fragment of another
penetrator, which separated from the target block by fracturing away from a thin layer adhering to the
cavity surface, clarified this discontinuity. Figure 6 shows the convex surface, partially covered with
sheaf-like packets. X-rays of the packets showed broad, single crystal reflections along with D-S rings.
Seen in three dimensions, these individual packets, defined by cleavage planes, appear to have sheared
radially and also rotated in varying amounts about a normal axis. In agreement with the lattice rotations
observed in the two-dimensional axial surface of the first penetrator.

4. DISCUSSION

From these observations, it is evident that the microstructural processes operative in these three single

crystal penetrators are quite different.

In the [111] rod, three <111> directions occur symmetrically at 70.5° from the rod axis. Resolved
shear stresses on these dislocations are thus relatively low, resulting in a high yield strength, while ample
generation of dislocations available for interaction enhances work hardening. As well, screw dislocations
will tend to move outward resulting in radial mass transfer toward the cavity walls. The well-defined
character of the few narrow bands etched in the residual is undefined, but the location and direction, along
with the presence of large crystal fragments surrounded by heavily deformed and recrystallized material
just ahead of the residual rod, suggests that separation of discrete material segments initiates with these
bands. Additionally, the inner surface of the penetration tunnel is wavy and pocked, suggesting radial
impingement of discrete segments of penetrator material as the blunt nose of the remaining rod forces
these segments radially outward and then between the rod and the cavity wall. Diffusion gradients at the
penetrator surface and iron-rich intrusions in cracks appear only in this sample, implying higher
temperatures than for the other orientations. Eventually the crystal segments recrystallize, perhaps
repeatedly, with a strong preferred orientation. All of these processes absorb a fraction of the total energy,
which thus becomes unavailable for forward penetration. Thus, the crystallographic factors which lead
to high yield strength, work hardening, and superior stress strain characteristics in unconfined conventional
testing actually detract from penetration performance.
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Figure 5. Diffraction patterns from ad



Figure 6. Convex surface of separated {100] residual penetrator.

In the [100] penetrator, the material mechanisms are different. With four-fold symmetry, all four
<111> directions are equally stressed, creating large numbers of dislocations able to react with one
another. One possible reaction (Carrington, Hale, and McLean 1960) is the Cottrell reaction:

1

.2_[11?] + =[111] = [100],

o -

which produces a sessile dislocation, as illustrated in Figure 7. Two slip dislocations combine to form
a crack dislocation as indicated schematically in (A). The dislocation reaction given previously is shown
in (B), with the resultant [001] sessile normal to the (001) plane. The cleavage crack nucleated by the
sessile [001] is oriented as shown in (C) (Reed-Hill 1964). Under hydrostatic stresses, cracks would not
open at once, but could be nucleated as deviatoric stresses increase and material flow is initiated. It can
also be reasonably speculated that early creation of a large distribution of these sessiles would inhibit
subsequent work hardening. The smooth lamellar bending and shear and the relative absence of
substructure, complex lattice distortion, and recrystallization evident in x-ray pattems from much of the
peripheral flow region indicate that the work hardening expected from standard stress-strain behavior does
not occur. In contrast to the [111] penetration profile, the [100] penetration tunnel is narrow and
exceptionally smooth, and there is little evidence of interaction between the penetrator and the target
material. Rather than discontinuously shedding finite material segments, the [100] rod is postulated to

flow by a smooth continuous process in which small, finite lattice elements defined by cleavage cracks
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after Reed-Hill (1964).
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undergo a combination of lamellar bending and rigid rotation with little intemnal disturbance—a process
which is highly energy efficient, thus allowing maximum partition of energy into forward motion
(i.e., penetration). Such features as the etched deformation bands at the back ends of the sample, which
contain heavily deformed and recrystallized material, seem likely to be a localized artifact rather than a
primary deformation mode. The persistence of the rectangular crack pattern even through the curved
foliations in the extrusion tube (Figure 5) is strong evidence that lamellar flow of finite entities with
minimal lattice disruption is the continuing deformation mode and that continuous reorientation of defined

entities was complete before recrystallization eventually occurred.

Again, standard stress-strain properties do not predict penetration results, since the [100] yield and
work-hardening curves are similar to but lower than those for [111], while in ballistic penetration a highly
efficient alternative material flow mechanism occurs, absorbing less energy and allowing the [100]

penetrator to exceed the performance of the [111].

For the [110] orientation, detailed éonclusions are more difficult since the recrystallization is so
extensive. In two-fold symmetry, only two <111> directions are stressed and work-hardening dislocation
reactions are unavailable. Classically, [110] bce crystals have a high yield but do not work harden; at high
impact velocities, twins may occur (Subhash, Lee, Ravichandran 1994). The TEM, SEM, and x-ray results
all indicate that the penetrator material has repeatedly recrystallized, deformed, and recrystallized again.
The nature of the etched bands, which were entirely recrystallized with a strong preferred orientation, was
not determined. The flow packets in the (110) extrusion tube were unique in having a completely non-
crystallographic appearance; instead they resemble ductile, bifurcating fronds. It seems possible that
multiple fractures occurred very early, and, after yield, ductile flow occurred with repeated
recrystallization.

It is interesting to compare the observed modes occurring in single crystal rods with the work of
Magness (1992) and Magness and Farrand (1991) in several materials. Magness interpreted these results
in terms of the initiation of shear localizations, primarily adiabatic shear bands in the deforming penetrator.

Figure 8, taken from Magness, shows schematically the flow patterns he identifies.

Mode (b), late shear localization and discard, leads to the mushrooming and wavy cavity profile
resulting from nonsteady flow which are associated with poor penetration performance, and are typical
of polycrystalline tungsten. The [111] flow pattern resembles this model: some mushrooming and a wavy

11
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Figure 8. Schematic of postulated flow modes, after Magness (1992).

profile are definitely present, and the few narrow bands present may be sites for discontinuous material

separation.

The penetration cavity of the [100] rod resembles mode (c), like that of the depleted uranium (DU)
penetrators described by Magness. In the [100] case, the chisel-shape profile is absent, but the tip radius
is still narrow and the geometry of the penetration tunnel resembles that of the early shear and discard
model. It appears that the successful performance of this penetrator results from an extremely efficient
flow mechanism initiated, like the adiabatic shear localizations observed in DU, early in the flow process,
but on a much finer scale. This fine scale allows relatively smooth, continuous initiation of flow which
is energetically efficient. Thus, the deformation mode occurring in the [100] crystal is an alternative
mechanism which extends the concept of penetration by early initiation of energy-efficient shear to a

microscopic scale.

The characterization of the [110] flow is less obvious, but the shallower, wider cavity with relatively
smooth walls my be consistent with the stable, uniform flow model (a), modified by anisotropy. Further

information about the actual flow mechanisms would be needed to characterize this orientation.

12




5. CONCLUSION

Single crystal penetrator tests have shown that crystallography, which governs microstructural failure
and flow mechanisms, is a strong determinant of penetration behavior. Additionally, as previously pointed
out by Magness and others, classical quasi-static data do not necessarily imply similar performance in
ballistic penetration. Finally, the excellent performance of the [100] single crystal penetrators has been
shown to result from a unique deformation mode in which work hardening is suppressed and flow initiates
at microscopic inhomogeneities which allow small but finite crystal entities to shear and flow with
minimal internal deformation. This mode allows an energetically efficient uniform flow which maximizes
the fraction of total energy partitioned into forward penetration, resulting in a decp, narrow, smooth-walled
penetration cavity similar to the geometry of "chisel nose" DU penetrators, but by a mechanism different
from adiabatic shear. Single crystal experiments provide a unique opportunity to isolate the effects of
crystal symmetry on microstructural deformation and study the basic material mechanisms involved. This
understanding will lead to more effective processing to use and optimize the appropriate properties of
existing materials and can ultimately define a basis for designing novel materials and composites in the

future.
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