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Abstract 

The flow and failure of monocrystalline tungsten penetrators, during the penetration of armor 
targets, has been shown to be anisotropic. The penetration performances of the single crystal 
penetrators were found to be a function of the crystallographic orientation of the penetrator axis. 
The performance of the [100]-oriented tungsten penetrators was roughly equivalent to that of 
depleted uranium penetrators. 

In this series of ballistic experiments, the performance and deformation behaviors of 
polycrystalline tungsten penetrators having oriented columnar grains in [100], [110], or [111] 
directions were examined. 
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1. Introduction 

High-density materials, primarily uranium alloys or tungsten-based metal matrix composites, are 

used as penetrator cores in modern kinetic energy (KE) projectiles. In this application, uranium 

projectiles have been shown to offer superior penetration performance. However, concerns about 

the environmental and occupational hazards associated with the manufacture, deployment, and use 

of the uranium rounds prompt efforts to develop a tungsten-based material that will equal or surpass 

the ballistic performance of uranium alloys. 

For many years, increases in the ballistic performance of tungsten-based composites (WBC) 

(i.e., tungsten heavy alloys [WHA]) were sought through improving the mechanical properties of the 

penetrator material. However, despite successes in significantly increasing the strengths and 

toughnesses ofWHAs, the basic penetration performances of these alloys did not improve (Leonard, 

Magness, and Kapoor 1992). It is now well documented that the flow and failure behaviors of the 

penetrator material, not the values of strength or ductility measured in a conventional mechanical 

test, are the most important determiners of penetration performance. The flow-softening and shear 

localization behavior of the uranium-3/4% titanium (U-3/4% Ti) alloy has been shown to be 

responsible for the greater penetration performance of these projectiles (Magness and Farrand 1990). 

Bruchey, Horwath, and Kingman (1990, 1991) demonstrated that anisotropies in the flow and 

failure of monocrystalline tungsten penetrators can also influence ballistic performance. The ballistic 

performance of a monocrystalline tungsten penetrator depended on whether the penetrator axis was 

oriented along the [100], [110], or [111] direction in the crystal. Penetrators with the [100] axis 

oriented parallel to the penetrator axis performed much better than conventional WHAs, achieving 

penetration depths close to that of uranium alloy penetrators. Tungsten monocrystal penetrators with 

a [111] orientation penetrated to depths comparable to those of conventional WHAs, while 

monocrystal penetrators with a [ 11 0] orientation did not perform as well as the conventional WHAs. 
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While these results showed that [1 00]-oriented tungsten single-crystal penetrators could offer 

penetration performances comparable to that of uranium alloys, there are a number of practical 

difficulties with their use as penetrator core materials. A major problem is the brittleness of the 

single crystals, which are prone to cleavage failures along { 100} planes. They would therefore be 

difficult to launch from a cannon and would certainly be poor performers against spaced plate or 

other complex armor designs. Another practical issue is the potentially high cost of manufacturing 

large tungsten single crystals. 

Possible alternatives to the tungsten monocrystals might be a heavily textured polycrystalline 

tungsten, with the tungsten grains oriented by mechanical working or thermomechanical processing, 

or a WHA composite, with a strong preferred orientation of the tungsten particle component. As a 

first step in this direction, this study examined whether melt-grown columnar grain tungsten 

penetrators would exhibit the distinct, orientation-dependent deformation behaviors and ballistic 

performances seen for the single-crystal penetrators. With large columnar grains strongly oriented 

in the [ 1 00], [ 11 0], or [ 111] directions, the degree of crystallographic orientation of these materials 

is far superior to that possible in either a textured tungsten phase or in an oriented tungsten phase 

WHA. The qualities of the grain orientations in each material were characterized by means of 

electron backscattered diffraction (EBSD) and x-ray diffraction. After ballistic testing, the residual 

penetrators were sectioned and examined metallographically to compare the flow and failure 

mechanisms for each orientation. 

2. Characterization of Oriented Columnar-Grained 
Tungsten Polycrystals 

2.1 Processing History. The columnar-grained tungsten samples used in this study were 

procured from the former Soviet Union, under Contract No. DAAL-04-94-M-5260. Bar stock, 

17 mm in diameter and in lengths ranging from 400 to 600 mm (Figure 1), were drawn from a melt 

in a plasma-arc furnace. By using seed crystals with the specific starting orientations, the bars were 

produced with the columnar grains oriented in the [ 1 00], [ 11 0], and [ 111] directions. 

2 
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Figure 1. Photograph of Original Bar Stock and a Subscale Penetrator. 

Both quarter-scale and subscale penetrators were cut from the bar stock. Due to the brittleness 

of the columnar-grained materials, conventional machining was not possible and the penetrators had 

to be electrical-discharge-machined (EDM). In all cases, the axes of the penetrators were aligned 

parallel to the axis of each bar. Prior to ballistic testing, samples of the materials were first examined 

using optical metallography, x-ray diffraction analysis (Leonard et al. 1995), and EBSD analysis 

(Trogolo 1995) to assess the quality of the crystallographic orientations of the grains. 

2.2 Optical Metallography. Typical examples of the microstructures observed in the 

metallographic examinations are shown in Figures 2 and 3. The columnar-grained structure is 

evident in the longitudinal and transverse cross sections of the bar stock. In the etched transverse 

cross section (Figure 3), the individual grain boundaries can be identified as sharp lines. The 

patterns of etch pits inside these boundaries delineate the boundaries of the numerous subgrains 

within the individual grains. Individual grain sizes varied from 0.1 to 1 mm, and subgrains from 

100 to 300 pm across in the transverse sections. Subsequent EBSD and x-ray diffraction studies 

verified that the columnar grains in the melt-grown tungsten bar stock were strongly oriented in the 

respective [100], [110], or [111] directions. 
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Figure 2. Micrograph of Longitudinal 
Section. 

Figure 3. Micrograph of Transverse 
Section. 

2.3 X-ray Diffraction Analysis. Samples of each orientation were sent to the Metallic 

Materials Branch at Picatinny Arsenal. The surfaces perpendicular to the original axis of the bar 

stock (penetrator) were examined by x-ray diffraction. The specimens were first analyzed with a 

Siemens D5000 x-ray diffractometer, using Cu Ko: radiation at 40 kV and 30 rnA. The diffraction 

scans confirmed that an extremely high concentration of (100), (110), or (111) planes lay parallel to 

the specimen surface for samples having [100], [110], or [111] growth orientations, respectively 

(Figure 4). X-ray texture analysis was subsequently applied to each of the specimens, using the 

Siemens D5000 diffractometer with a Huber cradle attachment and Mo Ko: radiation at 50 kV and 

30 rnA. The texture analysis verified that the specimens had the highly textured structure expected 

of an oriented columnar-grained structure or directionally solidified crystal. 

2.4 EBSD Analysis. Similar s~ples of the bars were examined by EBSD analysis at Niche 

Microstructural Corporation. EBSD analysis utilizes backscattered electrons, those in the incident 

4 
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Figure 4. Results of the X-ray Diffraction Scans. 

beam of a scanning electron microscope (SEM) that are diffracted by the crystal planes in a 

specimen, to produce a pattern of intersecting bands. The pattern produced is analogous to the 

Kikuchi patterns observed in transmission electron microscopy (TEM). Since the angular 

relationships between the planes in the crystal are preserved in the bands of the EBSD pattern, the 

analysis of the pattern can be used to determine the crystallographic orientation of the individual 

grains and, in tum, their relationship with each of their neighbors. With a spatial resolution of 

-0.5pm and an angular resolution of -0.5 o, EBSD is applicable to fme microstructures and sensitive 

to subtle misorientations. 

EBSD analysis characterizes a grain aggregate through two primary measurements. The first 

measurement, grain orientation, is the orientation of the crystal with respect to the specimen 
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reference frame. The information about the orientations of the grains allows one to determine the 

loading (resolved shear stresses) on the various slip planes. The second measurement, grain (or 

boundary) misorientation, is the crystal orientation at one point (on one side of a grain boundary) 

relative to that at another point (on the opposite side of the boundary). This angle determines the 

structure of the boundaries between the grains that will interact with the moving dislocations. Both 

of these microstructural characteristics are expected to influence the response of the columnar grain 

tungsten materials under the high-rate deformation (back extrusion) of the penetrator core during the 

ballistic impact. 

Samples of tungsten specimens having growth directions [100], [110], and [111] were analyzed 

using EBSD. Grain orientation was measured by Q>, the angle between the crystal growth direction 

and the specimen axis (see Figure 5). fu Figures 6a-c, the distribution of these grain orientations for 

each of the three specimens are plotted. Bimodal distributions of orientations were found in the 

[ 1 00] and [ 111] samples (Figures 6a and c). This indicates that the bars contained two sets of grains, 

with an angle of misalignment with respect to the growth direction (specimen axis) of about 2.6 o and 

1.4 o, respectively. fu both cases, the peak at the higher angle is less than the peak at the lower angle. 

This variation could be due to either the widespread occurrence of two orientation variations, or to 

two separate regions of different alignment within the specimen. The [110] sample, by contrast, had 

a narrower, and not bimodal, distribution of grain orientations (Figure 6b). 

The grain or boundary misorientation of two adjacent grains can be related by a single rotation 

through which the two crystal lattices become coincident. This rotation is described by a particular 

misorientation axis (uvw) and an angle of rotation (8) about that axis to bring the crystals into 

coincidence (Figure 7). The position of the misorientation axis can be measured by a, the angle 

between the misorientation axis and the specimen growth axis. If a = 0 o, the relationship between 

the two measured crystals is pure tilt (Figure Sa). If a = 90°, the relationship is pure twist 

(Figure 8c). The distribution of these angles provides some insight into the misorientation trends 

of the substructure. 
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j /crystal axis 

~[: 

Figure 5. Measurement of Grain Orientation Angle, <J>. 

The distributions of grain boundary misorientations are depicted by the histograms of the angle 

of rotation or misorientation angle, 8, in Figures 9 and 10. The 8 distribution indicates that the 

majority of rotations are very low; however, some are over 5o. These higher values are important 

because, in some applications, a material's behavior is often limited by the extreme, not the average, 

values. 

The distribution of a in Figure 10 shows a broad range of axis orientations. However, 

superimposed on the general distributions are small concentrations (-1 0%) at particular angles from 

the growth directions (a -45°, 30°, and 35° for [100], [110], and [111] orientations, respectively). 

These concentrations, or peaks, in the distributions suggest the presence of a preferred boundary 

misorientation, or mesotexture. 

In summary, the EBSD crystallographic analysis of [100]-, [110]-, and [111]-oriented tungsten 

determined that there is a small but measurable range of grain orientations in these columnar 
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(c) [111] Orientation. 

Figure 6. Distribution of Grain Orientations, <f>, Between Crystal Growth Direction and 
Specimen Axis. 
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misorientation 
(OOl) axis 

a) 

(010) 

(100) 

Figure 7. Boundary Misorientation Measurement Notation. 

Adtoftilt 

(a) (b) (c) 

Figure 8. Grain Boundary Degrees of Freedom. 

microstructures. The misorientation between adjacent grains was found to be generally small; 

however, there are a significant number of misorientations larger than a few degrees. The low -angle 

boundaries associated with these misorientations will probably influence the high-strain-rate 

deformation behavior exhibited during ballistic impact by interacting with the rapidly moving 

dislocations. 

3. Ballistic Testing Procedures and Results 

Penetrators were cut from the bar stock by EDM, with the axes of the penetrators aligned parallel 

to the axis of each bar. Sufficient bar stock was available for the [ 1 00] orientation, the most 
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(c) [111] Orientation. 

Figure 9. Distribution of Misorientation Angle, 6, Between Adjacent Subgrains. 

10 



>-
0 
t:: 

"' "' 0" 
~ 

u.. 

2 6 

2 6 

10 14 18 22 26 :XJ 34 38 42 46 50 54 58 

Msorientam angle position, a (0
) 

(a) [100] Orientation. 

10 14 18 22 26 30 34 38 .i2 40 50 54 58 

Msolienl:atton axiS postloo. a(0
) 

(b) [110] Orientation. 

2 6 10 14 18 22 26 :XJ 34 38 42 46 50 54 58 

Msaierrt:2tion ;JXis pos~~ic.n. a (') 

(c) [111] Orientation. 
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promising orientation in the monocrystal tests, to machine both quarter-scale and subscale 

penetrators. For the other two orientations, only subscale penetrators could be tested. 

Quarter-scale penetrators, with a mass of 65 g, were cut to length-to-diameter (UD) ratios of 10. 

The rods have diameters that are 7.59 mm (0.299 in) and lengths of75.9 mm (2.99 in). The subscale 

penetrators are 3.81 mm (0.15 in) in diameter by 50.8 mm (2.0 in) in length (UD of 13.33) and have 

an approximate mass of 11 g. Six subscale penetrators could be machined out of the cross section 

of the original bar stock. 

Due to brittleness of the columnar-grained tungsten (in all three orientations), the penetrators 

proved to be difficult to test, generally shattering under the acceleration loads occurring during their 

launch from the laboratory gun. A reverse ballistic technique, in which the target was launched at 

a stationary penetrator, was therefore used to assess penetration performance. fu this test setup, the 

penetrator was mounted on a lightweight fixture in front of a 50-mm smoothbore gun and the 

"target," a mild steel cylinder with a length of 50.8 mm (2.0 in) and a diameter of 46.99 mm 

( 1.85 in), was launched at the stationary penetrator. The target was captured in a soft -catch recovery 

pack, consisting of 52 l-in plywood squares, behind the penetrator-target impact location. A steel 

washer was placed a few millimeters behind the rear of the penetrator. The impact of the washer 

would close or seal the entrance to the penetration cavity, preventing the residual penetrator from 

being dislodged from the target during the subsequent deceleration of the cylinder in the soft-catch 

recovery pack. A photograph of the penetrator fixture is shown in Figure 11. 

After each test, the recovered target was sectioned to measure the depth of penetration and to 

reveal the embedded residual penetrator. The soft recovery technique placed a limit on the velocity 

and energy of the target that could be safely captured by the pack. Almost all of the subscale reverse 

ballistic tests were conducted at a velocity near 1,015 m/s. 

The penetration performances of each of the three columnar-grained orientations are summarized 

in Table 1. For comparison, identical geometry, subscale penetrators of U-3/4% Ti, conventional 

93- and 97-weight-percent tungsten WHAs, and polycrystalline unalloyed tungsten with fine, 

12 



Figure 11. Photograph of Reverse Ballistic ''Penetrator'' Fixture. 

random-oriented grains (nonsag tungsten) were also tested. The depths of penetration were adjusted 

for slight deviations from the desired impact velocity of 1,015 m/s. 

The same data are presented graphically in Figure 12. Since these materials have different 

densities, each of these identical geometry penetrators have different masses. Penetration, therefore, 

is plotted as a function ofpenetrator mass in Figure 12. The complete data set, collected from all 

of the tests, is listed in the appendix. 

Albeit a much weaker dependence than observed by Bruchey, Horwath, and Kingman (1990) 

for the monocrystal penetrators, the penetration performances of these oriented columnar-grained 

tungsten penetrators also appear to be a function of their crystallographic orientation. There is a 

significant amount of scatter in the penetration data presented in Table 1 and Figure 12, but the 

relative rankings of the orientations were identical to those found previously for the monocrystal 

13 



Table 1. Reverse Ballistic Penetration Data Adjusted to a 1,015-m/s Impact Velocity 

Material Density Mass Adjusted Penetration 
(g/cm3

) (g) (mm) 

93%W 17.6 10.3 26.0 

93%W 17.6 10.3 27.0 

97%W 18.6 10.77 27.7 

97%W 18.6 11.14 27.7 

97%W 18.6 10.99 28.8 

NonsagW 19.3 11.38 27.0 

[100] 19.3 11.34 30.3 

[100] 19.3 11.46 31.2 

[100] 19.3 11.39 29.3 

[100] 19.3 10.82 28.3 

[110] 19.3 10.96 24.5 

[110] 19.3 11.35 26.2 

[111] 19.3 11.28 25.0 

[111] 19.3 11.46 29.8 

U-3/4% Ti 19.3 10.93 38.9 

U-3/4% Ti 19.3 11.0 40.6 

U-3/4% Ti 19.3 10.9 39.9 

NOTE: W = tungsten. 

penetrators (section 5). The magnitudes of the differences in penetration depths between each of the 

orientations, however, were much smaller than reported for the monocrystal penetrators. 

As in the tests of the monocrystal penetrators, the performances of the [ 11 0] columnar-grained 

tungsten, on average, were the worst, and the performances of the [ 1 00] columnar-grained material 

were better than those of the [110] and [111] orientations, of the random-orientation, fme-grain, 

14 
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Figure 12. Penetration Depth as a Function of Penetrator Mass (Subscale Tests, Constant 
1,015-m/s Impact Velocity). 

nonsag tungsten rod, and of the conventional WHA penetrators. However, the penetrations achieved 

by all of the columnar-grained orientations fell short of those of the U-3/ 4% Ti alloy rods. 

As mentioned earlier, the columnar-grained tungsten penetrators proved to be too brittle to 

survive launch in a normal, forward ballistic test. A number of the quarter-scale columnar tungsten 

penetrators were saboted and fired from the laboratory cannon. All of them fractured in bore during 

launch, and no useful penetration data could be collected. To overcome this brittle fracture problem, 
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two [ 1 00]-oriented columnar tungsten rods were jacketed in steel, using a plasma-spraying process 

developed by Materials Resources, Inc. (Kim, Smith, and Kapoor 1996). For comparison, side-by­

side tests were conducted using conventional WHA penetrators with the same overall dimensions 

and approximately the same aggregate density. The low-density steel jacket on the [ 100]-oriented 

columnar-grained rods reduced the aggregate density of the penetrators to slightly less than that of 

a 90-weight-percent tungsten content WHA. The penetration depths achieved by the jacketed [ 1 00] 

orientation penetrators and two 90-weight-percent tungsten WHA penetrators are tabulated in 

Table 2 and presented graphically in Figure 13. 

Table 2. Quarter-Scale Ballistic Results 

Penetrator Material Masspen vstriking Yaw Penetration 
(g) (rn!s) C) (rom) 

[ 1 00] with steel jacket 46.05 1,187 0.25 43 

[ 1 00] with steel jacket 44.52 1,294 1.27 50 

90.7%WHA 49.71 1,186 1.27 40 

90.7%WHA 49.83 1,294 0.56 48 

These larger scale tests were consistent with the results of the subscale tests. Despite slightly 

lower penetrator masses, the jacketed [ 1 00]-oriented columnar-grained penetrators offered slightly 

greater penetration performances than the conventional WHA penetrators having the same 

dimensions. 

4. Metallographic Observations of Flow and Failure 
Behaviors 

The residual columnar-grained tungsten polycrystalline penetrators, embedded in the mild steel 

target cylinders, were examined metallographically. The sectioned targets were polished and 

examined at the tungsten processing facility at Picatinny Arsenal, Dover, NJ, and by Murr and 

Pappu (1997) at the University of Texas, El Paso. In section 5, the flow and failure behaviors of 
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these residual penetrators are compared to those of the residual penetrators recovered in the 

monocrystal tests by Bruchey, Horwath, and Kingman (1990). 

As a baseline for comparison, the residual penetrators from tests of random-orientation, 

fme-grained tungsten (i.e., nonsag tungsten) were examined. The isotropic, fme-grained tungsten 

penetrators deform in an extremely stable manner (Gerlach 1986; Magness 1992). A large, 

mushroomed head forms on the penetrator as it is inverted at the penetrator-target interface 

(Figure 14a). There is a steady flow of material around the shoulder of the mushroomed head 
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(a) Overview of Residual Penetrator. 

Figure 14. Residual Polycrystalline Fine-Grained Tungsten Penetrator. 
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(b) Deformation About the Shoulder ofPenetrator (37.5x). 

(c) Discarded Exfoliations (75x). 

Figure 14. Residual Polycrystalline Fine-Grained Tungsten Penetrator (continued). 
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(Figure 14b), until the deformed material is eventually discarded in rather thick exfoliations from 

the shoulder and the periphery of the head (Figure 14c). The steady and stable flow of eroding 

penetrator materials results in a smooth-walled penetration cavity in the armor. 

The optical micrographs of the residual [ 11 0] -oriented columnar -grained penetrators are shown 

in Figures 15a-e. The entire columnar-grained [ 11 0] residual penetrator was heavily deformed, with 

two sets of crisscrossing deformation bands throughout the interior of the residual penetrator stub 

(Figure 15b ). At higher magnification, the bands in the rear of the penetrator appear to be a series 

of discontinuous lenticular shapes (Figure 15c). 

The stable deformation of the [110]-oriented columnar-grained material produced a penetration 

cavity with very smooth walls. The columnar-grained material was clearly both heavily worked and 

extensively recrystallized in those regions of the residual mushroomed penetrator near the 

penetrator-target interface, such as the front of the mushroomed head and the previously discarded 

material, which now lined the penetration tunnel walls (Figure 15d). The overall deformation and 

discard of the exfoliations appeared to be quite ductile. The individual exfoliations (Figure 15e) 

were thinner than those discarded from the fme-grained, polycrystalline tungsten penetrators 

(Figures 14a and c). 

An overall view of a residual [111]-oriented columnar-grained tungsten penetrator is shown in 

Figure 16a. Blocks of less deformed material appear to discard from the head of the penetrator along 

bands of heavily deformed material. This mix of heavily deformed and less deformed material forms 

the erosion products that line the penetration cavity (Figure 16b ). An extensive and crisscrossing 

pattern of slip or deformation bands, with the less deformed regions in between, divides the entire 

interior of the residual projectile (Figure 16c ). The material becomes more heavily worked, and the 

bands more closely spaced, in regions closer to the penetrator-target interface and the periphery of 

the head on the penetrator (Figure 16d). In both Figures 16d and e (a higher magnification 

examination of a region near the periphery of the mushroomed head), the deformation and 

recrystallization are extensive but uneven or inhomogeneous. This contrasts with the more 

continuous deformation seen for the [ 11 0]-oriented columnar tungsten (Figure 15d) and the equiaxed 

polycrystalline tungsten penetrator (Figure 14). 
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(a) Overview of Residual Penetrator (lOx). 

Figure 15. Residual [110]-0riented Columnar-Grained Tungsten Penetrator. 
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(b) Two Sets of Deformation Bands (37.5x). 

(c) Discontinuous Lenticular Microstructure Within Deformation Bands (150x). 

Figure 15. Residual [110]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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(d) Heavily Worked Tungsten Lining Penetration Cavity Walls (150x). 

(e) Discarded Exfoliations (37.5x). 

Figure 15. Residual [110]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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(a) Overview of Residual Penetrator (lOx). 

Figure 16. Residual [111]-0riented Columnar-Grained Tungsten Penetrator. 
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(b) Heavily Deformed and Less Deformed Erosion Products Lining the Penetration Cavity 
(75x). 

(c) Deformation Bands Dividing Interior (75x). 

Figure 16. Residual [111]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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(d) Heavily Worked Tungsten Near Periphery of Head (75x). 

(e) Extensive Deformation and Recrystallization (375x). 

Figure 16. Residual [111]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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The residual penetrator recovered from a [100]-oriented columnar-grained penetrator test is 

shown in Figure 17a. A pattern of both curved and relatively straight slip or deformation bands cross 

one another throughout the entire residual penetrator. Near the rear of the penetrator, both sets of 

slip bands are relatively straight but one set is generally much wider than the other (Figure 17b ). The 

blocks of material defmed by these bands are sharply angular, in contrast to the rounded, eye-shaped 

regions outlined in the [111] columnar-grained penetrators. A substructure is apparent within both 

sets of bands at higher magnifications (Figures 17 c and d). Nearer the periphery of the mushroomed 

penetrator' s head, the deformation bands are curved and clearly recrystallized (Figure 17 e). At the 

shoulder of the mushroomed penetrator (Figure 17f), the material is discarded along the slip or 

deformation bands. The discarded or exfoliated material lining the penetration cavity shows 

evidence of extensive plastic deformation and recrystallization (Figure 17 g). 

The substructures (Figures 17c and 17d) and lenticular shapes (Figure 15c) observed in the 

deformation bands found in all three orientations of residual columnar-grained penetrators suggest 

microbanding, or possibly twinning, deformations. To distinguish between these two possibilities 

will require detailed electron diffraction pattern analyses, due to the coincidence of twin reflections 

and matrix reflections for several common orientations in body-centered cubic (BCC) materials 

(Murr and Pappu 1996; Murr et al. 1996, 1997). 

5. Discussion 

5.1 Behavior and Performance of Tungsten Monocrystals. The major goal of this study was 

to see whether the distinct flow and failure behaviors and differing penetration performances, noted 

by Bruchey, Horwath, and Kingman (1990) for the tungsten monocrystal penetrators, would also be 

observed for columnar-grained tungsten penetrators having the same orientations. 

The penetration data from the 1990tests of[lOO]-, [110]-, and [111]-oriented monocrystals, and 

U-3/4% Ti and 93-weight-percent tungsten WHA penetrators, conducted at an impact velocity of 

1,500 m/s, are summarized in Table 3. These results can be compared with those obtained in this 
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(a) Overview of Residual Penetrator (lOx). 

Figure 17. Residual [100]-0riented Columnar-Grained Tungsten Penetrator. 
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(b) Intersecting Deformation or Slip Bands in Rear (75x). 

(c) Possible Twinning or Microbanding Within Deformation Bands (188x). 

Figure 17. Residual [100]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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(d) Possible Twinning or Microbanding Within Deformation Bands (Murr and Pappu 1997). 

(e) Recrystallized Deformation Bands Near Periphery of Mushroomed Head (150x). 
Figure 17. Residual [100]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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(f) Deformation at Shoulder ofPenetrator (37.5x). 

(g) Discarded Exfoliations (75x). 

Figure 17. Residual [100]-0riented Columnar-Grained Tungsten Penetrator (continued). 
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Table 3. Penetration Results for Tungsten Monocrystals. 

Penetrator Material Mass Length Velocity Adjusted Penetration P/L 
(g) (nun) (nun) 

93%W 75.5 106.6 89.7 0.84 

93%W 74.5 112.9 93.5 0.83 

[100] 74.2 102.5 99.8 0.97 

[110] 73.7 102.5 83.0 0.81 

[110] 73.6 102.5 88.0 0.86 

[111] 74.2 102.5 89.9 0.88 

[111] 73.7 102.5 90.3 0.88 

U-3/4% Ti 74.0 104.4 99.0 0.95 

U-3/4% Ti 74.0 104.4 99.4 0.95 

NOTES: Tests conducted at 1,500 m/s by Bruchey, Horwath, and Kingman (1990). 
W = Tungsten. 

study, listed in Table 1. As noted earlier, the tungsten monocrystal penetrators delivered much 

greater differences in ballistic performances than the three orientations of columnar-grained 

materials. Also note that the [100] monocrystal penetrators delivered penetration performance 

roughly equivalent to that of the U-3/4% Ti penetrators, while the [100]-oriented columnar-grained 

penetrators offered only slightly greater penetration performance than the other orientations and fell 

far short of that ofU-3/4% Ti penetrators. 

Bruchey, Horwath, and Kingman (1990), Herring (1992), and Kingman and Herring (1995) 

examined the residual monocrystal penetrators in each orientation using optical metallography, TEM, 

and x-ray diffraction techniques. Macrographs of each of the residual penetrators, from Bruchey, 

Horwath, and Kingman ( 1990), are shown in Figures 18a-c. The distinct flow and failure behaviors 

exhibited by each orientation during the penetration process are apparent. Only optical 

metallographic examinations have been performed to date on the residual-oriented columnar-grained 

penetrators, but the comparisons of both sets of optical metallographic observations, in combination 
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(a) [110] Orientation (lOx). 

Figure 18. Monocrystal Penetrators (Bruchey, Horwath, and Kingman 1990). 

33 



(b) [111] Orientation (lOx). 

Figure 18. Monocrystal Penetrators (Bruchey, Horwath, and Kingman 1990) (continued). 
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(c) [100] Orientation (lOx). 

Figure 18. Monocrystal Penetrators (Bruchey, Horwath, and Kingman 1990) (continued). 
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with the x-ray and TEM observations done in the monocrystal study, may provide some insights into 

the possible underlying flow and failure behaviors of the columnar-grained materials. 

In BCC crystals such as tungsten, the slip directions are the close-packed, <111>, directions. A 

BCC crystal has no close-packed plane, however, and the slip planes are therefore not well defmed. 

The {110}, {112}, and {123} planes, and perhaps others, may act as slip planes. The orientations 

of the slip planes and directions, relative to the penetrator axis and the forces applied to the head of 

the penetrator across the penetrator-target interface, will influence the deformation behaviors ofboth 

monocrystal and oriented columnar-grained penetrators. 

5.2 Comparison of [110] Monocrystal and [110]-0riented Columnar-Grained Penetrator. 

For a [110]-oriented BCC single crystal, only two of the <111> slip directions, at 35 o to the 

penetrator axis, would be operable under a purely uniaxial load. The resolved shear stresses on these 

slip systems would be quite high. In static and dynamic uniaxial compression tests (Horwath and 

Ramesh 1994; Horwath 1994), a [110]-oriented single crystal exhibits a large load drop after 

yielding, followed by a period of easy glide deformation with a very low rate of work-hardening as 

the dislocations begin to tangle and interact. Of course, the loads applied to the head of the 

penetrator are more complex (triaxial). It would be an oversimplification in this case, and for 

penetrators with the other orientations as well, to expect their behavior to be based solely on the slip 

systems operable under uniaxial loads. 

The overall deformation observed for the [ 11 0] monocrystal penetrator (Figure 18a) was stable, 

displacing a smooth-walled penetration cavity. However, the penetration cavity was also highly 

asymmetric, having an elliptical rather than circular cross section (Bruchey, Horwath, and 

Kingman 1990). Two intersecting sets of slip traces or deformation bands can be seen in the residual 

penetrator. The flow of material was very ductile, leaving a series of thin, ductile exfoliations lining 

the penetration cavity. Optical and x-ray examinations found evidence of extensive deformation, 

and nearly as extensive recrystallization, within the entire residual penetrator. Sharp x-ray 

diffraction patterns indicating equiaxed recrystallized grains, as well as broadened and textured rings 

indicating heavily worked material, were found (Kingman and Herring 1995). The TEM analysis 
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by Herring (1992) found moderately orderly arrays of straight screw dislocations, typical of those 

left behind by the passage of edge dislocations through the crystal. In all of these x-ray and TEM 

studies, no evidence of twinning was found for the [ 11 0] monocrystal penetrators or for the two other 

monocrystal orientations. 

Under the metallographic examinations, the overall appearances of the residual monocrystalline 

[110] penetrators were very similar to those of the columnar-grained [110] penetrators (Figure 15a), 

and by far the most similar in the columnar-grained vs. monocrystal penetrator comparisons. In both 

the [ 11 0] monocrystal and the [11 0] columnar-grained projectiles, the entire residual penetrators had 

been heavily deformed, with two sets of slip or deformation bands crossing one another in the 

residual stubs (Figures 15b and 18a). 

5.3 Comparison of [111] Monocrystal and [111]-0riented Columnar-Grained Penetrator. 

For the [111]-oriented monocrystal penetrator, three <111> slip directions, at 70.5 o with respect to 

the penetrator axis, would be operable under a uniaxial load. The resolved shear stresses on these 

slip systems would be relatively low. The resultant yield strength of crystals of this orientation 

(Horwath and Ramesh 1994; Horwath 1994) is therefore relatively high. Dynamic compression tests 

again reveal a load drop after yielding. However, unlike the [ 11 0] monocrystals after the yield point 

drop, the deformation of the [111]-oriented monocrystals exhibited moderate work hardening. 

The overall deformation observed for the [ 111] monocrystal penetrator appeared to be less stable 

than that of the [ 11 0] monocrystal. The slip bands appeared at angles more nearly perpendicular to 

the axis of the penetrator and were nearly absent within the interior of the residual penetrator. Like 

the [111] columnar-grained penetrators (Figure 16a), the [111] monocrystal penetrator discarded 

eroded material from its head in rounded or eye-shaped blocks of material (Figure 18b), along these 

slip bands. This chunky flow of material produced a waviness to the sides of the penetration cavity. 

Unlike the [111] columnar-grained penetrators, however, the crisscrossing pattern of slip or 

deformation bands alternating with the less deformed regions, did not divide the interior of the entire 

residual projectile. The rear of the penetrator was relatively undeformed and still a single crystal. 

The x-ray diffraction studies (Kingman and Herring 1995) confmned these general impressions from 
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the optical metallography. The back-extruded [111] monocrystal material lining the walls of the 

penetration tunnel consisted largely of polycrystalline material with strong preferred orientations but 

also included some regions of bent or deformed single crystals (the rounded blocks). TEM analysis 

by Herring (1992) found orderly arrays of dislocations. The dislocations were wavy or bowed, 

indicating the motion of screw dislocations or dislocations with large screw components through the 

crystal. 

5.4 Comparison of [100] Monocrystal and [100]-0riented Columnar-Grained Penetrator. 

For the [100] orientation, four <111> slip directions, at 54.7° with respect to the penetrator axis, 

would be operable under a purely uniaxial load. The corresponding resolved shear stresses on slip 

systems on {110} and {112} planes would be quite large. In quasi-static uniaxial tests, the yield 

strength is therefore relatively low. The rate of work hardening is quite high, however, due to the 

interactions of the large number of dislocations on the multiple, nearly equally favored slip systems. 

This behavior was observed in dynamic compression testing (Horwath and Ramesh 1994; 

Horwath 1994). The [ 1 00] uniaxial compression specimens exhibited a low yield strength but a high 

rate of work hardening. Unlike [ 11 0] and [ 111] compression specimens, no large-scale slip traces 

were evident on the surfaces of the [ 1 00] dynamic compression specimens after the tests. However, 

cracks appeared on {100} planes in the specimens. It is likely that these were nucleated by a 

dislocation reaction proposed by Cottrell (1958), in which intersections of two partial dislocations, 

112 [111] and 112 [111], form sessile [001] dislocations. The buildup of these sessile dislocations 

would initiate the cleavage cracks or failures. 

The flow and failure behavior of the [100] monocrystal as a penetrator (Figure 18c), observed 

by Bruchey, Horwath, and Kingman (1990), was very different from the behaviors observed for the 

other two monocrystal orientations. Except in small regions at the shoulders of the mushroomed 

head, slip or deformation bands are nearly absent in the residual penetrator and the erosion products. 

This is consistent with the lack of slip traces noted in the dynamic compression specimens. The 

overall deformation of the [100] monocrystal appears to be a combination of lattice bending and 

rigid rotation acting to invert and discard penetrator material from the head of the projectile. 

Cleavage cracks, aligned parallel and perpendicular to the penetrator axis in the base of the residual 
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penetrator, and curving and opening radially in the inverting material, accommodate the required 

reorientation of blocks of crystal. The x-ray diffraction studies (Kingman and Herring 1995) 

confirmed this description. With the exception of the banded regions near the shoulder of the 

penetrator, the diffraction patterns remained sharp, without asterism, throughout the entire residual 

penetrator, but showed discrete changes in orientation (rotating) to follow the flow of penetrator 

material. TEM studies (Herring 1992) of the blocks of material revealed disorderly and tangled 

arrays of wavy dislocations, produced by the motion of screw dislocations or dislocations with large 

screw components. Consistent with the optical metallography of the [ 1 00] specimens, the disorderly 

dislocation arrays indicate that little recrystallization had occurred. 

The deformation and failure behaviors exhibited by the residual [100]-oriented columnar-grained 

penetrator (Figure 17a) and the [100] monocrystal penetrator (Figure 18c) bore little resemblance 

to each other. Noticeably absent in the [ 1 00] columnar -grained penetrators were the cleavage cracks 

that were parallel and perpendicular to the penetrator axis for the [ 1 00] orientation monocrystal 

penetrators. Instead, there was a pattern of both curved and relatively straight slip or deformation 

bands (which were largely absent in the [ 1 00] monocrystal) crisscrossing one another throughout the 

entire residual penetrator. fu many regions, especially near the periphery of the [100] 

columnar-grained penetrator's mushroomed head, the deformation bands are clearly recrystallized 

(Figure 17e), while very little recrystallization was seen in any area of the [100] monocrystal 

penetrator. The deformation of the columnar-grained tungsten at the shoulder of the mushroomed 

penetrator (Figure 17f) also clearly differs from that of [100] monocrystals (Figure 19); the pattern 

of lattice rotation and opening cleavage planes in the monocrystal has been replaced by a discard of 

material along slip or deformation bands. The discarded or exfoliated [100] columnar-grained 

material lining the penetration cavity shows evidence of extensive plastic deformation and 

recrystallization, but, again, no pattern of cleavage failures (Figure 13g). 

5.5 Overview of Monocrystal and Columnar-Grained Penetrator Behaviors and 

Performances. In the optical metallographic examinations, the appearances of [ 11 0] monocrystal 

penetrators and erosion products bore a strong resemblance to that of [110] columnar-grained 

penetrator and erosion products. For the other two orientations, however, there were striking 
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Figure 19. Deformation at the Shoulder of a [100]-0riented Monocrystal Penetrator. 

differences. For the [ 111] orientation, the most notable differences were in the deformations of the 

residual penetrator stubs, relatively undeformed in the [ 111] monocrystal penetrators but crisscrossed 

by a pattern of deformation bands in the [111] columnar-grained penetrators. How the grain and 

sub grain misorientations and the presence of the grain and subgrain boundaries might have caused 

these contrasting behaviors cannot be determined from these optical metallographic comparisons. 

X-ray and TEM studies in the future may help answer some of these questions. The differences 

between [100] monocrystal penetrator and [100] columnar-grained penetrator flow and failure 

behaviors were even more striking. The most significant differences were: (1) deformation bands 

were present in the residual penetrator and the discarded erosion products lining the penetration 

cavity of the [1 00] columnar-grained penetrator but not the [1 00] monocrystal and (2) the cleavage 

failure mechanism operated in the [ 1 00] monocrystal penetrators but not in the 

[100] columnar-grained penetrators. The presence of slightly misoriented grains and grain and 

subgrain boundaries appear to prevent the formation of cleavage cracks via the buildup of sessile 

dislocations (Cottrell 1958) within the columnar-grained material. It may be that, under these 

conditions, other dislocation mechanisms such as cross slip are facilitated. Again, no determination 

is possible from these optical metallographs, but future x-ray and TEM examinations may answer 

some of these questions. 
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The pattern that emerges from these comparisons is that each of the orientations of monocrystal 

penetrators exhibited very distinct deformation and failure behaviors and each delivered significantly 

different performances as penetrators (Bruchey, Horwath, and Kingman 1990). Both the erosion 

products and residual penetrator stubs of the [110] monocrystal penetrators underwent extensive 

deformation and recrystallization. This orientation offered the poorest performance. For the 

[111]-oriented monocrystal, the deformation and recrystallization of erosion products was less 

uniformly distributed and less extensive within the residual penetrator stub. This orientation offered 

intermediate penetration performance. For the [100]-oriented monocrystal, the deformation was 

dominated by cleavage and lattice rotation. Little deformation banding or recrystallization was 

apparent in either the erosion products or the residual penetrator stub. This orientation offered the 

best performance, approximately equaling that of U-3/ 4% Ti penetrators. fu these follow-on tests 

of oriented columnar-grained tungsten penetrators, the behaviors were much less distinct. 

Deformation banding and recrystallization were observed in both the erosion products and the 

residual penetrator stubs for all three orientations. Although the relative ranking of the penetration 

performances was still the same as for the monocrystal penetrators, the differences between their 

performances were quite small. 

6. Conclusions 

The flow and failure behavior of a penetrator material influences the proportion of the 

penetrator' s KE expended as work to displace and widen a penetration cavity in the armor (Magness 

and Farrand 1990). Tungsten single crystals with [100], [110], and [Ill] orientations exhibited very 

distinct deformation, flow, and failure behaviors during their penetration of armor (Bruchey, 

Horwath, and Kingman 1990). Correspondingly, there were significant differences in the final 

penetration depths achieved by penetrators of each orientation. 

Therankings of the ballistic performances of [100]-, [110]-, and [111]-orientedcolumnar-grained 

penetrators were the same as for the monocrystal penetrators; however, the range of performances 

was much narrower. The performances of the [1 00]-oriented columnar-grained tungsten penetrators 
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were only slightly superior to that of random-oriented, fme-grained pure tungsten penetrators and 

far short of the nearly U-3/4% Ti equivalent performance delivered by the [100] monocrystal 

orientation. The differences in the flow and failure behaviors among the columnar-grained tungsten 

polycrystals were also less distinct. Optical metallographic examinations of the residual penetrators 

recovered from the tests showed evidence of the activity of multiple slip systems and regions of 

extensive plastic deformation and recrystallization for all three orientations. 

It is difficult to draw too many conclusions about the performance of columnar-grained tungsten 

penetrator materials based solely on the optical metallographic examinations carried out to date. 

X -ray and TEM studies now underway may provide additional insights to their behaviors. It is clear, 

however, that the misorientations of the individual columnar grains, with respect to the penetrator 

axis and each other, influenced the flow and failure behaviors of these materials and reduced the 

differences between the performances of the penetrators having three different crystallographic 

orientations. These results suggest that any attempts to impart some of the penetration advantages 

of the [ 1 00] monocrystal' s flow and failure behavior to a polycrystalline tungsten aggregate (by 

mechanically working the material to develop a [100] texture) or to a tungsten-based metal matrix 

composite (by orienting the tungsten phase) will probably not be successful. 
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Table A-1. Conventional Tungsten Penetrator Data Summary 

Shot Penetrator Target Hit Adjusted 
No. Material Length Dia. Mass Pitch pen Material Length Dia. Hardness Pitch Yaw Vel. Location Penetration 

(%of (mm) (mm) (g) (0) (mm) (mm) (BHN) (0) (0) (tn/s) (mm) (mm) 
Tungsten) 

4 93 50.39 3.91 10.3 0 Mild 38.12 46.81 143 NMb NM 1,003 NM 26.0 
Steel 

5 93 50.44 3.94 10.3 0.21 Mild 37.99 46.93 143 NM NM 1,004 20 27.0 
Steel 

4405 97 50.68 3.77 10.77 0.35 Mild 63.50 46.93 131 0 0 1,025 20 27.7 
Steel 

4407 97 50.70 3.88 11.14 1.52 Mild 63.50 nr" 131 0 0 998 20 27.7 
Steel 

4409 97 50.80 3.86 10.99 1.0 Mild 63.50 nr" 131 0 0 1,006 ok 28.8 
Steel 

a nr = not recorded. 
b NM = not measured. 

Table A-2. Nonsag Tungsten Penetrator Data Summary 

Shot Penetrator Target Hit Adjusted 
No. Material Length Dia. Mass Pitchpen Material Length Dia. Hardness Pitch Yaw Vel. Location Penetration 

(mm) (mm) (g) n (mm) (mm) (BHN) (0) (0) (mls) (mm) (mm) 

70 Nonsag 50.80 3.84 11.38 Lost Mild 50.8 46.9 149 Lost Lost Lost 20 27.0 
Tungsten Steel 



Table A-3. <100>-0riented Columnar-Grained Tungsten Penetrator Data Summary 

Shot Penetrator Target Hit Adjusted 

No. Material Length Dia. Mass Pitchpen Material Length Dia. Hardness Pitch Yaw Vel. Location Penetration 
(nun) (nun) (g) C) (nun) (nun) (BHN) (0) (0) (m/s) (nun) (nun) 

133 <100> 52.07 3.76 11.34 0.21 Mild 50.80 46.98 149 0.75 -0.50 1,006 19.5 30.3 
Steel 

160 <100> 52.28 3.71 11.46 0.42 Mild 50.67 46.96 156 -1.0 -0.75 1,011 20 31.2 
Steel 

170 <100> 52.02 3.73 11.39 0 Mild 50.80 46.93 149 -2.5 -2.5 1,005 18.8 29.3 
Steel 

191 <100> 50.86 3.73 10.82 0 Mild 50.83 46.86 149 -1.0 1.0 1,023 19.8 28.3 
Steel 

Table A-4. <110>-0riented Columnar-Grained Tungsten Penetrator Data Summary 

Shot Penetrator Target Hit Adjusted 

No. Material Length Dia. Mass Pitch pen Material Length Dia. Hardness Pitch Yaw Vel. Location Penetration 
(nun) (nun) (g) (0) (nun) (nun) (BHN) (0) (0) (m/s) (nun) (nun) 

136 <110> 50.80 3.73 10.96 0.42 Mild 50.80 46.94 149 1.0 -1.75 1,017 18.3 24.5 
Steel 

153 <110> 50.74 3.82 11.35 0.42 Mild 50.76 46.84 126 0.5 0 1,018 21.34 26.2 
Steel 



Table A-5. <111>-0riented Columnar-Grained Tungsten Penetrator Data Summary 

Shot Penetrator Target Hit Adjusted 
No. Material Length Dia. Mass Pitchpen Material Length Dia. Hardness Pitch Yaw Vel. Location Penetration 

(mm) (rom) (g) (0) (rom) (rom) (BHN) (0) (0) (mls) (rom) (mm) 

134 <111> 50.74 3.81 11.2 0.63 Mild 50.79 46.98 156 1.25 -0.75 1,016 21.1 25.0 
8 Steel 

154 <111> 50.67 3.81 11.4 0.42 Mild 50.82 46.90 131 0 1.25 1,010 20.0 29.8 
6 Steel 

Table A-6. U-3/4% Ti Penetrator Data Summary 

Shot Penetrator Target Hit Adjusted 
No. Material Length Dia. Mass Pitchpen Material Length Dia. Hardness Pitch Yaw Vel. Location Penetration 

(mm) (mm) (g) n (rom) (mm) (BHN) (0) (0) (mls) (mm) (mm) 

4403 U-3/4% 50.80 3.89 10.9 2.5 Mild 63.50 46.91 nr" 0 0 1,016 ok 38.9 
Ti 3 Steel 

4406 U-3/4% 50.55 3.86 10.9 2.3 Mild 63.50 46.91 nr 0 0 1,029 ok 39.9 
Ti Steel 

4412 U- 3/4% 50.80 3.91 11.0 2.37 Mild 63.68 46.91 nr 0 0 1,026 ok 40.6 
Ti Steel 

a nr = not recorded. 
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