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1.  INTRODUCTION 

A long, sought-after goal of Department of Defense (DOD) research has been the development of a 

tungsten heavy alloy (WHA) penetrator material offering terminal ballistic performance equaling or 

surpassing that of depleted uranium (DU). Several studies (Magness and Farrand 1990; Meyer et al. 1990; 

Woolsey 1992; Leonard, Magness, and Kapoor 1992), however, have concluded that the conventional 

engineering properties of strength, ductility, toughness, etc., have little or no influence on the fundamental 

penetration capabilities of WHAs. Despite significant improvements in the tensile strengths, tensile 

elongations, and toughnesses of WHAs, in many cases exceeding the properties of DU alloys, the ballistic 

performance of those alloys did not significantly differ from that of WHAs of conventional processing and 

properties (Leonard, Magness, and Kapoor 1992), and the shortfall with respect to DU performance 

remained. 

Recent studies (Magness and Farrand 1990) have demonstrated that the flow and failure behavior of 

penetrator materials, a function of both mechanical and thermal properties, determine the penetration 

performance of these high-density materials. Under the high-pressure, high-rate loading conditions of the 

penetration event, thermal softening of the penetrator material (due to the heat generated internally with 

the deformation) competes with, and eventually overcomes, the strengthening mechanisms of deformation 

(strain-hardening and strain-rate-hardening). Once the penetrator material softens rather than strengthens 

with strain, the deformation may quickly localize as adiabatic shear failures or bands. For DU alloy 

penetrators, the rapid development of this flow and failure behavior leads to a quick discard of penetrator 

material deformed at the head of the penetrator. This reduces the size of the head that builds up on the 

projectile (Figure 1) and allows the DU penetrator to efficiently burrow a smaller diameter, but deeper, 

cavity into armor. Conventional tungsten-nickel-iron alloy penetrator materials do not flow-soften as 

quickly as DU. Plastic localizations will develop only after the WHA has undergone very large plastic 

strains, producing a large head on the WHA penetrator (Figure 2) and reducing the eventual depth of 

penetration. 

In this study, the possible benefits of orienting the microstructure of WHAs to augment shear 

localizations and discard behavior was explored. WHA penetrators were produced with microstructures 

oriented at different angles with respect to the axis of the penetrator. The influence of microstructural 

orientation on ballistic performance was assessed in model-scale tests. 



Early Shear 
Localization + Discard 

Penetration Tunnel 

Figure 1.  Flow and failure behavior of DU residual penetrators. 

Late Shear 
Localization + Discard 

Penetration Tunnel 

Figure 2.  Flow and failure behavior of WHA residual penetrators. 



2.  MATERIAL PROCESSING 

Commercially available WHAs are produced by the liquid-phase sintering of powders of the tungsten 

and matrix materials (German 1992). The as-sintered microstructure of these conventional WHAs consists 

of nearly spherical tungsten particles embedded in a metal matrix (typically an alloy of nickel and iron 

with a significant percentage of tungsten also in solution). The as-sintered WHA bars are usually cold- 

worked to strengthen the alloy for most penetrator applications. The cold-working is generally 

accomplished by swaging to reduction-in-areas ranging from 10% to over 30%. The tungsten particles 

in the microstructure of the swaged alloys are slightly elongated, oriented along the axis of the penetrator. 

While the increased strength of the worked WHA is exploited to develop lighter, more efficient sabots 

and projectile assemblies, varying the strengths, ductilities, and toughnesses of the WHAs with cold-work, 

via swaging or extrusion, has not resulted in any significant change in ballistic performance of these 

materials. It was hypothesized that if the WHA microstructure was oriented at an angle to the penetrator 

axis (Figure 3), it might aid the focus and propagation of adiabatic shear failures within the aligned matrix 

phase. In this manner, it might be possible to initiate a shear localization and discard behavior similar to 

that observed for DU and reduce the size of the "mushroomed" head that develops on the WHA 

penetrator. 

Region of Shearing 

Deformation 

Developing Shear 
Localizations Along 
Oriented Tungsten 
and Matrix Phases 

Figure 3.  Idealized flow and failure of WHA oriented microstructure. 
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To produce the oriented microstructure penetrators, a 1-in-thick WHA (90%W-8%Ni-2%Fe) plate was 

unidirectionally rolled in multiple passes to a final thickness of 0.3 in. This amount of plastic 

deformation, approximately 80% reduction-in-area, was insufficient to develop any preferred 

crystallographic orientation (texture) in the WHA composite (Thompson-Russell 1975). However, the 

microstructure itself was heavily oriented, consisting of tungsten "pancakes" flattened in the plane of the 

plate and highly elongated in the rolling direction. Sections were then taken from the plate at orientations 

parallel, perpendicular, and at 30°, 45°, and 60° with respect to the rolling direction. The cross sections 

were then machined into quarter-scale penetrators. The penetrators were right circular cylinders with a 

length-to-diameter (L/D) ratio of 15 and a mass of 65 g. 

3.   BALLISTIC TESTING 

All of the ballistic testing of the penetrator materials took place at the U.S Army Research 

Laboratory's (ARL's) Range 110 indoor facility. The projectiles were placed in a four-piece polypropylux 

sabot package and push launched from a 26-mm interior diameter (ID) smoothbore gun positioned only 

3 m in front of the target. Two pairs of orthogonal x-ray stations captured radiographic images of the 

penetrator prior to its impact with the target, to measure its striking velocity and its orientation in flight. 

A second pair of x-ray stations located behind the target recorded images to determine the penetrator's 

residual velocity and mass. A schematic of the range setup, including x-ray coverage, is given in 

Figure 4. 

Rods of each of the five orientations were fired into large, effectively semi-infinite blocks of rolled 

homogeneous armor (RHA) at a constant (1,500 m/s) impact velocity. The depth at which each penetrator 

came to rest in the target served as a measure of its penetration capability. The orientation of the rolling 

plane in the penetrator cross section could not be controlled in the ballistic firings. After sectioning the 

target and embedded penetrator along the shot line to determine penetration depth, each residual penetrator 

was removed from the RHA target. The back end of the rod was then polished and examined to 

determine the orientation of the rolling plane in the rod. Once determined, the residual penetrator was 

mounted in bakelite and polished so that a cross section perpendicular to the rolling plane could be 

examined metallographically. 

In addition to the semi-infinite tests, limit velocities were determined for three of the microstructural 

orientations (parallel, perpendicular, and at 45° to the rolling direction) against a finite RHA target. A 

limit velocity defines the velocity at which a penetrator will just perforate a given target.   All of the 
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Figure 4.  Schematic of range setup. 
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penetrators were fired into a 3-in monolithic RHA target at 0° obliquity (normal incidence). The limit 

velocity for each orientation was calculated using a nonlinear least-squares fit to the striking velocity- 

residual velocity data pairs (Lambert and Jonas 1976) collected from the x-ray images. 

Appendix A defines all the headers used in Appendix B. The data collected from all of the individual 

firings are tabulated in Appendix B. Limit velocity curves are also shown for each series of finite target 

tests. 

4.  TEST RESULTS 

Table 1 lists the striking velocities and depths of penetration for the semi-infinite tests. Little, if any, 

difference in penetration performance with microstructural orientation was observed and improvement in 

penetration due to rod orientation is negligible. In visual examinations, the penetration channels and the 

residual WHA penetrators looked remarkably similar for all orientations. All of the embedded residual 

penetrators had large mushroomed heads which were approximately the same size and shape. 



Table 1. Ballistic Performance of Oriented Microstructure Penetrators 

Microstructure 
Orientation 

3-in RHA at 0° 
Limit Velocity 

(m/s)        J 

Semi-Infinite 
Striking Velocity 

(m/s) 

Depth of 
Penetration 

(in) 

parallel 1,375 1,500 3.375      I 

30° to rolling direction — 1,440 3.175      1 

45° to rolling direction 1,373 1,491 3.225       1 

60° to rolling direction — 1,503 3.225       | 

'           perpendicular 1,377 1,503 3.325      1 

Table 1 also lists the results of the limit velocity tests against the 3-in RHA targets. There was less 

than a 5-m/s spread between the limit velocities obtained for the penetrators of three different 

microstructural orientations, ranging from 1,373 m/s to 1,377 m/s, well within the experimental error of 

this test method. 

5.  DISCUSSION 

The stresses generated at the interface between penetrator and armor materials greatly exceed the 

strengths of both materials. The WHA rod is "consumed," inverted, and back-extruded at the penetrator- 

target interface, as it creates a cavity in the armor steel. The deformation of the penetrator material occurs 

under high hydrostatic pressures, due to the inertial confinement of the surrounding steel armor, which 

prevent or suppress fracture failures in the WHA material. The WHA must undergo very large plastic 

strains before the back-extruding material is finally discarded. A large mushroom forms on the head of 

the penetrator during this process. It was hoped that aligning the tungsten particles and the soft matrix 

at an angle with respect to the penetrator axis would change this process of deformation and lead to an 

earlier failure and discard of material. 

A conventionally processed WHA penetrator and a unidirectional-rolled WHA penetrator, embedded 

in RHA steel from a semi-infinite firing, are compared in Figures 5 and 6, respectively. The original 

rolling direction in the oriented microstructure WHA penetrator, in Figure 6, was parallel to the axis of 

the penetrator (0° orientation). In the low magnification views of the residual penetrators, the overall flow 
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Figure 6.   Embedded residual penctrator, original microstructurc oriented at 0° to penetrator axis 
(12.5x). 



and failure behaviors of the penetrator materials look very similar. The front of both of the penetrators 

were back-extruded and eroded away as they penetrated the target. Discarded projectile and armor debris 

line the walls of the penetration cavity. Both rods exhibit large mushroomed heads. 

The distributions and the nature of the deformation within the heads of the penetrators were examined 

and compared for each of the WHA microstructure orientations. The microstructures were examined in 

detail at strategic locations in each of the residual penetrators. In Figure 7 (a-c), the condition of the 

microstructure in the residual 0° orientation rolled WHA penetrator, at the three locations indicated in 

Figure 6, was studied. 

(a) Microstructure near back       (b) Microstructure entering       (c) Microstructure near 
of residual penetrator. mushroomed head area. penetrator-target interface. 

Figure 7.  Evolution of deformation in residual penetrator, original microstructure oriented at 0° to 
penetrator axis QOOx). 

The rear end of the original long rod penetrator can be clearly identified in Figure 6. The 

microstructure of the WHA, at a point near the back end of the penetrator, is shown in Figure 7 (a). The 

aspect ratio of the tungsten particles, elongated parallel to the axis of the rod, are unchanged from those 



found in the alloy's original microstructure, indicating that the material underwent little or no deformation 

at this location. Metallographic examinations at locations within the mushroomed head, however, reveal 

that the plastic deformation increases steadily as one approaches the penetrator-target interface. As the 

penetrator material feeds into the mushroomed head, the deformation is primarily compressive and the 

elongated tungsten grains initially become more circular (Figure 7b). Still closer to the penetrator-target 

interface, the tungsten grains begin to re-elongate (transverse to the penetrator axis) and start to rotate 

laterally as the material begins to "turn the corner" and invert (Figure 7c). 

A similar evolution of deformation was observed in residual penetrators recovered from tests of rods 

sectioned from the rolled plate at 90° to the plate's rolling direction (Figure 8). The oblong tungsten 

particles at the rear of the residual penetrator have essentially the same aspect ratio as the original material 

cut from the rolled plate (Figure 9a) but are now oriented perpendicular to the rod axis. As one moves 

forward in the residual penetrator and begins to near the penetrator-target interface, additional plastic 

strains become evident in the deformation of the microstructure and the tungsten grains become even more 

elongated than before (Figure 9b). Even closer to the penetrator-target interface, the shape and the 

orientation of the tungsten grains in the microstructure continue to change as the material begins to invert 

and flow around the head of the residual penetrator (Figure 9c). 

Microstractural examinations of the residual penetrators from tests of rods cut at a 45° orientation with 

respect to the rolling direction in the plate also revealed similar progression of deformation and failure 

(Figure 10). In Figure 11a, the elongated original microstructure of the penetrator (at 45° to the axis of 

the penetrator) can be seen at the rear of the residual penetrator. The microstructure again becomes more 

elongated closer to the penetrator-target interface (Figures lib and lie). 

The regions of greatest plastic strain occur near the periphery of the mushroomed head and at the 

"shoulders" where the penetrator starts to invert. In these areas, localizations begin to form. Figure 12 

shows the shoulder of a residual penetrator with a 0° original microstructural orientation. Localizations 

form and continue to grow and focus until failure planes develop and the penetrator material is discarded. 

A similar flow, localization, and failure pattern develops in penetrators with 45° and 90° oriented 

microstructure, Figures 13 and 14, respectively. 
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Figure 8. Embedded residual penetrator, original microstructure oriented at 90° to penetrator axis (12.5x). 

'■TV.» v.' ■-■'/•■/i^^p 

Ml w km § 

W'i 

(a) Microstructure near back       (b) Microstructure entering 
/IT    TOCl HllOl    npnotri t r\r TYl nor» rrir\m inr\    \^r%r\r\     *\vn n of residual penetrator. mushroomed head area. 
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Figure 9.  Evolution of deformation in residual penetrator, original microstructure oriented at 90° to 
npnptrotnr ovic  /"KON^ penetrator axis (250x) 
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For all of the microstructural orientations, including the 30° and 60° orientations not illustrated in this 

report, the deformation of the WHA composite in each residual penetrator was continuous and evenly 

distributed between both tungsten and matrix phases. Localizations, which developed at about the same 

point in the deformation for all orientations, appeared at the peripheries of the inverted penetrators, and 

only after the penetrators had developed large mushroomed heads. 

Figure 10. Embedded residual penetrator, original microstructure oriented at 45° to penetrator axis (25x). 
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Figure 11.  Evolution of deformation in residual penetrator, original microstructure oriented at 45° to 
penetrator axis (250x). 
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Figure 12. Failure planes forming near shoulders of WHA penetrator, original microstructure oriented at 
0° to penetrator axis (250x). 

13 



< 
X 

2 
o x: 

o 
ON 

C 
4) 
•c o 

3 
re   o 

c 

3 

're 

X o m 
(N 

3 

E 

< o 
E 
£ v-> 

Tl- 

<*H ^_t 

o re 
T5 

£ t) 
<u r 

■o <u 
3 •c 
O o 
x: 

C/3 (i) v. 
3 

re O 

c 5 
Cfl 

w e 
c o 

| S 
£ "re 

C 

Wl u 
4J •c 
§ o 
O c 

o 
F re 
3 « !_J c re s 

X o 

CO 

a 
3 

E 
14 



6.   CONCLUSIONS 

Varying the microstructural orientation of tungsten and matrix phases in a conventional WHA failed 

to influence the flow and failure behavior of the composite during penetration. The localization of 

deformation, and the discard of deformed material from the "mushrooming" head of the penetrator, was 

essentially unchanged. The minimal effects of microstructural orientation on flow and failure behavior 

may be due in part to the very even distribution of the overall deformation between both tungsten and 

matrix phases. This approach may yet have some utility, however, in novel tungsten composites designed 

to minimize these interactions between tungsten and matrix phases. 
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The following is a description of the table headings and columns which are used in the individual shot 

data for each test series detailed in Appendix B. 

The "test series label" at the top of each table describes the particular penetrator material, penetrator 

geometry, and the particular target common to the firings listed below the heading. Each "test series 

table" is organized into three subtables. The uppermost subtable, essentially a "black-box" description, 

lists the most important measurable preimpact parameters, such as the striking velocity, mass, yaw, and 

pitch, followed by the most important postimpact data, including the residual penetrator's mass, velocity, 

and flight direction. 

The other two subtables tabulate additional postimpact data such as the target plug mass and velocity; 

the entrance, exit, and mid-plate dimensions of the perforation hole; and other behind-armor debris 

measures for single plate targets. Figures A-l-A-4 illustrate many of the measurable quantities for single 

plate targets. 

An additional set of data, generated to determine characteristics of penetration into semi-infinite armor, 

may also be included in Appendix B. The values listed in this table are obtained by sectioning the 

semi-infinite plate along the centerline of the penetration hole. This table is divided into two subtables, 

the first is the "black-box" table, and the other contains secondary measures of the penetration tunnel. 

Figure A-5 is a schematic of the sectioned penetration tunnel and its related measures. 

Below is an alphabetical listing of the abbreviations used as column headings in each of the subtables, 

with a definition of each term and a brief description of how it is measured. Also included are some of 

the abbreviations used for the entries in the columns. Some of the listings below may not have entries 

in the test series tables generated as part of this report. 

A - an adjustable parameter in the limit velocity functional formulation, Vr = A ( Vs
p - VL

P) /p, 

where A is the slope of the asymptote of the fitted curve, restricted to A < 1. 

Alpha - a, the striking pitch, orientation of the projectile relative to its flight path, measured in 

the vertical plane, degrees (see Figure A-l). 

21 



Alphal - (Alpha2) - al (a2), pitch of projectile after perforating the first (second) plate of spaced 

array target, relative to projectile's flight path, degrees. 

AlphaR - ocR, the pitch of final residual penetrator, relative to its residual flight path; the entry 

NA appears if the residual penetrator is tumbling rapidly, degrees (see Figure A-l). 

Area - the cross-sectional area of the penetrator, used for comparisons in the semi-infinite data, 

square centimeters. 

Area hole - the average cross-sectional area of the hole produced in semi-infinite test, measured 

by using the diameter of the sectioned armor and assuming a circular tunnel, square centimeters 

(see Figure A-5). 

Beta - ß, the striking yaw, orientation of the projectile relative to its flight path, measured in the 

horizontal plane, degrees. 

BG/L or Big. - height of lip on the exit hole or bulge height, height above the rear surface of the 

plate, measured perpendicular to surface, centimeters (see Figures A-2, A-3). 

BHN - Brinell Hardness of monolithic target plate. 

BHN1, BHN2, BHN3 - Brinell Hardness of first, second, and third plates of spaced array target. 

BlgL - bulge length, length of rear surface bulge of finite monolithic target or of last plate in 

spaced array target, centimeters (see Figure A-2). 

BlgW - bulge width, width of rear surface bulge of finite monolithic target or of last plate in 

spaced array target, centimeters. 

CenL - center hole length, length of penetration hole at midthickness in the plate, measured in the 

plane of target, centimeters (see Figure A-3). 
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CenW - center hole width, width of penetration hole at midthickness in the plate, centimeters (see 

Figure A-3). 

CL PL#1,2,3 - center hole length in first (second, third) plate of spaced array target, length of 

penetration hole at midthickness in the plate, centimeters. 

CW PL#1,2,3 - center hole width in first (second, third) plate of spaced array target, width of 

penetration hole at midthickness in the plate, centimeters. 

CoFS - center of fragment spray angle, the average direction of the behind-armor debris, measured 

relative to the penetrator's original flight path, estimated from the behind-armor radiographs in 

the vertical plane, degrees (see Figure A-4). 

Cone - cone angle or enclosed spray angle, angle in space which encloses the behind-armor debris 

cloud, estimated from behind-armor radiographs in the vertical plane, degrees (see Figure A-4). 

Dt/Dp - Diameter of the tunnel produced in semi-infinite targets divided by the original diameter 

of the penetrator, nondimensional. 

EHL - exit hole length, length of exit hole on rear surface of plate, measured in plane of plate, 

centimeters (see Figure A-3). 

EHW - exit hole width, width of exit hole on rear surface of plate, measured in plane of plate, 

centimeters (see Figure A-3). 

EntHL - entrance hole length, length of entrance hole on front surface of target, measured in plane 

of target plate, centimeters (see Figure A-3). 

EntW - entrance hole width, width of entrance hole on front surface of target, measured in plane 

of target plate, centimeters (see Figure A-3). 

EtaP - rip, departure angle of target plug, measured relative to penetrator's original flight path, 

from x-ray images in the vertical plane, degrees (see Figure A-l). 
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ETA1 (2, 3) - T|l (Ti2, T|3), departure angle of residual penetrator after exiting the first (second, 

third) plate of a spaced array target, measured relative to penetrator's original flight path, from 

x-ray images in the vertical plane, degrees. 

F - fineness ratio, the length-to-diameter (L/D) ratio of the penetrator. 

Gamma - y, total solid angle orientation of the striking penetrator to its initial flight path 

(or + ß  = y2), degrees. 

K.E. - kinetic energy, the kinetic energy of the round impacting the semi-infinite target, joules. 

KE/A - kinetic energy divided by cross-sectional area of penetrator, the energy per area impacting 

semi-infinite armor, joules/square centimeter. 

KE/Vt - kinetic energy divided by total volume, the energy impacting the armor divided by the 

total volume of the tunnel generated while penetrating semi-infinite armor, joules/cubic centimeter. 

LP - length of target plug, average dimension of plug, oriented to correspond to exit hole length 

in target, where applicable, used in residual plug mass estimates, centimeters. 

M/A - mass of penetrator divided by cross-sectional area of penetrator, used primarily in 

semi-infinite data, grams/square centimeter. 

M/A hole - mass of penetrator divided by cross-sectional area of hole generated in semi-infinite 

penetration, grams/square centimeter. 

MPL - mass of target plug or plugs, estimated from behind-armor radiographic images, grams (see 

Figure A-l). 

MPr - recovered plug mass or masses, actual mass of plug recovered after a test firing, compared 

with MPL value as a check on estimation accuracy, grams. 
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Mr - mass of residual penetrator or residual penetrators, estimated from images in behind-armor 

radiographs, grams (see Figure A-l). 

MR1 (2) - residual mass of penetrator after perforating the first (second) plate of a spaced array 

target, estimated from radiographic images, grams. 

M.R. Dia - maximum rod diameter, maximum diameter of the mushroomed portion of the final 

residual penetrator, if applicable, centimeters. 

M. rec - mass of recovered residual penetrator, compared with Mr values as a check on estimation 

accuracy, grams. 

Ms - mass of penetrator before target impact, grams (see Figure A-l). 

NC - not calculated. 

NM - not measured. 

NR - not recovered. 

No. of Pcs. - number of major identifiable final residual penetrator pieces seen in behind-armor 

radiographic images. The breakup behavior of the penetrator is indicated by a number code: 

1 - one whole piece 

21 - two pieces, fracture at nose section 

22 - two pieces, fracture at tail section 

23 - two pieces, fracture at midlength 

31 - three pieces, fracture at nose section 

32 - three pieces, fracture at tail section 

33 - three pieces, evenly distributed fractures 

Frag - many pieces, too small to accurately measure. 
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#Pcl (2) - number of major residual penetrator pieces after first (second) plate of spaced array 

target, uses same number code as No. of Pcs. on previous page, with addition of 40 - four or more 

pieces. 

P - an adjustable parameter of the limit velocity determination equation Vr = A (Vs
p - VL

P)1/P, 

where P is the power determining how rapidly the fitted curve rises to the asymptote, arbitrarily 

restricted to 2 < P < 8 values. 

Pen., Pene or Pn - penetration depth into target plate (finite, semi-infinite, or last plate of spaced 

array target), for partial penetrations measured normal to the plate surface, centimeters (see 

Figure A-2 and A-5). 

P/L - penetration depth divided by original length of penetrator, nondimensional term used in 

normalizing the depth of penetration into semi-infinite armor. 

plv2 - density times the length times the velocity squared of the penetrator, a term used to 

characterize the impacting penetrator into a semi-infinite plate, grams/square second. 

Rise - target plate rise, rise of the front surface of the target plate encountered after the penetrator 

has impacted the semi-infinite armor, centimeters (see Figure A-5). 

Rot - rotation, the apparent change in pitch of the final residual penetrator between the two 

behind-armor x-ray images, indicative of penetrator tumbling, degrees. 

RotR 1 (2) - rotation rate (pitch rate) of the residual penetrator after the first (second) plate of 

spaced array target, using the convention that rotation of the nose of the rod toward the target 

normal is positive, degrees/second. 

S - standard deviation, measure of the data spread of Vs, Vr data pairs from the fitted Vs-Vr 

curve, measured on the Vr axis (vertical) only, meters/second. 
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Shot No. or Sh.# - shot number, the individual test firing identification number, a negative 

number, indicates that the resulting data was not considered a "fair hit" and, therefore, not used 

in the limit velocity or V-50 determination. 

Time - time between the two behind-armor x-ray flashes, microseconds. 

Th. - target plug thickness, the thickness of the rear surface of the target plate that was removed 

as a plug, estimated from x-ray images of the target plug, used in plug mass estimates, 

centimeters. 

Vol Base (Tot) - volume of the penetration hole within target (total volume of penetration tunnel, 

including portion created from Rise), estimated volume of the penetration tunnel created in 

semi-infinite armor, determined by estimating area of half section and assuming the tunnel was 

circular, cubic centimeters (see Figure A-5). 

Vpl - velocity of the target plug, as measured in the vertical plane, calculated from behind-armor 

radiographic images, meters/second (see Figure A-l). 

Vr - velocity of the final residual penetrator, measured in the vertical plane, calculated from 

behind-armor radiographic images, meters/second (see Figure A-l). 

Vrl (2) - velocity of the residual penetrator after the first (second) plate of spaced array target, 

meters/second. 

Vs - striking velocity of penetrator, calculated from pre-impact images of penetrator in both 

vertical and horizontal planes, meters/second (see Figure A-l). 

W.p - width of target plug, average dimension of plug, oriented to correspond to exit hole width 

in target plate where applicable, estimated from x-ray images of target plug, used in plug mass 

estimates, centimeters. 

Wt. L - net weight loss of target plate, determined by measuring weight of target plate before and 

after each test firing, grams. 
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TARGET 

RESIDUAL   PENETRATOR 
Vr= VELOCITY, m/s 

Mr=MASS,  GRAMS 

dr = INDUCED  PITCH, DEGREES 

7/r= INDUCED FLIGHT PATH, DEGREES 

PLUG STRIKING 
Vp-VELOCITY,   mA Vs = VELOCITY,   m/s 

Mp = MASS,  GRAMS Ms=MA5S,  GRAMS 

■^DEPARTURE, DEGREES     as = PITCH, DEGREES 

0S = OBLIQUITY,   DEGREES 

Figure A-l.  Illustration of primary preimpact and postimpact radiographic measures. 

MEASURE TARGET   SURFACE 

LENGTH   (L)/WIDTH   (W)      PARALLEL 

HEIGHT   (H)/DEPTH   (D) PERPENDICULAR 

PENETRATION   BULGE 
THROUGH  HOLE 

EXIT CENTER     ENTRANCE 

Figure A-2.  Illustration of target plate 
measures - partial penetration. 

Figure A-3.  Illustration of target plate 
measures - complete 
penetration. 
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Figure A-5.  Illustration of penetration measures in semi-infinite targets. 
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Table B-l.  Individual Shot Data for Penetrators Oriented at 0° to Rolling Direction vs. 3-in RHA at 0° 

Series Fired 10 - 1991 
Limit Velocity =  1375 A= .98        P= 2.59 S= 109 

Sh.# Alpha  Beta  Gamma Vs   Ms   EtaR AlphaR Vr Mr Pen. 
(deg)  (deg) (deg) (m/s) (g)   (deg)   (deg) (m/s)  (g) (cm) 

4184 0.75U  0.50L  0.90 1362 65.21   NA      NA 0 0.00 2.7 

4185 0.50U  0.00   0.50 1339 65.16   NA      NA 0 0.00 NM 

4186 0.25U  1.25L  1.35 1382 65.15  14.8D    NA 360 4.69 CP 

4187 0.00   0.75L  0.75 1378 65.16   NA      NA 0 0.00 4.4 

4188 1.00D 1.00L 1.41 1402 65.12 0.4D NA 333 6.92 CP 

4190 0.00 0.25R 0.25 1461 64.96 0.4D NA 861 9.38 CP 

4203  0.75U  0.25R  0.79 1376 64.96  26.0D    NA 114 6.43 CP 

Sh.# M.rec EtaP   Vpl  Mpl   Mpr  L.p W.p Th.  EHL EHW Big  Wt.L 
(g)  (deg) (m/s) (g)   (g)  (   cm   )  (cm) (cm) (cm)  (g) 

4184 0.00    NA 0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 0.8  NR. 
BHN= 340 

4185 0.00    NA 0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 0.7  NR. 
BHN= 34 0 

4186 None   0.0  Lost  Lost None NM     1.8  0.9 NR.    0 
111  Lost  None 

BHN= 340 
4187 0.00    NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 1.0    0 

BHN= 34 0 
4188 None  23.3D  219  9.39  None 1.4 1.2 0.7   1.7  1.3 0.0    0 

BHN= 340 
4190  None   0.0     0  0.00  0.00 0.0 0.0 0.0   2.1  1.8 0.0    0 

BHN= 340 
4203  None  41.8D  127  6.41  0.00 1.1 1.0 0.7   1.0  1.0 0.0    0 

BHN= 340 
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Table B-l.  Individual Shot Data for Penetrators Oriented at 0° to Rolling Direction vs. 3-in RHA 
at 0° (continued) 

Sh.#  Cone CoFS   EntHL EntW CenL CenW    #Pcs< M.R.Dia BL BW 
(deg)    (deg)      (cm) (cm)    ( cm)   ( cm) (inch) (cm) (cm) 

4184 NA NA           1.2 1.2 NA NA          PP PP 3.6 3.6 
4185 NA NA          3.3 1.8 NM NM          PP PP 3.5 3.5 
4186 0.0 0.0           1.1 1.5 0.9 1.3            1 Lost NM NM 
4187 NA NA          3.5 2.3 NM NM          PP PP 1.0 3.3 
4188 0.0 0.0           2.0 3.3 1.1 0.8           1 0.00 0.0 0.0 
4190 0.0 0.0           3.1 3.8 1.5 1.5           1 0.00 0.0 0.0 
4203 0.0 
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Table B-2. Individual Shot Data for Penetrators Oriented at 0° to Rolling Direction vs. Semi-Infinite 
RHA 

Series Fired 5 - 1991 
L/D = 15     Density is 17.2 

Norm Norm 
Sh.#   Gamma     Vs   Ms   K.E.  Area M/A   KE/A  P/L Pene. 

(deg)    (m/s)  (g)    (J)  (scm) (g/scm) (J/scm)      (mm) 

4178     0.90    1500  65.08  73215 0.369  176   198205 0.83  85.7 

2 
Sh.#   Rise   Vol   Vol   KE/Vt  KE/Vb   plV Dt/Dp  Area   M/A 

base total               *10~6        hole hole 
(cm)   (cc)  (cc) (J/cc) (J/cc) (scm)(g/scm) 

4178  0.57   9.28   9.85   7433   7890   398   1.66   1.02  63.76 
BHN=  269 

Table B-3.  Individual Shot Data for Penetrators Oriented at 30° to Rolling Direction vs. Semi-Infinite 
RHA 

Series Fired 5 - 1991 
L/D = 15     Density is 17.2 

Norm Norm 
Sh.#   Gamma     Vs   Ms   K.E.  Area M/A   KE/A  P/L Pene. 

(deg)    (m/s)  (g)    (j)  (scm) (g/scm) (J/scm) (mm) 

4174     0.50    1440  64.81  67195 0.368  176   182584 0.78 80.6 

2 
Sh.#  Rise  Vol  Vol  KE/Vt KE/Vb  plV  Dt/Dp Area M/A 

base total              *10"6        hole hole 
(cm)   (cc)  (cc) (J/cc) (J/cc)             (scm) (g/scm) 

4174  0.51   8.28  11.28   5957   8115   367   1.64   0.99 65.78 
BHN=  255 
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NA NA 0 0.00 NM 

NA NA 0 0.00 0.0 

5.5D NA 527 7.99 CP 

2.0U NA 240 7.13 CP 

NA NA 0 0.00 0.0 

0.1U NA 865 9.94 CP 

Table B-4.  Individual Shot Data for Penctrators Oriented at 45° to Rolling Direction vs. 3-in RHA 
atO° 

Series Fired 10 - 1991 
Limit Velocity =  1373 A= .98        P= 3.09       S= 17 

Sh.# Alpha  Beta  Gamma Vs   Ms   EtaR AlphaR  Vr  Mr  Pen. 
(deg)  (deg) (deg) (m/s) (g)   (deg)   (deg) (m/s)  (g)  (cm) 

-4191  2.00U  0.25R  2.06 1201 64.59 

4192 0.25D  1.00R  1.12 1365 64.47 

4193 0.75U  1.00L  1.25 1395 64.33 

4194 0.75U  0.75L  1.06 1375 64.37 

4195 1.00U  0.50L  1.12 1370 63.64 

4196 0.00   1.00L  1.00 1459 64.58 

Sh.# M.rec EtaP   Vpl  Mpl   Mpr  L.p W.p Th.  EHL EHW Big  Wt.L 
(g)  (deg) (m/s) (g)   (g)  (   cm   )  (cm) (cm) (cm)  (g) 

-4191  0.00 NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 0.9    0 
BHN= 34 0 

4192 0.00 NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 1.2    0 
BHN= 34 0 

4193 0.00 17.1U  425  3.32  0.00 1.0 0.8 0.5   1.1  1.5 0.0    0 
BHN= 340 

4194 0.00 0.0     0  0.00  0.00 0.0 0.0 0.0   1.8  1.0 0.0    0 
BHN= 34 0 

4195 0.00 NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 1.1    0 
BHN= 340 

4196 0.00 0.0     0  0.00  0.00 0.0 0.0 0.0   2.3  2.3 0.0    0 
BHN= 340 

Sh.# Cone   CoFS EntHL EntW CenL CenW #Pcs. M.R.Dia.   BL  BW 
(deg) (deg)  (cm) (cm) (cm) (cm)        (inch)   (cm) (cm) 

4191 NA NA 3.7 3.2 NA NA PP PP 3.3 3.3 
4192 NA NA 2.9 2.7 NA NA PP PP 3.2 3.2 
4193 0.0 0.0 3.7 2.7 1.0 1.2 1 0.00 0.0 0.0 
4194 0.0 0.0 3.5 1.7 1.0 1.0 1 0.00 0.0 0.0 
4195 NA NA 1.1 1.8 NA NA PP PP 3.5 3.0 
4196 0.0 0.0 1.0 1.0 1.5 1.5 1 0.00 0.0 0.0 
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Figure B-2.   Vs-Vr curve for penetrators oriented at 45° to rolling direction vs. 3-in RHA at 0°. 
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Table B-5.  Individual Shot Data for Penetrators Oriented at 45° to Rolling Direction vs. Semi-Infinite 
RHA 

Series Fired 5 - 1991 
L/D = 15      Density is 17.2 

Norm Norm 
Sh.#   Gamma     Vs   Ms   K.E.  Area M/A   KE/Ä  P/L Pene. 

(deg)    (m/s)  (g)    (J)  (scan) (g/scm) (J/scm)      (mm) 

4175     1.00    1491  64.70  71917 0.368  176   195414 0.80  81.9 

2 
Sh.#   Rise   Vol   Vol   KE/Vt  KE/Vb   plV Dt/Dp  Area   M/A 

base total               *10*6 hole hole 
(cm)   (cc)  (cc) (J/cc) (J/cc) (scm) (g/scm) 

4175  0.57   9.54  10.17   7071   7538   394   1.75   1.13  57.21 
BHN=  2 69 

Table B-6.  Individual Shot Data for Penetrators Oriented at 60° to Rolling Direction vs. Semi-Infinite 
RHA 

Series Fired  5 - 1991 
L/D = 15      Density is 17.2 

Norm Norm 
Sn.#   Gamma     Vs   Ms   K.E.  Area M/A   KE/A  P/L Pene. 

(deg)    (m/s)  (g)    (j)  (scm) (g/scm) (J/scm)      (mm) 

4176     0.90    1503  64.00  72288 0.369  173   195697 0.80  81.9 

2 
Sh.#   Rise   Vol   Vol   KE/Vt  KE/Vb   plV Dt/Dp  Area   M/A 

base total              *10A6 hole hole 
(cm)   (cc)  (cc) (J/cc) (J/cc) (scm) (g/scm) 

4176  0.57   7.41   7.90   9150   9756   400   1.53   0.87  73 91 
BHN=  269 
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Table B-7. Individual Shot Data for Penetrators Oriented at 90° to Rolling Direction vs. 3-in RHA 
at0° 

Series Fired 10 - 1991 
Limit Velocity =  1377 A= .99 p= 3.29 S= 67 

Sh.# Alpha  Beta  Gamma Vs   Ms EtaR AlphaR Vr  Mr Pen. 
(deg)  (deg) (deg) (m/s) (g) (deg) (deg) (m/s)  (g) (cm) 

-4197  0.25D  1.75L  1.77 1370 64.32   NA NA 0  0.00 NM 

4198  0.50U  0.75L  0.90 1400 64.95   0.5U NA 709  9.12 CP 

-4199  0.25D  2.25L  2.26 1379 64.28 13.4D NA 115  Lost CP 

4200 0.50U  1.00R  1.12 1395 64.26   3.ID NA 467  7.60 CP 

4201 1.00U  0.25R  1.03 1379 64.27   9.2U NA 280  7.48 CP 

4202 Lost   Lost   Lost Lost 64.22   0.5D NA 861 10.52 CP 

4206  1.00D  0.75R  1.25 1356 64.40   NA NA 0  Lost 0.0 

-4207  2.50U  0.25R  2.51 1383 64.99   0.2D NA 213  4.36 CP 

4208  1.00D  0.00   1.00   13 64.85 NA NA 0  0.00 3.9 

-4209  1.00D  1.75L  2.02 1451 64.96   1.ID NA 902 10.76 CP 

Sh.# M.rec EtaP   Vpl  Mpl   Mpr  L.p W.p Th.  EHL EHW Big  Wt.L 
(g)  (deg) (m/s) (g)   (g)  (  Cm  )  (cm) (cm) (cm)  (g) 

-4197  0.00    NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 0.811111 
BHN= 340 

4198  None   0.0     0  0.00  0.00 0.0 0.0 0.0   2.1  1.9 0 0    0 
BHN= 34 0 

-4199  0.00   0.0     0  0.00  0.00 0.0 0.0 0.0   1.1  1.6 0.0    0 
BHN= 340 

4200 0.00  46.7D  175  3.36  0.00 1.1 0.7 0.6   1.2  1.1 0.0    0 
BHN= 340 

4201 0.00  15.3U  268  3.71  0.00 1.1 0.8 0.6   1.2  0.9 0.0    0 
BHN= 34 0 

4202 0.00   0.0     0  0.00  0.00 0.0 0.0 0.0   2.0  2.0 0.0    0 
BHN= 340 

4206  None    NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 0.9    0 
BHN= 340 

-4207  0.00   5.0D  219  7.46  0.00 0.9 1.5 0.7   1.5  1.1 0.0    0 
BHN= 34 0 

4208  0.00    NA     0  0.00  0.00 0.0 0.0 0.0   0.0  0.0 1.2    0 
BHN= 340 

-4209  0.00   0.0     0  0.00  0.00 0.0 0.0 0.0   2.2  2.1 0.0    0 
BHN= 340 
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Table B-7.  Individual Shot Data for Penetrators Oriented at 90° to Rolling Direction vs. 
3-in RHA at 0° (continued) 

Sh.# Cone CoFS EntHL EntW CenL CenW , £Pcs. M.R.Dia. BL BW 
(deg) (deg) (cm) (cm) [cm) (cm) (inch) (cm) (cm) 

4197 NA NA NM NM NM NM PP PP 3.5 3.5 
4198 0 = 0 0.0 1.7 3.4 1.1 1.1 1 0.00 0.0 0.0 
4199 0 = 0 0.0 2.3 3.5 NA NA 1 0.00 0.0 0.0 
4200 0 = 0 0.0 3.8 2.0 1.2 1.2 1 0.00 0.0 0.0 
4201 0.0 0.0 3.5 1.5 1.2 1.2 1 0.00 0.0 0.0 
4202 0.0 0.0 2.1 3.9 1.0 1.0 1 0.00 0.0 0.0 
4206 NA NA 1.4 1.0 NM NM PP PP 3.2 3.2 
4207 0.0 0.0 111.0 111.0 NA NA 1 0.00 0.0 0.0 
4208 NA NA 1.5 1.5 NA NA PP PP 4.0 4.0 
4209 0.0 0.0 1.5 1.4 1.3 1.3 1 0.00 0.0 0.0 
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Figure B-3.  Vs-Vr curve for penetrators oriented at 90° to rolling direction vs. 3-in RHA at 0°. 
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Table B-8.  Individual Shot Data for Penetrators Oriented at 90° to Rolling Direction vs. Semi-Infinite RHA 

Series Fired 5 - 1991 
L/D = 15     Density is 17.2 

Norm Norm 
Sh.#   Gamma     Vs   Ms   K.E.  Area M/A   KE/A  P/L Pene. 

(deg)    (m/s)  (g)    (J)  (scm) (g/scm) (J/scm)      (mm) 

4177     1.00    1503  64.98  73395 0.369  176   198693 0.82  84.5 

2 
Sh.#   Rise   Vol   Vol   KE/Vt  KE/Vb   plV Dt/Dp  Area   M/A 

base total              *10"6        hole hole 
(cm)   (cc)  (cc) (J/cc) (J/cc) (scm)(g/scm) 

4177  0.51   8.35  11.02   6660   8790   400   1.60   0.95  68.38 
BHN=  255 
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