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The behaviors of a variety of high-density materials are compared in ballistic penetration experiments. The deformation 
and failure modes of these materials, under this high pressure and high strain rate loading environment, are studied via 
metallographic examinations. Stable plastic flow, leading to the development of a large "mushroomed" head on the 
penetrator, was observed for certain high-density materials, including pure tungsten, tungsten heavy alloys, and a 
uranium-6% niobium alloy. For two other families of uranium alloys, localizations quickly develop in the plastic flow and 
result in a rapid discard of the deformed material from the head of the penetrator. The earlier discard of the material 
reduces the build-up of the mushroomed head on the penetrator, allowing these materials to penetrate more efficiently. The 
stability of the plastic flow of the penetrator alloy, therefore, is shown to be a key determinant of the penetration capabilities 
of a projectile. 

1. Introduction 

The  armor-pierc ing,  kinetic energy (KE) 
rounds  fired f rom modern  high-velocity tank guns 
are long rod, arrow-like projectiles. The  long rod 
design of  the penet ra tor  core, and the high den- 
sity of  the alloys or  composites employed as the 
core material,  enable the projectile to bring a 
large amount  of  kinetic energy to bear  upon  a 
minimal area of  the a rmored  target. These  pro- 
jectiles, which impact  a rmored  targets at veloci- 
ties in excess of  1000 m / s ,  defeat  the target  by 
burrowing a cavity th rough  the a rmor  material.  
Many features of  this pene t ra t ion  process are 
shown in Fig. 1 (Mescall, 1983). Peak  stresses and 
strain rates in the penet ra t ion  event occur during 
the initial contact  between the pene t ra to r  and the 
armor, but they quickly diminish as relief waves 
re turn  from free surfaces. Af te r  this transient  
impact  phase, the stresses genera ted  by the decel- 
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eration of  the penet ra tor  material  and the corre-  
sponding accelerat ion and displacement  of  the 
armor  material  in its path,  will still greatly exceed 
the strengths of  both  penet ra tor  and armor  mate-  
rials. Both  a rmor  and pene t ra to r  materials plasti- 
cally deform. The  armor  in the pa th  of  the pro- 
jectile is pushed aside, while the pene t ra to r  itself 
is inverted and e roded  at the moving p e n e t r a t o r -  
target  interface (the bo t tom of the cavity). This 
process continues until the projectile has been  
brought  to rest or has been  completely consumed.  
The  penet ra tor  and the region of  the target  im- 
mediately surrounding the penet ra t ion  cavity are 
deformed to large plastic strains, at strain rates of  
up to 10 6 s-1 (Wright,  1983). 

The  deformat ion  of  the penet ra tor  material  in 
this inversion process may be in ter rupted by ei- 
ther fractures or plastic localizations. Hydrostat ic  
pressures exceeding 5 GPa  are genera ted  at the 
head of  the penetrator ,  as it opens  and deepens  
the cavity in the a rmor  (see Fig. 1). These  pres- 
sures effectively suppress fracture failures of  the 
penet ra tor  at its head. However,  as the pressures 
gradually diminish radially and toward the rear  of  
the penetrator ,  fractures occur  more  easily along 
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Fig. 1. The penetration of armor by a long rod projectile, from Mescall (1983). 

the periphery of the penetrator's mushroomed 
head. 

This same loading enviroment promotes an 
alternate failure mechanism, one of plastic insta- 

bility and localization, due to the high rate at 
which the penetrator is deformed and the inter- 
nal build-up of heat which results. Whether these 
localizations occur, is of course dependent upon 

Table 1 
High-density penetrator materials 

Material Density Rockwell 
(g/cc) Hardness 

(Rc) 

Young's Tensile properties 

Modulus, E Yield,0.2% UTS Elongation 
(GPa) (MPa) (MPa) (%) 

90W-7Ni-3Fe 17.1 
(LPS, cold-worked to 20% reduction-in-area 

93W-4.9Ni-2.1Fe 17.6 
(LPS, cold-worked 18% RA by swaging) 

97. l W -  1.4Ni-0.7FE-0.8Co 18.6 
(LPS, cold-worked 15% RA by swaging) 

80W-20Ta 18.6 
(hot isostatic press consolidated, unworked) 

Pure tungsten 19.3 

41 310 
[RA] by swaging) 
41 340 

44 380 

40 317est. 

43 413 
(SSS polycrystal aggregate, warm-worked 80% RA by extrusion) 

U-8Mo 17.2 30 79 
(BCC phase uranium alloy, gamma-solutionized and quenched) 

U-6Nb 17.3 15 62 
(monoclinic, gamma-sotutionized and quenched, aged 2 h at 200°C) 

U - 3 / 4 T i  18.6 40 119 
(orthorhombic, gamma-solutionized and quenched, aged 16 h at 350°C) 

1155 1207 7 

1116 1197 13 

- 1208 4 

NA NA <<1 

- 1 0 0 0  <<  1 

938 940 17 

275 900 3O 

800 1440 20 
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the thermal (heat capacity, thermal-softening rate, 
etc.) and the mechanical properties (strain- 
hardening and strain-rate hardening) of the pene- 
trator material. 

A number of high-density penetrator materi- 
als, covering a broad spectrum of thermal and 
mechanical properties, were evaluated in small 
scale ballistic tests. A variety of penetrator defor- 
mation and failure behaviors were observed. The 
deformation and failure characteristics of the 
projectile materials were studied via metallo- 
graphic examinations of the residual penetrators, 
and correlations sought to their ballistic perfor- 
mances. 

2. Ballistic comparisons of high-density penetra- 
tor materials 

A brief summary of the processing history and 
the static mechanical properties of each of the 
penetrator materials is given in Table 1. The 
ballistic comparison included several conven- 
tional liquid-phase sintered (LPS) tungsten heavy 
alloy (WHA) composites. Tungsten contents (by 
weight) of the composites ranged from 90 to 97%, 
with corresponding densities of 17 to 18.6 g/cc. 
The remaining 3 to 10 weight percent is a nickel- 
base alloy which serves as the lower melting point 
matrix to bind the composite together. The 
strengths and ductilities in these materials are a 
function of tungsten content and matrix chem- 
istry, sintering time and temperature, and of 
post-sinter heat treatment and subsequent cold- 
work (Rabin et al., 1989). In addition to these 
conventional WHA composite penetrator materi- 
als, Table 1 also includes a solid-state sintered 

(SSS) pure tungsten and an 80% tungsten-20% 
tantalum composite, 80W-20Ta, produced by hot 
isostatic pressing (Foster, 1987). 

Depleted uranium alloys of three different 
crystalline structures, an orthorhombic structure 
U-3 /4T i  alloy, a body-centered cubic U-8Mo 
alloy (Eckelmeyer, 1981), and a metastable, mon- 
oclinic structure U-6Nb alloy (Eckelmeyer, 1981; 
Wood et al., 1983) were examined. Each alloy has 
very different mechanical and thermal properties. 

Long rod penetrators of each material, in 
length-to-diameter ( L / D )  ratios of 10 and 15, 
were fired into rolled homogeneous armor (RHA) 
steel plate. In all cases, the dimensions of the 
penetrators were adjusted to account for differ- 
ences in the density of the material so that the 
mass of the rod would be fixed at 65 g. The 
ballistic performances of the materials were 
ranked in terms of the ability of the penetrators 
of each material to perforate a given thickness of 
the RHA plate. A limit velocity, the velocity 
required for the penetrators of a given material 
to just perforate the RHA plate (Lambert and 
Jonas, 1976), was determined from a series of 8 to 
10 firings. A flash X-ray system, mounted behind 
the armor plate, captured images of residual pen- 
etrators which successfully perforated the RHA 
armor. Residual penetrators which came to rest 
in the RHA target were examined metallographi- 
cally. 

The images of the residual penetrators taken 
by the behind-armor flash X-rays provided a 
qualitative comparison of the behaviors of these 
materials. The appearances of the residual pene- 
trators fit into two general catagories. The U -  
3/4Ti and the U-8Mo alloy penetrators had 
pointed or chiselled noses (see Figs. 2a and 2b, 

Fig. 2. Radiographic images of residual penetrators after perforating armor steel: (a) U-3/4Ti alloy; (b) U-8Mo alloy; (c) tungsten 
composite. 
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Table 2 
Ballistic performance and observations 

Material Density Limit velocities Comments 

(g/cc) L / D = 1 0  L / D = 1 5  
(m/s) (m/s) 

U-6Nb 17.3 1475 - 
80W-20Ta 18.6 1455 
Pure polyXtal W 19.3 1422 -- 

90W-7Ni-3Fe 17.1 1495 1351) 
93W-4.9Fe-2.1Fe 17.6 1461 1338 
97.1 W-  1.4Ni-0.7Fe-0.8Co 18.6 1430 1318 

U-8Mo 17.2 1270 
U-3/4Ti  (Rc40) 18.6 1322 1221 
U-3/4Ti  (Re45) 18.6 1203 
U-3/4Ti  (Rc49) 18.6 - 1193 

Mushroomed head seen on recovered residual penetrators and 
in X-ray images, rod eroded by stable plastic flow and 
"sloughing" discard 

Mushroomed head seen on residual penetrator in X-ray 
images, rod eroded by late shear localization and discard 

Chiselled or pointed nose seen in X-rays, rod eroded by "early'" 
adiabatic shear localization and discard 

respectively). The conventional WHAs, the pure 
polycrystalline tungsten, the tungsten-tantalum 
composite, and the U - N b  alloy residual penetra- 
tors emerged from the rear of the target plate 
with a large "mushroomed" head (see Fig. 2c). 

The limit velocity determinations and the met- 
allographic examinations of the residual penetra- 

tors embedded in the RHA further divided the 
materials into three separate groups, each capa- 
ble of a different level of ballistic performance 
and exhibiting distinct deformation behaviors 
during deep penetration (see Table 2). 

The materials delivering the poorest relative 
performance (highest limit velocities), compared 

Fig. 3. Sectioned residual tungsten-tantalum penetrator exhibiting stable plastic flow: (a) 10×magnification; (b) extensively 
deformed microstructure (250 x ). 
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Fig. 4. Sectioned U-6Nb alloy residual penetrator: (a) flour lines indicating large ductile deformation; (b) equiaxed recrystallized 
microstrueture (250 × ). 

to the other materials of equal density, were the 
pure tungsten, the tungsten-tantalum composite 
and the U-6Nb alloy. Metallographic examina- 
tions of the recovered residual penetrators re- 
vealed that the inversion of these materials at the 
penetrator-target interface occurred in a stable, 

ductile manner. Large mushroomed heads devel- 
oped on the penetrators. The "back-extruded" 
material underwent extensive plastic deformation 
before it was eventually sloughed off from the 
periphery of the mushroomed head. A remark- 
ably smooth penetration tunnel was displaced in 

Fig. 5. Residual nickel-base matrix WHA composite penetrator: (a) sectioned penetrator exhibiting large "unshroomed" head and 
extensive plastic deformation; localization of plastic deformation leading to "discard" of back-extruded WHA (250 x ). 
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the armor. The large plastic strains suffered by 
the tungsten-tantalum composite are evident in 
the highly elongated tungsten grains seen near 
the periphery of the penetrator 's  head (Figs. 3a 
and 3b). A very similar pattern of deformation 
was seen for the pure tungsten rods. It is clear 
that fractures were suppressed under the high 
hydrostatic pressures in the penet ra tor - ta rge t  in- 
terface region, and even nominally brittle materi- 
als like pure tungsten and the tungsten-tantalum 
composite were "back-extruded" in a ductile 
manner. 

In the U - 6 N b  alloy, regions of locally high 
niobium concentration (Wood, personal commu- 
nication) in the original ascast material were 
"stretched out" by the back-extrusion of the pen- 
etrator during penetration. Preferential etching 
of these regions produced the "flow lines" seen 
in Fig. 4a, tracing the extensive plastic deforma- 
tion of this alloy. Under higher magnification 
(Fig. 4b), one sees a very uniform microstructure 
of equiaxed grains, instead of highly elongated 
grains. This suggests that the grains, which were 
highly deformed and heated during the penetra- 

tion event, had subsequently recrystallized. The 
uniformity of the equiaxed structure indicates 
that the overall deformation had been uniformly 
distributed. 

Qualitatively, the behavior of all the conven- 
tional nickel-base matrix WHAs penetrators 
looked very much like that of the pure tungsten~ 
tungsten-tantalum and U-6Nb alloy, with a large 
mushroomed head seen on the residual penetra- 
tors observed in the behind-armor X-ray images. 
An examination of the residual penetrators em- 
bedded in the armor (Fig. 5), however, revealed a 
somewhat different flow and failure behavior. As 
with the pure tungsten and tungsten-tantalum 
materials, the elongated tungsten particles in the 
microstructure indicate that the conventional 
WHAs underwent extensive plastic deformation 
at the penetrator 's head. However, instead of 
sloughing off the periphery (/1 the mushroomed 
head, the back-extruded and delormed WHA was 
discarded in chips of material, separating from 
the main body of penetrator along plastic Iocal- 
izations which had developed near the shoulder 
of the mushroomed head (Fig. 5b). This discard 

Fig. 6. Residual U-3/4Ti penetrator embedded in armor: (a) absence of "unshroomed" head on residual penetrator; (b) discarded 
adiabatic shear clips from U-3/4Ti penetrator divided by classical white-etching bands. 
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process leaves a roughened penetration tunnel in 
the projectile's wake. 

The location of these localizations suggests 
that relief of the hydrostatic pressures along the 
sides of the mushroomed head of the penetrator 
may be a factor in allowing the nucleation and 
growth of voids (Cowie and Tuler, 1987) in the 
WHA composite and the subsequent develop- 
ment of the localizations. An alternative explana- 
tion is that the deformation has reached a critical 
strain level, where the softening of the WHA, 
due to internal heating, has exceeded the 
strengthening due to strain and strain-rate hard- 
ening (Rogers, 1979). The localizations may in- 
stead be adiabatic shear localizations, developing 
as a result of this thermomechanical instability. 
The ballistic performances of the conventional 
WHA composites (see Table 2) were slightly bet- 
ter (lower limit velocities) than equally dense 
materials which deformed in an entirely stable 
manner. 

The elongation of tungsten particles in the 
microstructure within each of the discarded chips 
(Fig. 5b), indicates that the localization and dis- 
card of the WHA occurs rather late in the defor- 
mation process, after extensive plastic deforma- 
tion and after a large mushroomed head has 
developed on the penetrator. By contrast, plastic 
localizations appear to have rapidly developed in 
the U-8Mo alloy and the orthorhombic uranium 
alloys. Little plastic deformation of the mi- 
crostructure was seen within each of the chips 
discarded from the U-3 / 4T i  penetrator (Fig. 6b). 
Consistent with the behind-armor radiographic 
images, no large mushroomed head was found on 
the U-3 /4T i  residual penetrators embedded in 
the steel armor. Both the U-8Mo and the U-  
3/4Ti alloys were able to perforate the RHA 
target at limit velocities approximately 100 m/s  
below those of equal-density "mushrooming" ma- 
terials in the first two groups in Table 2. 

When etched with chromic acid, the plastic 
localizations in the U-3 / 4T i  alloys appear white 
(Fig. 6b). These classical white etching bands 
indicate that the localizations are in fact "trans- 
formed" adiabatic shear bands, similar to those 
observed in carbon steels (Glenn and Leslie, 
1971). The bands separate the chips of uranium 

111 11 
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Fig. 7. The thermal-cross pattern of adiabatic shear bands. 

which have been discarded from the head of the 
penetrator. Although it is apparent from the be- 
hind-armor X-ray images that a similar discard 
process was occurring with the U-8Mo alloy, the 
localizations did not etch white. This is perhaps 
due the fact that the 8% molybdenum addition 
stabilizes the BCC high temperature phase of 
uranium at room temperature and eliminated the 
occurrence of any phase transformations with 
adiabatic heating. 

In both the U-3 /4T i  and the U-8Mo alloys, 
the localizations appeared along the planes of 
maximum shear stress under the head of the 
penetrator. A similar "thermal cross" pattern has 
been observed in the high-speed heading of steel 
bolts (Rogers, 1979), a deformation process simi- 
lar to the back-extrusion of the penetrator at the 
penetrator-target interface. The thermal cross 
pattern (see Fig. 7) results in the pointed or 
chiselled noses observed on residual penetrators 
of the orthorhombic uranium alloys and the U-  
8Mo alloy. 

3. Discussion 

The stability of the plastic flow of the penetra- 
tor material under high pressure and high defor- 
mation rate environment at the penetrator-target 
interface is clearly a key to penetration perfor- 
mance. The ranking of the ballistic results and 
the radiographic and metallographic observations 
suggest that a more rapid development of plastic 
localizations, and a subsequently earlier discard 
of failed material, improves the ballistic perfor- 
mance of the penetrator material. By reducing 
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the size of the mushroomed head on the penetra- 
tor, the volume of armor material displaced (and 
the kinetic energy which must be expended as 
plastic work to displace it) with each increment of 
penetration also is reduced. The penetrator is 
therefore able to achieve a greater penetration 
depth at a given impact velocity, or to perforate a 
given armor thickness at a lower velocity. 

This model was verified in separate tests which 
compared the cross-sections of penetration tun- 
nels displaced by equal mass and identical geom- 
etry projectiles of U-3 / 4T i  alloy and a 97% 
tungsten content WHA (Magness and Farrand, 
1990). At all velocities, the volume of the cavity 
was proportional to the impact energy, and equal 
for both materials. However, the U-3 /4T i  alloy 
penetrators, which rapidly developed localized 
adiabatic shear failures (and did not develop a 
large mushroomed head on the penetrator), cre- 
ated smaller diameter penetration cavities than 
the WHA penetrators, and achieved greater pen- 
etration depths at equal impact velocities. 

The correlation between the metallographic 
observations and the ballistic performances (limit 
velocities) suggests that limit velocity tests can 
provide a qualitative ranking of the susceptibili- 
ties of the various penetrator materials to plastic 
localization. This plastic localization viewpoint of 
ballistic performance also provides guidance as to 
future directions to take in improving the perfor- 
mance of high-density penetrator materials. 

The highly deformed microstructure seen in 
the discarded chips of WHA penetrator material 
indicates that large plastic strains must occur to 
the bulk of the material before plastic localiza- 
tions will develop. The replacement of the 
nickel-base matrix with tungsten (as in the pure 
tungsten) or tantalum (as in the tungsten-tanta- 
lum composite), resulted in even more stable 
deformations of the penetrator materials, and 
slightly higher limit velocities than for conven- 
tional WHAs of equal density. This immediately 
suggests that the replacement of the nickel matrix 
in the WHA composite, by a metal or alloy more 
susceptible to thermomechanical instabilities and 
localizations, may improve ballistic performance. 

4. Conclusions 

Most attempts to improve the ballistic perfor- 
mance of high-density materials have focussed on 
increasing mechanical properties, such as strength 
and ductility. The ballistic experiments outlined 
above indicate that the stability of the deforma- 
tion of material at the head of the penetrator 
ultimately determines the penetrator's maximum 
penetration capability. The stability of this plastic 
flow is a function of the penetrator material's 
thermomechanical response to high-rate defor-. 
mation under locally high hydrostatic pressures, 
and not its initial strength or tensile ductility. 

References 

Cowie, J.G. and F.R. Tuler (1987), Flow localization models - 
A review, Mater. ScL Eng. 95, 93. 

Eckelmeyer, K.H. (1981), Diffusional transformations, 
strengthening mechanisms, and mechanical properties of 
uranium alloys, in: Metallurgical 7?chnology of Uranium 
and Uranium Alloys, American Society for Metals, Metals 
Park, OH, p. 129. 

Foster, E.E. (1987), Preparation of ballistic test specimens 
from tantalum-coated tungsten powders, Batelle Colum- 
bus Division Final Report 773-M-4604, Columbus, OH. 

Glenn, R.C. and W.C. Leslie (1971), The nature of white 
streaks in imported armor plate, Metalt. Trans. 2, 2945. 

Lambert, J.P. and G.H. Jonas (1976), Towards standardiza- 
tion in terminal ballistic testing: Velocity representation, 
USA Ballistic Research Laborato~, Report ARBRL-R- 
1852, Aberdeen, MD. 

Magness, L.S. and T.G. Farrand (1990), Deformation behav-- 
ior and its relationship to the penetration performance of 
high-density KE penetrator materials, in: Proc. 1990 Army 
Science Conf., Durham, NC, 149. 

Mescall, J. (1983), Material issues in computer simulations of 
penetration mechanics, in: J. Chandra and J.E. Flaherty, 
eds., Computational Aspects of Penetration Mechanics, p. 
47. 

Rabin, B.H., A. Bose and R.M. German (1989), Characteris- 
tics of liquid-phase sintered tungsten heavy alloys, lnt. J, 
Pow. Met. 25(1), 21. 

Rogers, H.C. (1979), Adiabatic plastic deformation, Ann. Rez', 
Mater. Sci. 9, 283. 

Wood, D.H., J.W. Dini and H.R. Johnson (1983), Tensile 
testing of U-5.3%Nb and U-6.8%Nb alloys, J. Nuclear 
Mater. 114, p. 114. 

Wright, T.W. (1983), A survey of penetration mechanics for 
tong rods, in: J. Chandra and J.E. Flaherty, eds., Computa- 
tional Aspects of Penetration Mechanics, p. 85. 


