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LONG-ROD PROJECTILES AGAINST OBLIQUE TARGETS: 
ANALYSIS AND DESIGN RECOMMENDATIONS* 

Abstract 

OwnpiUt-r calculations provide an 
understanding "f Impact phenomena 
associated with lunf? rod ncnetrators 
striking targets at oblique angles. 
Tin- m d and target matt-rial behaviors 
ar*.- described by elastic-plastic 
work-hardening const itut Ive models . 
Hurt [|4- 'jarlurc is simulated by set
ting ill tensile and shear stresses 
tn zero when the calculated plastic 
deformation reaches a critical value. 

The important penetration material 
properties to defeat a Riven target 
arc identified. There is no single 
material property of overriding 
importance; a combination of prop
erties is required for an efficient 
penetrator. Experimental results are 
presented to demonstrate the effects 
of ductility and toughness on pene
tration performance. Recommendations 
for possible Improvement are suggested. 

Introduction 

l.'inp rod penetr.itors are very 
effective against armor plate at small 
am:11- of obliquity. The high stress 
level-: that occur when a dense mate
rial strikes a target at a high veloc
ity can overcome the target strength. 
The length of the rod determines how 
long the high stress levels can be 
maintained against the target. The 
chief factors responsible for the 
effectiveness of long rod penetrators 
in normal Impact are density, velocity 

and length. For optimum penetratior 
performance In oblique Impact high 
yield and tensile strengths and tough
ness become important. 

The role of these properties can 
be understood by examining the sequence 
of events that occur when a rod strikes 
a target at an oblique angle. At the 
instant of impact a very high pres
sure occurs in the rod and target 
similar to the shock load lr. a Hu \ r 

flyer plate experiment. This pre^> ;re 

This work was performed under the auspices of the U.S. Energy Research a-. 
Development Administration and funded by the Advanced Research Projects 
Agency. 
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Is an order of magnitude larger than 
subsequent pressures that occur after 
radial rarefactions direct penetrator 
material away from the line of attack. 
The high pressure level of the initial 
impact provides a means for overcoming 
the target strength and for estab-
lisning the flow of material. The 
rod material properties that contri
bute to this initial pressure load 
are high density and very stiff vol
umetric behavior. In order to main
tain the initial pressure for the 
longest possible time the penetrator-
target interface geometries must be 
such as to minimize the rod free sur
face around the impact area. 

The principal failure mode of the 
penetrator immediately after oblique 
impact on a target is jetting of hydro-
dynamic rod material from the crater 
area. Penetrator design requirements 
that minimize the initial jetting are 
appropriate front end geometry and 
material properties that perrri.it a 
conversion of the impact interface 
from oblique to normal in the shortest 
possible time. These requirements 
are important because they initiate 
target failure. A second mode of rod 
failure occurs when the lateral load 
induced by the oblique impact frac
tures the rod thus reducing the 
effective length. A material prop
erty necessary to minimize this latter 
failure is toughness. No one mate
rial has the optimum combination of 
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properties that covers the ei.tire
sequence of events for "hlique impact* 
The work presented here is directed 
toward identifying the important rod 
parameters for the various load con
ditions that occur during the course 
of penetration of armor plate targets. 

It has been found that long rod 
penetrators become less effective at 
attack angles of ^ 65* from the normal 
and fail completely at larger angles. 
For a rod hitting a plate at an 
oblique angle the line-of-sight plate 
thickness increases with the secant 
of the attack angle. Examination of 
the secant function shows that the 
magnitude increases very rapidly for 
angles in excess of 65". At 60° the 
effective thickness has increased by 
a factor of two. This result has a 
major effect on long rod penetrator 
performance at high angles of obliq
uity. However, examination of exper
imental results reveals other mech
anisms that also contribute to rod 
defeat. 

Experiments show that rods are 
deflected if they cannot quickly 
establish a crater in the target. 
The failure mechanism is a high 
velocity jetting of failed material 
out of the impact zone. The work 
presented here demonstrates how a 
successful oblique penetrator roust 
convert the oblique impact interface 
to a normal one by digging a crater 
in the target material. The crater 

http://perrri.it


lip that forms provides the mechanism 
for keeping failed pencerator mate
ria] directly in front of the rod. 
The target material property respon
sible for allowing material to flow 
up into the lip area material is tar
get toughness. After the lip has 
formed the target strength actually 
aids the penetrator by maintaining 
target material normal to the pene
trator. 

Since the obliquity is the unique 
factor in this study the early time 
behavior of rod-target impact has 
been emphasized. The geometry con
sidered is a rod striking rolled 
homogeneous armor steel with an attack 
angle 65°, impact velocity 1.5 km/s 
(1.5 mm/ w*) and no yaw. The rod 
length-to-diameter ratios are 10:1, 
the targe: thickness is one rod diam
eter, 'ihese conditions approximate 
those for an impact on the first plate 
of sf.aced armor. 

Calculations were done with rod 
material properties corresponding to 
alloys of uranium (3/4 ut% Ti) and 
tungsten (32 Ni, 1.55! Fe). Failure 
by fracture was assumed at 26% plastic 
elongation of the uranium alloy and 
at 6% for the tungsten alloy. These 
two materials have similar density, 

moduli and flou stress. The important 
difference is the plastic flow to 
failure, or toughness. A third cal
culation was performed assuming a rod 
of an idealized uranium alloy that 
could sustain unlimited plastic flow 
without fracture, 

Oblique impact is inherently three 
dimensional but for these three calcu
lations two-dimensional plane geometry 
was used. Additional parametric 
studies were done for normal iapac": 
against a rigid boundary in both axi-
symmetric and planar geometr? to study 
the difference between two and thr^e 
dimensional impact calculations. In 
addition, a three dimensional calcu
lation (see Appendix B) of oblique 
impact between a rod and a rigid 
boundary was performed. We concluded 
that the main features of oblique 
impact can be SLudied in two dimen
sional geometry. Zukas of the 
Ballistic Research Laboratory reached 
the same conclusion from a de
tailed computer simulation study 
of axisymmetric and planar normal 
impact of projectiles on targets. 
Those results showed there was a 
constant scaling faccor for the 
target crater volume for the two 
geometries. 
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Calculations 

NORMAL IMPACT ON A RIGID BOUNDARY 

The first series of calculations* 
were done in simple axisyinmetric geom
etry with the penetrator modeled at» 
elastic perfectly plastic steel with 
no provision for fracture. The HEMP 
computer program was used. These 
calculations were done as a check on 
the plane strain model and to study 
the pulsating nature of the loads 
induced in the rod by the target• 
This oscillatory phenomenon had been 
seen earLier by other investigators." 

Figure 1 shows the deformation of 
the steej projectile 3 us after impact 
with the cip greatly deformed by 
plastic flow. Figure 2 shows a time 
plot of the axial stress at a posi
tion in the center of the impact area. 
The initial impact is one-dimensional, 
and gives a pressure of approximately 
20 GPa on the principal Hugoniot of 
the steel penetrator as expected* 

This hip.h stress is subsequently 
relieved by radial expansion of the 
free surfaces of the cylinder. The 
calculated cylinder breathing period 
a( about 1 Us agrees wich the period 
of Tig, 2. A tensile overshoot can 
also be seen in Fig /. 

The initial impact is one-
dimensional but after ;i few tran
sient times of sound signals tra
versing the diameteT of the penecr.ttor 
the material flow in the penetrator 
becomes two—dimensional. The largesi* 
stress that can be supported now is 
the flow stress of the penetrnt:>r 
material and it is the flow stress 
of the- penetrator material that decel
erates the rod. 

The behavior of the early axial 
stress in the penetrator i?.n be seen 
in Fig. 3. Each frame of Fig. J is 
a contour plot of the axial stress 
at a different time. Frame a shows 
the initial one-dimensional character 
of the impact at early times. Frame 
b shows the beginning of a stress 
relief from the cylinder boundaries. 

Fig. 1 Deformation of an elastic, 
perfectly plastic, sceel 
cylinder 3 \is after striking 
a rigid boundary. The yield 
stress for this calculation 
is 1.65 GPa. 



Fiji, J Axfa' .stress at the renter 
»f the i-Tipact region of the 
steel rod shown in Fig. ], 
Negative stress is compres
sion. The tensile stress 
occurs as the rod expands 
radially to relieve the 
impact pressure. 

The release wave has reached the cen
ter of the cylinder in Frame c. Ten
sion starts to occur in the rod in 
Frame t) and continues to increase in 
Frame e-

o 

Tension 

-10 

. - Hugoniot peat: stress (19 GPo) 
_20 

0 2 4 6 8 
Time - ps 

in 

( a ) 0.06ns (b ) 0 . 2 0 » 

* 6 ^ > ' 

**£: 

( c ) 0.41 ua (d) 0.51 ns 

(e) 0.71 jus 

Fig. 3 
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7 

Contours of ax ia l s t r e s s for the ca lcu la t ion shown In Fig. 1 at t ive 
d i f fe ren t t imes. Tensi le regions develop at 0.5 u s . 
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(GPo) 
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Tig. 4 Change in volume at the 
center of the impact region 
of the steel rod shown in 
Fig. 1. The dilation 
between 0.5 and 1 us arises 
from radial expansion to 
relieve the impact pressure. 
The residual dilation is 
from the thermal expansion 
due to internal heating. 

Figure 4 is a time plot of the 
relative volume at a point on the 
impact si"*face on the central line 
of the penetrator* Contours of rela
tive volume are shown in Fig. 5 at a 
time of 0.57 ps and show the extent 
of the volume dilation a= this time. 
The magnicude of plastic flow at 
2 ps is shown in Fig„ 6. The tensile 

Symbol 

1 
2 
3 
4 
5 
6 
7 
8 
9 

A 

Relative volume 
( V / V Q ) 

1.03 
1.02 
1.01 
1.005 
0.995 
0.990 
0.998 
0.996 
0.994 
0.992 

Fig. 5 Contours of volume change at 0.57 ys after impact. At this time the 
center of the impact region is in an expanded state. 

Symbol 
Equivalent 

plastic strain 
(%) 

1 
5 

10 
20 
30 
40 
50 

Contours of equivalent plastic strain at 2 ps after impact. 



st res-, ifi-n .it tht: early impact t Iroe 
i .in .Musi- tensile failure in the* nose 
ni the penetrator If the material 
(i.ii'S not have sufficient toughness. 
The .H'ipl I twle of the tensile oscil
lations depends on the material flow 
stri-ss. A lower flow stress permits 
• i v.-v-'iter tensile overshoot. 

The .ixl svinmet ric e.il cular ion was 
repeated in plane strain geometry to 
•.heck the accuracy of the oblique 
plane str.iin model discussed helnw. 
The same phenomenology was obtained 
and it was concluded the oblique plain 
sir.iin model w;is appropriate to cap
ture the General oblique phenome
n o n ^ . 

CAI.ni'LATIONS AT *>5" OflLUJflTY 

Three calculations were performed 
with the HKMt*'' computer program us ins 
three different penetrator materials. 
Plane strain geometry was used, i.e. 

Fig. 

-100 -50 0 50 100 
Horizontal distance from 

point of impact - mm 

7 Geometry of the oblique 
angle impact calculations. 

plate on plate. The objective vas 
to i-arrv these calculations suffi
ciently far in tine to observe the 
general phenomenology and identify 
those properties important to pene
trator design. The general dimension!: 
used iz> th-? calculations are shown 
in Fig. 7, Material properties and 
a detailed description of the consti
tutive models are Riven in Appendix A. 
The JD calculation is compared with 
n JO cal:ulatlon in Appendix B. 

Normal I rani in Alloy Rod 
The peneral phenomenology of oblique 

impact and penetration using uranium-
titan iuci alloy mnv be seen in the 
montage of Fig. H. Each picture in 
this series Illustrates the start cf 

some new phase of the Impact behavior. 
The most prominent e^rl- feature of 
the oblique impact is the jetting of 
penetrator material adjacent to the 
impact area. The jetting becomes 
more j-ronounced as the obliquity is 
increased, anJ is a major factor in 
the failure of penetrators at large 
angles of obliquity. The jet con
sists of hydrodvnainic material trapped 
between the crater lip and the still 
unfailed outer edge of the penetra*"or, 

Figure 9 shows the vactor field 
in tne penetrator at two different 
times. It can be seen that the pene
trator material is being directed 
parallel to the surface of the target 
for those portions of the penetrator 
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Fig. 8 Computer modeling of the impact of a uranium-alloy (0.75 wt% tita
nium) on a target of RHA steel inclined at 65°. (a) 3 us after 
impact. Leading edge (free surface) of penetrator begins to be 
extruded as a high velocity jet relieving the cratering pressure, 
(b) 5 ys after impact. Rod material is flowing along the target 
interface, (c) 8.5 Vis after impact. Crater forms in target. 
Leading edge of penetrator jet turns away from target* (d) 10.5 \is 
after impact. Back surface of target begins to fracture, (e) 15 lis 
after impact. Crater interface is rapidly steepening, (f) 20 ps 
after impact. Target-penetrator interface has turned normal to the 
penetrator axis, at a cost of 15% of the rod length. The extruded 
material will shear off, allowing the rest of the rod to penetrate 
the target. 

that have not actually formed a cra
ter in the target. 

Figure 10 is a montage of the 
pressure oscillations showing isobars 
at different times. The oscillatory 
n?cure of the pressure load is sim
ilar to the normal impact results 
discussed earlier. 

Figure 11 is an enlarged view of 
the impact conditions at 20 ys. It 
can be seen that the original oblique 

impact has been converted to a normal 
impact in the sense that the 
projectile-target interface is now 
perpendicular to the line of attack-
Approximately 15% of the rod length 
has been expended at this time. 

Figure 12 shows the extent of the 
plastic deformation an 6 usee after 
impact and the current boundary 
between elastic and plastic regions. 
Figure 13 illustrates the rotation 
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Fig. 9 Uranium-alloy velocity field after impact, (a) At 5 us, jetting of 
failed material can be seen along the lower target surface with jet 
velocity approximately twice the initial penetrator velocity, (b) At 
15 us, material failure at the front of the penetrator has allowed 
a large portion of this tip mass to be directed along the surface 
of the target. 

of the armor/projectile interface 
from oblique towards normal impact 
as time progresses. In Fig, 14 the 
growth and contraction of the rela
tive volume can be seen over a period 
of 15 ps. This oscillatory behavior 
is similar to that found previously 
for the normal impact of a axial-
symmetric rod against a fixed boun
dary.. However in this case the expan
sion is enhanced by the jetting around 
the target crater (Fig. 4). 

The temperature of the material 
is very high near the penetrator car-
get interface, in fact the internal 
energy is high enough in some areas 
to cause local melting. Figure 15 
shows the extent of this melting at 

6 us. The constitutive model removes 
the shear strength for material that 
has melted. However, the melted 
region shown in Fig. 15 had previously 
failed by ductile fracture and the 
shear strength had already been 
reduced to zero. Energy levels are 
shown at 250 and 190 J/g corresponding 
to the solidus points at p = 10 GPa 
and at 0 pressure respectively. 

These calculations show the impor
tance of enhancing the projectile 
material properties and the front end 
design so that the oblique impact is 
converted to normal as fast as pos
sible. If this isn't done, rod mate
rial is lost by the jetting action 
resulting in a decrease in pressure. 
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Fig. 10 Pressure distribution and pressure oscillations for the impact of 
the uranium-alloy penetrator. The tensile strength of this material 
is about 1.4 GPa. 
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Fig, 11 Deformation -jf the uranium 
penetrator and target 20 ps 
after impact. The projectile-
target interface has rotated 
so that the penetrator is 
approaching normal impact 
conditions. Approximately 
15% of the penetrator length 
has been expended. This 
material TO.11 shear off from 
the rod, allowing the re
maining length to penetrate 
the target. 

Fig, 12 Plastic deformation in pene
trator and target at 6 ps 
after impact, (a) Current 
boundary separating elastic 
and plastic states, (b) Con
tours of equivalent plastic 
strain. 
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Fig. 13 Profiles of the uranium penetrator and the target at four different 
times. The solid lines along the length of the penetrator divide 
the upward from the downward flow fields. The dash line defines the 
limits of hydrodynamic material. Note the rotation of the interface 
toward normal impact configuration. 
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Fie. 34 Profiles of the uranium penetrator and the steel target at different 
times showing the volumetric oscillations in the uraniuc. pe.ietrator. 
The sequence shows the regions of the penetrator that are in compres
sion (shaded) and in expansion as a function of time. At 5 vis an 
expansion wave begins and increases until about 10 us. After that 
the oncoming rod material recompresses the expanded portion at the 
impact end. The recompression is completed at about 15 us. The 
dilation close ro the interface is due to thermal heating. 

-J J-



Fig. 15 Profile of the uranium ;^ene-
trator and the target at 
6 JJS after impact e The con
tours outline regions that 
have melted. The dashed 
contour contains material 
which would be melted at 
p = 0. The solid contour 
contains material which 
would be melted if p = 10 GPa, 

Also, the initial shuck pressures 
before jetting .ire perhaps two urders 
of magnitude higher than the later 
pressure after full contact has been 
established. Maintaining this initial 
pressure for the longest possible time 
imposes a requirement that the impact 
area of the nose of the projectile 
be as large as possible so that it 
takes the longest time for signals 
from the release surface to rea^h the 
impact area and reduce the pressure 

Hypothetical Uranium Alloy Rod 
The constitutive model of uranium 

used in the previous calculations was 
modified to permit unlimited plastic 
flow without ductile fracture. This 
would represent a hypothetical mate
rial similar to uranium alloy but 
with essentially infinite toughness. 
Figure 16 shows a comparison of the 

Infinite toughness, 
no fracture 

Fige 16 Comparison of calculated crater formation using hypothetical uranium 
alloy and normal uranium alloy penetrators at 5 us after impact. 
The hypothetical uranium alloy is capable of infinite elongation 
without failure. A.H its other properties are the s-ume as those of 
the normal uranium alloy (0.75 wt% Ti). 
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results of this hypothetical material in the target and penetrator for the 
with the results of the normal ura- calculations with the hyporhetical 
nlum at 5 ps after impact. The era- uranium alloy and the normal uranium 
ter created by the Idealized material alloy. The hypothetical uranium alloy 
is considerably greater than that has induced much larger pressures into 
created by the normal uranium rod the target. This increased pressure 
where the deformation to failure is load turns the target impact surface 
defined to be 26%, The ability to normal to r.he penetrator much more 
resist shear deformation and not quickly. The kinetic energy of the 
incur ductile fracture is a very penetrator can now act over a longer 
important property for the success period of time at nearly normal 
of the penetrator. The magnitude of incidence. 
the shear strength of the penetrator In the constitutive model used to 
strongly influences the pressure load describe the material behavior of the 
that the penetrator can place on the target and penetrator, materials 
target after full contact has been yield first by plastic flow after the 
established. Penetration efficiency elastic limit has been exceeded. For 
requires maintaining the greatest subsequent loading of the material 
possible load for the longest time the shear strength or resistance to 
on the target. plastic flow increases by work hard-

Figure 17 shows pressure contours ening. When the critical equivalent 

Pressure 
Symbol (GPa) 

1 0.1 
2 0.5 
3 1 
4 4 
5 8 
6 12 

Fig. 17 Comparison of pressure states using hypothetical uranium alloy and 
normal uranium alloy penetrators at 2 lis after impact. The hypothet
ical uranium is capable of infinite elongation without failure. All 
its other properties are the same as those of the normal uranium 
alloy (0.75 wt% Ti). 

;** ' " *' t 

' , , ' ^ - -Hypo the t i ca l - Normal 
uranium 
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plastic strain has been reached the 
material is assumed to fail cata-
strophlcally by ductile fracture and 
only compressive pressures can be 
supported. The modified uranium 
alloy examined the effect of the 
equivalent plastic strain parameter. 
With the failure condition removed, 
the penetrator has been assumed to 
possess shear strength with infinite 
ductility. It is certainly obvious 
that a higher penetration shear 
strength would increase the pressure 
load on the target* In order for 
this pressure load to persist the 
penetrator shear strength must con
tinue to exist for large deformations. 
Unfortunately, materials with high 
shear strengths are usually accom
panied by poor elongation-to-fracture 
properties. 

At first it might be thought that 
it would be very beneficial to have 
a material with unlimited ductility 
to gain the advantages seen in the 
results in Fig. 16 and 17. Even if 
it were available, however, this prop
erty would be useful only at the time 
of impact for quickly forming a cra
ter in the target. As time progresses 
________ 

Equivalent plastic strain 

• <p • ' ( V('!-^*('!-''J'•('' ,-«!)' 
where EJ, _ ! ) , and ej! are principal 
components of the plastic strain. 
This is a measure of the total plas
tic deformation which reduces to _P 
in uniaxial tension. 

the penetrator is continuously 
deformed. This deformation increases 
the cross section of the penetrator 
making it less effective against sub
sequent targets in spaced armor geom
etries. Thus the inability of the 
penetrator to fail ductily actually 
tends to degrade its performance 
after the crater has been formed. 

Tungsten Alloy Rod 
The tungsten-nickel-iron alloy is 

similar in density to the uranium. 
The material is slightly stiffer than 
uranium with resulting sound speed 
approximately 60% greater than ura
nium. However, the main difference 
between the two materials is that the 
plastic deformation to fracture of 
the tungsten-nickel-alloy is 6% vs 
26% for the uranium alloy. 

Figure 18 compares results for the 
tungsten alloy material with the ura
nism alloy 10 ps after impact. It 
can be seen that the interface between 
the projectile and target has not 
rotated as far for the tungsten alloy 
as for the uranium penetrator„ This 
result follows from tungsten's fail
ure at a smaller plastic elongation 
than the uranium. Thus the uranium 
is able to maintain a largev stress 
on the interface compared to the 
tungsten. Also, because of the longer 
period of obliquity the tungsten rod 
loses more material during this ini
tial phase of the penetration. 
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Fig. 18 Comparison of the uranium- and tungsten-alloy penetrators at 10 us 

after impact. The projectile-target interface has rotated more 
toward the normal for the uranium alloy than for the tungsten. More 
of the tungsten than of the uranium has been deflected, indicating 
that a larger region of the tungsten penecrator has failed. The 
deformation of the target is more localized for the case of the 
uranium penetrator0 

Penetrator Design Considerations 

The calculations and supporting 
experiments have identified three 
general penetration stages: 

• Initial cratering and conver
sion from oblique geometry to 
normal Impact geometry by rota
tion of the target projectile 
interface. 

• Steady penetration as the rod 
erodes and moves into the tar
get plate under conditions 
similar (but not identical) to 
normal impact. 

• Passage of the eroded and 
deformed rod through the hole 
in the armor plate. 

Different portions of the pene
trator undergo different load envi
ronments during these three phases. 
An effective penetrator design should 
recognize these load differences. A 
cylindrical high strength rod is not 
necessarily an optimal design fcr a 
long rod penetrator. 

CRATERING 
It is important In oblique impact 

to establish a target crater as soon 
as possible. To do this a high Impact 
pressure must be created and main
tained. Material properties that create 
high impact pressures are high density 



and large bulk and shear moduli contri
buting to a high shock irapedance. 

The theoretical impact pressures 
for tungsten and uranium impacting 
on iron can be seen in Fig. 19, It 
is seen that tungsten yields a 
slightly higher impact pressure for 
the impact velocity considered here 
of 1.5 km/s. However it is important 
that the impact pressure be main
tained. This places a requirement 
for ductility or toughness, indi
cating a possible tradeoff between 
toughness and impact pressure,, 

Another factor that extends the 
pressure palse is the geometry of the 
impacting surface,, It is important 
to have the largest cross section 
possible impact the target; this 
delays the jetting and allows the 

Particle velocity — km/s 

Fig, 19 Shock Hugoniots for uranium 
and tungsten alloys striking 
armor plate in one-dimensional 
geometry. Tungsten produces 
a somewhat higher impact 
pressure than uranium. 

pressure to be maintained Cor the 
maximum time. This suggests using a 
hemispherical head with the largest 
possible diaraater. The large impat. 
area of such a design places the free 
boundaries as far as possible from 
the impact point to delay as long as 
possible the release of pressure by 
lateral rarefactions. 

The impacting head of the projec
tile must also be able to withstand 
the tensile phases of the Initial 
oscillations. As vas pointed out 
earlier, we can reduce the amplitude 
of the oscillations by increasing the 
yield strength of the material. For 
ordinary materials, however, increasing 
the yield strength decreases the 
ductility and the toughness. Hence 
there is another tradeoff between the 
magnitude of the flow stress and the 
ductility and toughness. 

STEADY PENETRATION PROCESS 
Following the establishment of the 

crater and conversion of the oblique 
impact to one of normal incidence, 
the normal impact calculations (see 
Fig. 2) suggest a convergence of the 
stress oscillations to a steady pene
tration process, with target pressure 
somewhat higher than the penetrator 
yield strength. The rod moves into 
the target at about half of the ini
tio j^netrator velocity. The stress 
it the rod elastic-plastic interface 
is the yield stress of the penetrator 
material. This flow stress maintains 
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the lower bound pressure on the tar
get and acts to decelerate the aft 
section of the penetrator. This 
aspect of the penetration process Is 
essentially independent of the Impact 
angle. 

Tf the impact angle is oblique, 
however, angular momenta left over 
from the cratering phase continue to 
exert large lateral 7oads. The 

results of these lateral loads have 
been seen in experiments performed 
here and at the Los Alamos Scientific 

U 5 Laboratory. Hantel and Taylor 
have been able to follow the steady 
penetration process through thick 
targets with low-aspect-ratio pene-
trators at 45° obliquity. Their 
results (see Fig. 20) show rotation 
away from the normal during the early 

Fig, :>0 
(c) 150 MS (d) 200 A4S 

Radiography of penetrator passage through a thick target, from Hantel 
and Taylor** . 0») ^0 >)«» unyawed Impact with typical jet flow of 
Hilled niateiff.nl. (b) 100 us, rotation away from the normal due to 
relief of the upper target surface, (c) 150 \txt continued rotation 
away from normal (inertia), (d) 1?00 lis, rotation toward the normal 
an the closest free surface (rear) begins to ĵ ive way. The rarefac
tion wave reduces the target retarding force he low the penetrator. 

http://niateiff.nl


Penetration and back toward the nor
mal as the penetration approaches the 
exit phase. It is important to give 
the penetrator enough toughness to 
prevent it from breaking under these 
large bending stresses. 
EXIT PHASE 

As the rod exits the first plate 
it is important that it still have 
about the same shape it had before 
the original impact.. Appreciable 
distortion will limit its ability to 

penetrate subsequent shields. This 
means that the penetrator must be 
able to shed the material that was 
expended in forming the original cra
ter, and that this gross distortion 
not be transmitted any farther back 
into the rod than necessary. The 
toughness provided to prevent frac
ture by the bending moments of the 
penetration phase must not be large 
enough to prevent this beneficial 
sloughing off of expended material„ 

Experimental Studies of Rod Toughness 

Tool steel rods were fabricated 
with various Rockwr11 hardnesses and 
fired at mild steel plate. Figure 21 
shows a flash radiograph of a rod 
with a hardness of 40 on the Rockwell 
C scale (R - 40) after it has pene
trated a plate,, The high ductility 
of this material has allowed a large 
deformation to take place. For sub
sequent plites the rod would not be 
effective since it would present a 
very large cross sectional area to a 
secondary target. 

Figure 22 shows the result with a 
rod that has been hardened to R - 62 u 

The rod has fractured since this hard
ness makes it more brittle than the 
rod described previously. The frac
tured rod would also be ineffective 
against subsequent targets* 

Figure 23 shows the results for a 
rod that has been hardened to R - 48. 
This rod has penetrated the target, 
has not fractured, and has maintained 
its original shape It is understood 
of c -irse that as the hardness 
increases the toughness decreases. 
These three experiments show the 
tradeoff between hardness and tough
ness. Further details are given by 
Scudder„ 

These experiments suggested a 
design with a forward section of very 
high hardness and the material behind 
of a lower hardness. The concept 
here is that the high hardness of the 
front would induce a large stress 
into the target and the forward zone 
would fail by brittle fracture thus 
not transmit the deformation into the 
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Fig. 21 Flash radiograph of a steel 
penetrator impacting a steel 
target at 45° obliquity. 
The steel penetrator has 
been heat treated to a hard
ness of 40 on the Rockwell C 
scale 0*c-40). Th<_ radio
graph shows the large dis
tortion in the projectile 
after it has penetrated the 
target due to high ductility. 

Fig. 22 Flash radiograph of a steel 
penetrator heat treated to 
R -62, showing the fragments 
of the penetrator emerging 
from the rear of the target. 

Fig. 23 Flash radiograph of a steel 
penetrator heat treated to 
RQ-US. The rod has success
fully penetrated the target, 
is still lined up on the 
original flight path, and 
is bent but has not frac
tured. 

rod. The subsequent portions of the 
rod would have less hardness or flow 
strength but would have sufficient 
toughness to withstand the lateral 
loads. 

A rod similar to this design was 
made with steel. Figure 24 shows a 
schematic of the variation of hardness 

along the rod length. When tested 
against oblique targets that defeated 
all three of the previous rods the 
rod with the variable hardness pene
trated the target and was sufficiently 
aligned to make it a threat for subse
quent targets. The same rod showed no 
improvement at normal incidence. 



Rear Length Front 

Figo 24 Variation of hardness along 
an experimental steel rod 
penetrator, R c-62 at the 
impact end„ Varying the 
hardness made this pene
trator better able to with
stand the different loads 
imposed during different 
phases of the penetration 
process. It outperformed 
all the uniform homogeneous 
steel rods testedo 

Summary and Recommendations 

It might seem from these studies 
that there are contradictory require
ments for material behavior of long 
rod penetrators. The fact that there 
is more than one loading mechanism 
acting on rod penetrators leads to 
different requirements for material 
properties. Two rods fabricated from 
different materials can given similar 
penetration results, but not fcr all 
of the same reasons. For example, a * 
rod with a high toughness at the tip 
is efficient in forming the initial 
crater in a target, thus minimizing 
the loss of rod material by jetting. 
However, after the crater has formed 
the high toughess tends to work 
against the rod performance for sub
sequent targets. The large plastic 

*Toughess measures the product of 
the flow stress and the elongation 
to failure. For the rod/target phe
nomena described here it is important 
to have a high flow stress with suf
ficient elongation to failure so that 
the flow stress is maintained over 
the times of interests 

distortions introduced into the rod 
moves material off center and makes 
it easier lor a second armor plate 
to defeat the rod. 

Long rod penetrators of tungsten 
alloy and uranium alloy provide the 
means to study variations in tough
ness. The tungsten alloy has an 
advantage over the uranium alloy 
because of the higher shock impedance 
which causes a high stress level at 
the projectile target interface. 
This advantage i3 offset by the lower 
tungsten toughness (in the model used 
here) which does not permit the high 
stress level to be sustained. Frac
ture occurs and rarefactions reduce 
the stress. On the other hand the 
initial impact stress is lower for 
the uranium alloy but the duration 
is longer due to the higher tough
ness. This advantage is later offset 
by the distortion of a large portion 
of the rod making it less effective 
for subsequent targets. Thus it is 



seen that both materials can make 
efficient penetrators, but for 
di fferent reasons. 

It has been shown that there is a 
minimum requirement for toughness 
such that bending stresses do not 
fracture the rod at positions well 
behind the front as occurred in the 
experiment with a high hardness, 
R - 62 steel rod experiment dis
cussed earlier. For resistance to 
fracture by bending, the uranium 
alloy is much superior to the tung
sten alloy; the large range of plas
tic flow in uranium (see Fig. 25) 
prevents large tensile stresses from 
developing. 

The computer studies have helped 
identify different mechanisms and 
different material requirements for 
optimum penetrator designs. The cal
culations provide guidance for de
signing a rod with different material 
properties along the rod. This could 
be accomplished with a given material 
by trading off one material property 
at the expense of another. 

It is recommended that rods with 
varying properties be designed and 
tested at small scale similar to the 
experiments with steel reported here. 
These experiments were conducted at 
1/10 the actual size of current long 
rod penetrators. Considering the 
tungsten alloy it would be inter
esting to introduce maximum ductility 
into the rod starting a few rod dia-
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Fig. 25. Strain-hardening character
istics of materials used in 
armor-penetrator calculations. 

meters behind the impact end> The 
spacial variation in material prop
erties might be accomplished by pow
der metallurgy techniques with appro
priate swaging. 

The uranium alloy may have more 
elongation to fracture than is neces
sary for the armor considered here. 
It would be very instructive to test 
an uranium alloy that has a higher 
critical flow stress even at the 
expense of less elongation to fail
ure. The objective here Is to enhance 
the initial load on the target so 
that the crater forms sooner. 

The modified uranium calculations 
have demonstrated the effectiveness 
of maintaining the flow strength 
through a high toughness criterion 
to enhance crater formation. As a 
practical matter it is probably 
Impossible to get sufficient fracture 
toughness to capitalize on this prop
erty but the idea has merit and shouic 
be investigated experimentally. Some 
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easy tests would check crater size 
for very ductile alloys vs nonductile 
alloys. Small sphere tests could 
easily examine the initial cratering 
phenomenon and assess the relevance 
of the concept. 

Finally, geometric design should 
be tried such as a uranium alloy tip 
followed by a tungsten alloy that has 
been modified to resist fracture from 
bending stresses. The objective is 
to use the large elongation to fail
ure of the uranium to form the ini
tial crater. Decoupling the uranium 
from the tungsten would provide the 
means to prevent large deformations 
from occurring in the remaining por
tion of the rod. 

In summary, the calculations 
and supporting experiments show the 
optimum design for a cylindrical 
penetrator would recognize the three 
stages of oblique penetration and 
the associated penetrator loads: 
cratering, steady penetration, and 
exit as the rod moves through the 
opened hole. The material properties 
and geometry whir.h are important are 

Head design - cylindrical head with 
highest density and 

moduli. Maximum 
toughness is required 
to keep the head to
gether during crater 
formation- Practical 
limitations on tough
ness and a short 
section preclude 
excessive effective 
lateral expansion. 

Forward section - maximum flow 
stress (ultimate 
stress) with ade
quate ductility to 
reduce fracture. 

Aft section - bending loads here 
are more severe and 
ductility and tough
ness play the major 
role. 

It should be understood the Tuate-
rial models used for these calcula
tions are not meant to define pre
cisely the behavior of Tungsten or 
Uranium. We feel the models are 
representative of alloys of specific 
metallurgical treatment,, The emphasis 
should be on how the material prop
erties described by the models enhance 
(or reduce) the effectivness of a 
penetrator against oblique targets. 
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Appendix A 
CONSTITUTIVE AND FAILURE MODELINC 

Since the behavior of the penetrator Is dependent upon the dynamic 
stress fields set up by the impact, a great deal of care has gone Into the 
constitutive modeling and the choice of material parameters for these calcu
lations. The equation of state constants have been matched to exper.uiental 

Al Hugoniot data over the range of pressure and compressions which will be 
met during the impact. The strain hardening in the constitutive equations 

A2 is described by the Steinberg-Guinan model which gives the dependence of 
the shear modulus and yield strength of a material as a function of the 
equivalent plastic strain £ s compression, pressure and internal energy through 
the equations: 

G = GF(P, n, E) shear modulus 

X = Y Q (i + £ £ ) n
 F ( p ( n > E ) yitld strength 

where F(P,n,E) { 1 + b^ + h [ l ? - 3 0 0 ] } - ^ 
G = reference state shear modulus 
Y n = reference state yield strength 
P = pressure 
p = density 
H = p/p«» the compression 
E = internal energy 
E = cold compression energy 
c 

E = melt energy as a function of pressure 
m 
R 1 = Rp«/A with R ~ gas constant and A • atomic number 

e = ViTT [(e£ - E P ) 2 + (EP - e P
3 ) 2 + (cP - e ^ 2 ] 1 ' 2 . = equivalent 

plastic strain 

where e^, £~, £? = principal components of the plastic strain and other con
stants: 6, n, b, h, f are fitting constants used to match the dependence 
with experimental data. The dependence of the yield stresses as a function 



of the effective plastic strain described by the parameters fe and n has been 
A3—15 matched as well as possible to experimental data. The resulting depend' 

ence was illustrated in Fig. 25 for the materials of the calculations. The 
specific parameters used for each material are itemized In Table Al. 

Table Al. Specific material parameters used In constitutive and failure 
modeling of penctrator impacted. 

Parameter Uranium Tungsten Araor 
c 0 (c;Pa) 76.6 1.375 0.776 
Y (C.t'a) 0.987 0.0138 0.01034 
R 4 0 0 7.37 
n 0.16 1.0 0.115 

0.26 0.06 0.20 
P , (r.Pa) -0.4 -0.6 -0.4 
min 

The failure of the material by ductile fracture vas sodeled by defining 
a critical equivalent plastic strain, E . One* this value was exceeded the 

max 
shear modulus and yield strength were relaxed to zero over a few computational 
cycles and the subsequent behavior of the material vas hydrodynaoic where only 
compressive stresses were allowed to develop. 

max 
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Appendix B 

THREE-DIMENSIONAL CALCULATIONS 

In order to compare a three-dimensional cylindrical calculation with a 
two-dimensional plane strain calculation we performed calculations for an 
impact on a rigid wall at 65° obliquity. An impact velocity of 0.5 kra/s was 
chosen to produce impulse pressures similar to those of the penetration calcu
lations. The results for both calculations appear in Fig. Bl. Both show the 
projectile being bent and subsequently sliding along the rigid wall. The 
general phenomenology was found to be similar although there were some 
difference*.- in detail attributable to different models in the programs. 

Fig. Bl Comparison of two- and three-dimensional calculations of a penetrator 
striking a rigid boundary at 65* obliquity. Top: at impact. Bot
tom: 24 ]is after impact. 
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