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1. INTRODUCTION

It would be of considerable value for an armor designer to be
familiar with the details of the phenomena that occur when a long,
slender rod impacts at hypervelocity upon an oblique target. Details of
this three-dimensional problem could be obtained by using hydrodynamic
computer codes; however, at this time, three-dimensional codes are just
starting to be productive. 1,2 ,3 ,'4,5 In this report, a two-dimensional
hydrodynamic code was used to treat the three-dimensional problem of
oblique impact as a two-dimensional oblique impact problem by representing
the semi-infinite rod by a semi-infinite plate striking the target edge-on.
Since the rod diameters in this report and in References 1-5 are different,
a comparison of the results of the two studies was not made.

Although the pressure history in the penetrator-target configuration
material will be considerably different for the two and three-dimensional
treatments of the oblique impact problem, the material flow obtained from
the two-dimensional treatment could provide some details of the penetration
process that might be useful in improving armor design. Through the use
of the tracer particle option available in the code, the flow of penetrator
and target materials can be observed for various obliquities. The material
in this report will be used for comparisons with three-dimensional
computations when they become available.

11. COMPUTER CODE

The DORF-9 code6 was used in this study. The code is a continuous,
two-dimensional, multimaterial, Eulerian, hydrodynamic code coupled with

1. Wallace E. Johns6on, "Thtee-D~ienionat Comutationz on Penetiuzto't-
TaAget ln-te/taction-6," SafJJ.tZc Rezeotch Laibo'.toty Cont acCoP
Repoa'it No. 338, Ap'rii 1977. (AV MAO41O58)

2. W. Johnson and V. KucheA', "ThAee-Pimenzionai Computationz, Votwie 1:
300 Obtique Impact," Batti~tic Reeach Labota-toky Contkcto PRermt
No. 344, Juty 1977. (AD OA043295)

3. W. Johnson ana V. Kuche'tL, "Thee-DimenzonatC Comrutationi, Votwne 71:
450 ObZ-Zque lIpact," Batiistic Re.6ea'zch Labowdtoty Contactmi Repo)t
No. 354, Nov 1977. (AD #A051296)

4.W. Johnson and V. Kuche't, "Thtce-Dimren6{o nat Corn utationz, Votume III:

ARbRL-CR-355. De 1977. (AD #A051350)

6. WL. E. Johns6on, "Devetotpnen~t and AprLticatoiz o Corn j'te2 Pkog~tarr
Retated to Hypeutoocity, Impact," Sq-,.tem6n, Science and So~tt'a'e,
3SR-749, AD 889143, July 1971.
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an elastic-plastic strength model. An option of cylindrically symmetric
(r,z) or Cartesian (x,y) coordinates is available in the code. The latter
were used in this study. Tracer particles can be used to provide a
Lagrangian look to the plotted output. This feature of the code was used
to provide material flow patterns during the impact process. The code
was run on the high-speed digital computer, BRLESC-2, which is located
at the Ballistic Research Laboratory.

III. PENETRATOR-TARGET CONFIGURATION

The penetrator was a semi-infinite copper plate, 6-mm thick,
impacting edge-on at 7.5 km/s upon an infinite steel plate, 12.7-mm thick.
The obliquity angle, the angle between the normal to the target and the
penetrator plate, was varied for each computer run. The obliquity angles
were 00, 450 , 60, and 750 .

IV. COMPUTATIONAL GRID

The computational grid, which was used for all the obliquity cases
in this study, was laid out to cover the cross-sectional region of
interest of the penetrator-target configurations. The sides of the
penetrator plate were parallel to the y-axis and the initial motion of
this plate was in the positive y-direction. The 6-mm thickness of the
penetrator was 6 cells wide. 7 The bottom boundary of the grid was
transmittive, allowing the penetrator material to be fed into the grid
as a simulation of a semi-infinite plate. The left, top, and right
boundaries were also transmittive, simulating an infinite target plate.
Figure 1 shows the computational grid with an outline of the 450
penetrator-target configuration. In all the obliquity cases in this
study, the initial position of the penetrator plate was the same; the
target was rotated relative to the penetrator to obtain the proper
obliquities. The overall physical dimensions of the grid was x = 100 mm
by y = 250 mm with a corresponding grid size of 50 by 100 cells.

The cells initially occupied by the penetrator material were given
the following input:

1. Density = 8.9 Mg/m 3 .
2. Pressure = 0.0 Mbar.
3. x-component of velocity = 0.0 km/s.
4. y-component of velocity = 7.5 km/s.
5. Specific internal energy = 0.0 J/g.

Similar conditions were given to the cells initially occupied by
the target material except that the density was 7.86 Mg/m 3 and the

7. V. KucheA, "P'Ttetminay Computve Computattcits fot Steizdct Red Impact
Ptoblem6," BaUlitc Research Laboatoty Report No. 1957, Feb 1977.
(AD #AO369951
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y-component of velocity was zero. The yield stresses in shear that were
used for copper and steel were 1.275 and 6.8 kbar, respectively.

V. ONE-. "ENSIONAL THEORY

Using one-dimensional shock wave theory and Tillotson's equation of
state 8 for copper and steel, as used in the DORF-9 code, we find that
the region of the penetrator-target interface is shocked to a pressure
of 3.0 Mbar, the particle velocity is 3.92 km/s, and the shock wave is
moving toward the rear of the target at 9.8 km/s. These conditions
prevail in the interface region until the rarefaction waves from the
free surfaces of the penetrator reach the center plane of the penetrator.
This occurs at 0.34 us after impact. This information is used in the
analysis of the computer output.

VI. COMPUTER RESULTS

A. Description of Graphical Output

The computer output is presented graphically as pressure fields and
their corresponding tracer particle plots. The pressure field is plotted
on the xy-plane with the pressure ploLted from the center of each cell.
An outline of the penetrator-target configuration is shown in each
pressure field plot. Figure 2 is an example of a pressure field at the
time of initial impact. Corresponding to this figure is Figure 3, a

tracer particle plot. The copper material is represented by triangular
symbols; the steel, by square symbols. The outline of the penetrator-
target configuration was line plotted by using tracer particles which
were set on the boundaries of the penetrator and target but were not
identified by symbols. When the distance between adjacent tracer particles
becomes great, long plotting lines connect these particles as illustrated
in Figure 129.

B. 0' Obliquity

The pressure field, penetrator-target outline, and tracer particle
positions are shown in Figures 2 and 3 at the instant of impact. At
4 Ps (Figure 4) the maximum pressure is about 4 Mbar compared to the
3 Mbar pressure determined from one-dimensional shock wave theory. Such
an overpressure was not evident for the case of a 6-mm copper rod
impacting on a 7.5-mm or a 37.5-mm steel plate. These problems were run
as two-dimensional, axisymmetric problems. 9 Otnier comparisons will be

S. J. H. Tiotson, "Meta~ic Equations o6 State fo't ypevelocity
Impact," Gulf General Atomic, GA-3216, July 1962.

9. V. KucheA, "Computer Study of the E6fect o6 Rod DiameteA and Target
Th.cknes on the Penetwtion Process," Balliztic RezeaAch Laboratotu
Technicat Report, ARBRL-TR-02046, 1978.
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made to these problems. By vs (Figure 6), the peak pressure has dropped
to 2.5 Mbar since the rarefaction wave from the free surfaces of the

penetrator had reached the center plane of the penetrator at 0.34 Os, as
estimated previously. The peak pressure continues to decay for the
remainder of the computer run. Between 1 and 1I, us (Figures 11 and 13,

respectively), the shock wave reaches the back surface of the target
as evidenced by the bulge on the back surface in Figure 13.

Figure 14 (2 us) shows pressure peaks on either side of the central
pressure region. These peaks move to the left and right in the target,
away from the central pressure region. At 4 os (Figure 18), another set
of pressure peaks, which are at the penetrator-target interface region,
have appeared.

Figure 26 shows the time relation for the foremost part of the
penetrator for three different impact cases. Two axisymmetric coordinate
runs were made using 6-mm copper rods impacting normally on 7.5-nm and

37.5-mm steel plates. 9 The third case is the 00 obliquitv impact which
is being reported here. During the first 1'2 us, the velocities (slopes
of the curves) for the three cases are nearly the same; thereafter the
velocity of the 6-mm plate increases due to the pressure release from
the back surface located at 12.7 mm. This occurs for the case of the
6-mm rod impacting on a 37.5-mm plate at about 9 Ps. For the case of the
6-mm rod impacting on a 7.5-mm plate, this increase in velocity does not
occur until after the front of the penetrator passes the original back
surface.

Hole growth is shown in Figure 27 where D is the diameter of the
hole at the front surface of the target or the width of the cut across
the front surface, and D is the initial rod diameter or penetrator width.
The rate at which D increases is greater for the plate penetrator than
the rod penetrators.

C. 450 Obliquity

Figures 28-57 show the pressure fields and their corresponding
tracer particle position plots with the initial conditions shown in
Figures 28 and 29. The shock wave from the impact reaches the back
surface of the target at about 2 us as evidenced from the pressure
field in Figure 34 and the slight bulge on the back surface in Figure
35. This bulge continues to grow, as shown in the continuous tracer
particle plots, and, for the most part, is positioned on the down or
left side of the target with respect to the penetrator.

At 1 us (Figure 33) the penetrator material in the vicinity of the
interface region is flowing to the up or right side of the target. By
2 us (Figure 35), the left triangular column shows a flow to the left in
the interface region. This flow continues to the left for the remainder
of the computer run. Figure 45 (7 us) shows the center triangular column
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to be flowing leftward in the interface region and continuing leftward
for the remainder of the computer run. The right triangular column in
the interface region continues its rightward flow for the entire run.

The pressure fields show that, after the shock wave has reached the
back surface of the target, most of the pressure region is in the upside
of the target or in the foremost part of the penetrator. For example,
see Figure 46.

Figure 58 shows a penetration-time relation obtained from measuring
the position of the foremost part of the penetrator relative to its
initial position as a function of time. For the first 2 or 3 ps, the
penetrator is trying to get a bite on the target. Thcreafter, until tfie
penetrator exits the back face of the target, the penetration rate
agrees with the estimated one-dimensional particle velocity. The slope
of the curve then starts to approach the initial velocity of the
penetrator. Note that the "back of the target" is whcre the cenicr plane
of the penetrator intersects the back surface. The left and right sides
of the penetrator intersect the back surface, respectively, at 3 mm
before and 3 mm after the 21-mm ?osition indicated.

The width, D, of the cut across the front surfae of th2 target as
a function of time is shown in Figure 59 where the width is rationalized
with respect to the width of the penetrator, D 0

o0

'.4 D. 600 Obliquity

Figures 60-89 show the pressure fields and their corresponding

tracer particle position plots for the 60' oblique impact. The initial
conditions are shown in Figures 60 and 61. As evidenced by the bulge
on the back surface of the target (Figure 69), the shock wave reached
this surface between 2 and 3 is. As the penetration process continues,
most of the bulge is shown on the down side of the target relative to

the penetrator.

The flow of the foremost part of the penetrator is rightward until
4 ps (Figure 71), when the left triangular column in the interface region
bends to the left. The leftward flow begins at about 9 ps (Figure 81)
for the center triangular column.

The pressure fields show that, after the shock wave has reached the
back surface of the target, most of the pressure region is in the upside
of the target or in the foremost part of the penetrator. For example,
see Figure 86.

Figure 90 shows a penetration-time relation obtained from measuring
the position of the front of the penetrator, that is penetrating the
target, relative to its initial position as a function of time. For the
first 4 or 5 ps, the penetrator is trying to get a bite on the target.
Thereafter, until the penetrator exits the back face of the target, the

11



penetration rate agrees with the estimated one-dimensional particle
velocity. The slope of the curve then starts to approach the initial
velocity of the penetrator. Note that the "back of the target" is where
the center plane of the penetrator intersects the back surface. The left
and right sides of the penetrator intersect the back surface, respectively,
at 5.2 mm before and 5.2 mm after the 30.6-mm position indicated.

The width, D, of the cut across the front surface of the target as
a function of time is shown in Figure 91 where the width is rationaliz(J
with respect to the width of the penetrator, Do .

E. 750 Obliquity

Pressure fields and their corresponding tracer particle position
plots for the 750 oblique impact are shown in Figures 92-129. Figures
92 and 93 show the initial conditions. A bulge on the back surface
of the target is detected at about 3 ps (Figure 101), and it continues
to grow for the remainder of the run.

For the first 6 or 7 ps (Figures 95-109), the front of the penetrator
flows in a rightward direction; at about 7 ps (Figure 109), the top of
the left triangular column starts to bend to the left, followed by the
center column at 14 ps (Figure 119) and the right column at 22 v's
(Figure 127).

The pressure fields show that, after the shock wave has reached the
back surface of the target, most of the pressure region is in the upside
of the target or in the foremost part of the penetrator. For example,

see Figure 112.

Figure 130 shows a penetration-time relation obtained from measuring
the position of the front of the penetrator, that is penetrating the
target, relative to its initial position as a function of time. For the
first 6 or 7 ps, the penetrator is trying to get a bite on the target.
Thereafter, until the penetrator exits the back face of the target, the
penetration rate agrees with the estimated one-dimensional particle
velocity. The slope of the curve then starts to approach the initial
velocity of the penetrator. Note that the "back of the target" is where
the center plane of the penetrator intersects the back surface. The left
and right sides of the penetrator intersect the back surface, respectively,
at 11.2 mm before and 11.2 mm after the 60.6-mm position indicated.

The width, D, of the cut across the front surface of the target as
a function of time is shown in Figure 131 where the width is rationalized
with respect to the width of the penetrator, Do .

VII. DISCUSSION

From observations of the graphs of penetrator-target deformations

12



and pressure fields, several trends are noted.

The pressure field plots for 00, 450 , 600, and 750 oblioue impacts
show that, immediately after impact, a pressure pulse moves normally
toward the back face of the target and at the same time spreads in the
left and right directions in the target. During this period, the
pressure peak is greatest for the 00 oblique impact and the least for the
75' oblique impact, except at ! Ps. After the pressure wave reaches the
back face of the target, most of the pressure region is in the upside of
the oblique targets and in the foremost part of the penetrator. Now the
greatest pressure peak occurs for the 75' oblique impact; the least
pressure peak, for the 0° impact.

There are times, such as at 7 ps (Figures 45, 77, and 109), when
the shape of the cut in the oblique targets seems to suggest that the
target was impacted normally.

A bulge forms at the back face of the target after the shock wave
reaches this surface. The approximate times of the initial formation of
the bulges for the 00, 450, 600, and 750 obliaue impacts or, Wz'ween 1
and 1 , 1 and 2, 2 and 3, and 2 and 3 ps, respectively. A,: an: given
time, the amplitude of the bulge decreases with increasing obliauity
angles.
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