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Abstract

The Nishiwaki theory of penetration was investigated for seven
projectile shapes against three thicknesses of 6061-T6 aluminum target
material. The projectiles were fired from a 50 caliber gun at impact
velocities near 500 m/sec. Initial velocities and projectile velocity
losses were measured by flash x-rays and chronographs.

The same projectile shapes were also used to perforate identical
targets quasi-statically with a laboratory universal testing machine.
This provided the empirical information necessary to the application
of the Nishiwaki theory.

The basic Nishiwaki equations were found to be inaccurate for
most projectile shapes. A modification of this theory was investi-
gated and found to be accurate in predicting projectile velocity
losses to within 8 m/sec at impact velocities near 500 m/sec.
Additional proposed penetration models are presented but not investi-

gated.

viii
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AN IRVESTIGATION OF PERFORATION

MECHANICS IN THIN ALUMINUM PLATES

I. Introduction

At the present time there is no analytic method to incorporate
survivability and vulnerability engineering into the initial design
of a combat aircraft. There is a large amount of empirical data col-
lected through testing and gva.lua.tion of combat damage in Southeast
Asia, but no single model has yet been developed to predict the vul-
nerability of a given aircraft structure against a known threat. If
ballistic perforation of thin targets were predictable with sufficient
accuracy, the results could be used in the design of aircraft armor.

Several theories on deformation and failure of thin plates have
been advanced, attempting to create mathematical relationships among
projectile magss, geometry, and impact velocity; and target density,
strength, and thickness. Thus far, none of the theories advanced are
entirely consistent with experimental data.

The purpose of this study is to investigate the effect of projec-
tile shape on the perforation of thin aluminum plates, Th's is an ex-
tension of an investigation by Major Thomas E. Fields (Ref 6) and data
collected during that study is used in this paper. Residual projec-
tile velocity as a function of projectile geometry during normal im-
pact and the force history during perforation are the primary areas

of interest, Special attention is given to the Nishiwaki model

(Ret 12),
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Background
This study is concerned with the perforation of a target by a

projectile, rathur than merely the penetrati?m. In penetration, the
projectile does not pass completely through the target, but merely
enters it. In perforation, the projectile enters the target, passes
through, and proceeds with some significant velocity (Ref 13:198).
Since the study of survivability is concerned with the potential da~
mage to be caused by a projectile after perforation of an aireraft

skin, the aspect of mere penetration is ignored.

0 ”
< 00000"
e’ b
S Q — E— —
= fi M\~
N I,
| X
PLUGGING PETALING DUCTILE COMBINATION d

Fig., 1. Common Types of Plate Pailure
(From Ref 13:1206-207)

Previous investigations indicate perforation involves crack for-
mation, spalling, elastic and plastic wave propagation, friction and
heating, and projectile shattering (Ref 9:2k1). Target failure is
usually through plugging, petaling, ductile fracture, or a combina-
tion of the three (Ref 13:206-207). At impact velocities less than
3,000 ft/sec, thinner plates usually fail by retaling while in thicker
plates plugging 1s most common, At higher velocities, all thicknesses
of plate fail by plugging (Ref 6:2), Thus far, several simplified
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models have been advanced to explain various failure modes.

Perforation Models

For ductile failure, Bethe (Ref 2) and Taylor (Ref 15) analyze
the propagation of a circular hole in & thin plastic sheet. They cone
sider an infinite sheet penetrated by/.a pointed conical projectile,
The equilibrium elastic and plastic stress distributions are them
analyzed., The target inertia effects were incorporated into the above
wvork by Freiverger (Ref 7)., Craggs (Ref 5) used an analogy between
a thin flexible wire and a plastic memdrane to attempt creation of a
ductile model,

Momentum considerations have resulted in numerous theories of
thin plates, Zaid and Burton (Ref 1T) have derived a good approxima-
tion for high velocity projectiles, They assume inertia forces are
much greater than material strength and failure will be through petale
ing, Nishiwaki (Ref 12) related the pressure exerted by the projec-
tile on the target to the momentum of the displaced target material.
He assumes target material is displaced normal to the projectile surw
face under constant static pressure and variable dynamic pressure,

The variable dynamic pressure is predicted and the static pressure
determined from static tests, For failure by plugging, various mo-
dels have been proposed to relate velocity drop in the projectile to
plug momentum and the energy needed to shear the plug from the target
(Rer 8,9,1k4),

Thomson (Ref 14) has expanded on the Taylor hole enlargement
theory, assuming a dish type perforation pattern. He considers the

energy dissipated in plastic wvork, heat from friction, and the accel-
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eration of displaced target particles,

Purpose
All the proposed theories assume either a specific nature of tar=~

get failure or a definite projectile shape, The purpose of this study
is to measure actual velocity losses of several projectile shapes per-
forating thin aluminum targets at ballistic velocities and to obtsin
force histories of these projectiles through the same targets at con-
stant knowvn strain rates of various magnitudes. These velocity losses
and force histories will be compared with values calculated from the
Nishiwaki model. An attempt will be made to refine the equations of
the Nishiwaki model to provide more accurate correlations wvith experi-

mental data,
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II. Theory

Nishiwaki Theory (Ref 12)

Mr. Jien Nishiwaki has prorosed a model in which the total resis-
tance to motion of a penetrating projectile is a function of dynamie
and static pressures. He assumes the displaced target material re-
mains in contact with the projectile nose, resulting in his expression
for dynamic pressure. H: assumes a constant static pressure for a
given material and thickness vhich can be determined by static tests.
For the projectile in Fig, 2 the normal and frietion forces acting on
an incremental surface area dA, are:

Fn » Po and P = kP (1)

vhere k is the static friction coefficient.

Pig. 2, Nishivaki Model (From Ref 6:10)
For a projectile moving slcvly through a target, the resistance to
motion is given by:

dRo = Py dA (sin o + k cos a) (2)
Assuning the particles of target material contacted are pushed back

normal to the projectile surface, their velocity would de equal to the
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component of projectile velocity normal to the projectile surface.
The momentum of the material displaced per unit time may be expressed:
(pV dA) sin a¢V sin a (3)
vhere p is the target density and V is the velocity of the projectile.
Therefore, the dynamic pressure is given by:
pV2 8in? a (»)
The total resistance to projectile motion would be the sum of the
static and dynamic forces acting on the projectile surface.
dR = (Py + pV2 8in? a) dA (sin a + k cos a) (5)
Assuming the frictional forces are of sufficiently small magnitude to

be ignored, the equation of motion for a projectile of mass M is®

M'&'{"I (P, + oV2 sin? a) sin a dA (6)

Assuming & projectile of conical shape, no projectile deformation, and
a target thickness less than R/t«u o, Eq (6) may be solved for the

residual projectile velocity, Vy, vwhere:
2wpR? h, sin? a
) e M (1)

ps:l.n a .

Ve = - s (Ve —_
) ainz a

Nishiwaki performed several tests to determine the static pres-
sure for aluminum plates of various thicknesses. \Al a result of the
tests, he found the static pressure to be a linear function of thick-
ness as in the equation:

Py = 5.4 b, (8)
vhere P is in kg/mm?, and hy is measured in mm.
The Nishiwaki model does not consider the energy dissipated in

elastic and plastic vave propagation, target crack formation, projec-
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tile deformation, projectile instability after impact, or possidle
changes in static pressure as a function of impact velocity and other i

factors,

Analysis of Nishiwaki Theory

A closer look at the Nishiwaki Model presents at least one dilem-
ma, No provision is made to provide an unoccupied volume into which
the displaced target particles may be propelled. Another analysis,
consistent with all Nishiwaki assumptions may be considered, Instead

of considering the particles in immediate contact on the target/pro-

Jectile interface to be displaced normal to the projectile surface,
one may assume that target particles are displaced from the face op-
posite impact, normal to the surface of the projectile with a velocity
equal to the component of projectile velocity in that direction,
Target particles remaining in the projectile path could de con-
sidered to be in static equilibrium until dislodged from the bdback
face. An example of this analysis is shown in Fig. 3. The resulting
free body diagram of this analysis is shown in Fig. 4, The equations
of motion for the diagram in Fig, 4 produce the same resultant equa- e
tion of motion for the system as derived by Nishiwaki, This deriva-

tion is included in Appendix D,

Mod’.fied Nishiwaki Theory

Results obtained by Fields (Ref €) and data collected during this
study indicate a large percent of error in predicting projectile resi-
dual velocities with the Nishiwaki equations. In addition, experimen-
tal evidence indicates the formation of plugs by virtually all shapes

given a target of sufficient thickness. The plugs are not necessarily

7
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the diameter of the proJectiles., Plugs were observed both in the dy-
namic experiments of Fields (Ref 6) and in the static and dynamic tests
performed in this study. As a result, a Modified Nishiwaki Theory is
proposed. Consider the same set of assumptions proposed by Kishiwaki
with one exception; instead of displacing the target particles normal
to the projectile surface with a velocity equal to the component of
projectile velocity in that direction, let the particles be displaced
in a direction along the projectile trajectory with a velocity equal
to that of the projectile, The resulting differential equation for

the system in this analysis would bet

dav

uag-{(%mvz)u (9)

While the original Nishiwaki analysis is somevhat unrealistic in
that, with the exception of the cylinder, no projectile will produce

a plug, the modified analysis is also in error since it implies a plug

equal in diameter to the projectile for all projectiles. For purposes

of this study, the Nishiwaki and Modified Nishiwvaki analyses will be

studied and their relative accuracy in predicting velocity loss com-

pared.

Other Considerations

As will be shown later in this report, the basic Nishiwaki equa-
tions tend to predict less of a velocity drop than is observed in
testing. The mathematical results of the Rishiwaki equations are the
virtual elimination of shape effects in penetration vhile minimizing
the magnitude of the dynamic effects in discharging a plug (Appendix

D). The mathematical results of the Modified Nishiwaki equations are

10
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also the elimination of shape effects while apparently exaggerating
the dynamic effects in discharging a plug, if any. To account for
shape effects and other impact phenomena, several other approaches to
the same basic analysis are offered, One analysis might consider the
Nishiwaki model of penetration with all the appropriate assumptions
up to some arbitrary depth of penetration. At this point, the ma-
terial remaining in the target in the path of the projectile could bde
discharged in the direction of the projectile trajectory vith a velo-
city equal to that of the projectile, The proposed diameter of the
plug formed could be determined experimentally. A proposed model of
this analysis is given in Fig. S.

In addition %o the generation of plugs, many projectiles have a
cratering effect on the impacted face of the target., A “ring" of
target material is often observed surrounding the perforation on the
impacted face. A model to account for this behavior and the vari-
able size plugging phencmena could be considered. Assume during the
initial stages of impact target particles are ejected from the impac-
ted face of the target, tangent to the projectile face, vith a hori-
zontal component of velocity equal in magnitude and opposite in direc-
tion to the velocity of the projectile (Pig. 6). At some arbitrary
point to be determined experimentally, the particles would no longer
be ejected from the impacted surface of the target, but would be dis-
charged from the back surface, normal to the projectile surface with
a velocity equal to the component of projectile velocity in that direc~
tion. Then, at a second point to be determined experimentally, a plug
is formed which is ejected along the trajectory with projectile velo~

city, while the remaining material is continuously displaced as

11
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stated above. This proposed model would account for target material
on the impact face, different plug sizes for various vrojectile shapes,
and spallation around the exit hole of the target. An example of

this analysis is shown in Pig, 7.

Projectile Spin

Velocity losses due to projectile spin and sliding friction wvere
considered negligible in this study. Results of both experimental and
theoretical analyses by Thomson (Ref 16) and Krafft (Ref 10) indicate
losses of this nature vary from 3% to less than 1% of the energy of

the projectile prior to impact,

13
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III. Experimental Procedure

The six projectile shapes used in this analysis were the "Ogive,"
"Russian," "Optimal," "Cone," "Cylinder,”" and "Ball." The Ogive shape
is ideatical to the core of a standard U.8, 50 caliber armor pierc-
ing bullet. The Russian shape was designed after the core of a Rus-~
sian 14.5mm armor piercing bullet (Ref 4). The Optimal shape was
patterned from Kucher's equation of an optimal penetrator for thin
plates (Ref 11). The Cylinder is merely a flat-ended right circular
cylinder, Two Cone shapes vere used in the study and will be re-
ferred to as Cone #1 and Cone #2, Cone #1 is a right circular cone
with a US degree semi-vertex angle and Cone #2 is a similar cone with
a 15.1 degree seni-vertex angle., The Ball shape nose vas rounded ine-
to a hemisphere with radius equal to that of the projectile body,

The diameter of all projectiles was 1,11 t 0,01 cm, A complete des-
cription of the projectiles is given in Appendix B, Both static and
dynamic experiments were performed with all projectile shapes on

various thicknesses of 6061«T6 aluminum,

Dynamic Experiments

A description of the procedure used in dynamic testing of the
Ogive, Russian, Cylinder, Cone #1, and Optimal projectile shapes is
included in Reference 6, The resultant data from that investigation
bhas been extracted and is used in this study.

The average mass of the Ball projectiles wvas 20.82 gm ¥with a maxi-
munm deviation of 0.21 gm. The average mass of the Cone F2 projectiles
vas 22,38 gm with a maximm deviation of 0.22 gm. The differences in

mass in different projectile shapes are due to stability requirements.

15
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To obtain a desired impact velocity of 520 m/sec, a load of 80 grains
of Dupont IMR 406) powder was used for Ball shape and a load of 85
grains for Cone #2, Cloth cleaning patches were used to fill the re-
mainder of the cartridge. Projectiles vere seated by crimping the
cartridge neck into the sabot cerimping ring. The average impact velo-
city of the ball shape was 519,73 m/sec with a maximm deviation of
18.72 m/sec. For the Cone #2 shape, the average impact velocity was
535.02 m/sec vith a maximum deviation of 9,07 m/sec. The difference
in velocities withirn each shape is due to gas leakage around the sa-
bots and variations in projectile masses, A description of equipment
used and firing range geometry is included in Appendix A, Initial
velocity contact switches provided the time required for the projec-
tile to traverse a given distance, A camera triggered by a witness
plate provided evidence of projectile stability and proper orientation
immediately prior to impact, Residual projectile velocities wvere ob-
tained from flash X-ray photographs triggered by contact switches af-
ter impact. These photos also confirmed proper projectile stability,

lack of deformation, and orientation after impact.

Static Experiments

To study the static pressure component of resistance in the Nishi-
waki model, various thicknesses of 6061-T6 aluminum were penetrated
at various rates by all six projectile shapes. Plots of force applied
versus time were obtained during the penetration process. During the
quasi-static penetration tests, the targets were constrained in such
a manner as to confine the area of deformation to that experienced in

dynamic testing., Three penetration rates were employed, all differing

16
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by a factor of ten. The three rates were 8.46, 0.846, and 0.046
mn/sec. These tests were performed on the prototype Instron Model TT,
which is described in Appendix A. This machine records the total
force applied as a function of cross head displacement while applying
a load at a constant velccity. It is felt these penetration rates

closely simulate static conditions.

17
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IV, Results and Discussion

Results of Static Experiments

The relative consistency of results for the quasi-static experi-
ments i8 shown in Fig. 8. This figure contains the results for
the penetration of a plate of 0,476 cm 6061-T6 aluminum at crosshead
speeds of 8.46, 0,846, and 0,0846 mn/sec, by a cylindrical projectile
1,11 cm in diameter, The peak forces recorded during penetration at
these velocitiesz were 6100, 6180, and 6110 pounds, respectively. The
maximum deviation from the arithmetic mean, in this case, was less
than one percent, The Nishiwvaki static pressure coefficient (P,) was
determined from the results obtained from the penetration of cylin-
drical projectiles, The average experimental values of P, were found
to be:
7,17 kg/um? for 0,159 cm targets
17.8 kg/mm? for 0,317 cm targets
28,7 kxg/m? for 0,476 cm targets
The typical change in the nature of force versus time curves ob-
tained for different thicknesses of targets for the ball projectile
is shovn in Fig. 9. The average peak forces recorded during this
experiment were found to be 1317, 2773, and 5107 pounds for targets
of 0,159, 0,317, and 0.476 cm thickness.
The typical nature of the force versus time curves obtained for
all shapes against 0,317 cm targets is displayed in Pigs. 10 and 11.

The average peak forces recorded during these tests are as follows:

18
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Cylinder 3,813 pounds
Cone #1 3,003 pounds
Ball 2,TT3 pounds
Russian 2,250 pounds
Cone #2 2,000 pounds
Ogive 1,930 pounds
Optimal 1,830 pounds

It is interesting to note that the peak force observed during pene-
tration by the various projectile shapes is consistent wvith the rela-

tive efficiency of the projectiles as stated by Fields (Ref 6).

Discussion of Static Experiments

To determine the static pressure coefficient (P,), Nishiwaki ap-
plied a constant pressure to an aluminum plate and let the rate of
penetration vary. The lovest value of pressure that resulted in the
complete perforation of the target was used by Nishiwaki as the value
of Po. In this study, a varying pressure vas applied to the target
at a constant velocity and the peak value of pressure recorded during
perforation by a cylindrical projectile was used as the value of P,
The cylinder was the only projectile to offer a known area of contact
between the target and projectile up to the point of frecture of the
target material, The average peak value of pressure was used because
it wvas necessary to achieve that value to result in perforation.
Values of P, obtained in this manner closely approximate those deter-
mined by Nishiwaki, Attempts vere made to confirm the value of P,
from other projectile shapes but the results were inconclusive. The

area of intarface betveen projectile and target were calculated from

23



GAW/MC/T0-2

the Nishiwaki model and a commonly accepted value of a friction coef-
ficient between dissimilar metals of 0.5 was used to calculate the
maximum recorded load expected during quasi-static tests on various
shapes., The result of this analysis, both including and excluding
friction, indicated a much lower value of P, for various curved.shapes
than was determined for the cylinder. It is felt, however, that these
tests were not conclusive since the actual area of interface could not
accurately be determined and although the target after static impact
closely resembled one after dynamic impact, it could not be assumed
that the static tests on curved shapes closely approximated a dynamic
impact. Therefore, for purposes of this study, the values of P, de-
termined from tests with cylindrical projectiles were used and assumed
universal for the given thicknesses of target material.

Since Butcher and Karnes (Ref 3) found that certain material pro-
perties were a function of strain rate, an additional test to find
this dependence was performed, Target plates of all three thicknesses
were perforated in quasi-static tests performed at -193°C by pouring
liquid nitrogen over the targets during the entire perforation pro-
cess, It was hoped that this technique would be a static simulation
of a high velocity perforation., The resulting curves obtained wvere
similar in behavior for all projectile shapes when compared with
results obtained at room temperature (see Fig. 12). The percen-
tage change in peak force was different for each shape at a given
target thickness and the relative change for each shape at different
thicknesses was not consistent with the behavior at room temperature.
The implications of these results are that P, is not a linear function

of target thickness for any shape at low or high impact velocities,
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Po is not a constant value fcr all shape projectiles, and Po is a
function of impact velocity. It was not determined what impact velo-
city was simulated in the low temperature tests, but the results for
the cylinder indicated an increase in Po of 172 for 0.159 cm targets,
23% for 0.317 cm targets, and 16X for 0.476 cm targets. Although
there is evidence to the contrary, for purposes of this analysis the
experimentally determined values of P° were assumed to be universal
for a given thickness and constant over the impact velocity range used.
An examination of tbe perforated targets showed no visible differ-
ence between those used in static experiments and those perforated in
dynamic experiments. In addition, a similar behavior in plugging was

noted in both types of experiments.

Results of Dynamic Experiments

Table I through III list the experimental results for the seven
projectile shapes for each target thickness. The tables include pro-
jectile mass, impact velocity, perforation velocity loss, ratio of
velocity loss to impact velocity, and the ratio of kinetic energy loss
to impact energy. Tables IV through VI list a comparison of actual
¢xperimental projectile velocity losses with those predicted by
Nishiwaki and those resulting from the Modified Nishiwaki snalysis.
The quasi-static values of Po' as found on page 18, were used in all
calculations. Tables VII through IX compare the error between actual
projectile velocity losses and those predicted by the two forms of
the Nishiwaki analysis. Error is expressed in both difference in
velocity loss and percent of velocity loss. Positive error is defined

to be an over-prediction. That is, the predicted velocity loss is
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greater than that found experimentally. Negative error is defined to
be an under-prediction. In this case the predicted velocity loss is
less than the experimental velocity loss.

Against 0,159 cm targets, the difference between the actual resi-
dual velocity and the predicted residual velocity varied from an
average of only 1.36 m/sec for the cylinder projectile to 11.34 m/sec
for the Russian shape. For targets of 0.317 cm thickness, the average
error varied from 2.00 m/sec for the cylinder to 25.59 m/sec for the
ball shape. For 0.476 cm targets, the average error ranged from
1.51 m/sec for the cylinder to 32.65 m/sec for the ball. These errors
were determined using the basic Nishiwaki equations. 1In all cases
the velocity loss predicted by the Nishiwaki equations was less than
the actual velocity loss.

The Modified Nishiwaki equations resulted in errors of a lesser
magnitude. Against 0.159 cm targets, the average error ranged from
only 0.86 m/sec for the Russian shape up to 5.30 m/sec for the Ogive.
For targets 0.317 cm thick, the average error varied from only 0.81
m/sec for the Russian projectile up to 5.52 m/sec for the Ball.
Against 0.476 cm targets, the average error ranged from 1.51 m/sec

for the cylinder up to 8.38 m/sec for the Optimal.

Discussion of Dynamic Experiments

The reliability of the dynamic tests is determined by how
closely the basic assumptions were met. It may be assumed the testing
performed by Fields (Ref 6) adequately met the assumed conditioms.

For experiments with the ball and cone #2 shape projectiles, normal
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impact orientation was contirmed through photographs of the projecctile
immediately prior to impact. Projecctile stability and the absence of

projectile deformation after impact was corroborated by X-ray pictures
taken immediately after impact. For the Ball and Cone #2 projectiles,
only those experiments meeting the assumptions stated above were used

as data points.

The Nishiwaki assumption that targect particles are displaced
normal to the projectile surface was partially discredited by dynamic
experiments on the Ball shape and static experiments on all shapes.
X-ray photographs of the Ball projectile immediately after impact
reveal a plug leading the projectile., The diameter of the plug close-
ly approximated that of the projectile, implying dynamic effects simi-
lar to that of the Cylinder shape projectile. Static testing revealed
similar behavior for this projectile. In addition, it was discussed
that all shapes of projectiles tend to create plugs, given a suffi-
ciently thick target. In light of the above, it is not surprising
that the Modified Nishiwaki Theory is more accurate in predicting
residual velocities.

The magnitude of error in predicting residual velocities for the
curved shapes 1s in agreement with the relative penetration efficiency
of the projectiles as determined by Fields (Ref 6). A comparison of
the average percent error in predicting velocity loss for all projec-
tiles against all target thicknesses used is given in Figs. 13 through
18. It can be seen that the error in the Modified Nishiwaki predic-
tions corresponds to the probable plug size. For example, the Optimal
and Cone #2 nrojectiles, which would produce the smallest plugs, reveal

the greatest error. Assuming a smaller plug size would decrease the

39



GAW/MC/70-2

80
s
60
40
[}
o
/
~ 20 (%)
:\5
1 %]
o ’
| 9]
9]
3]
z o
ﬁ O Modified Nishiwaki
(4
§ B Nishiwaki Model
& =20
[4]
%]
1]
9]
g
L
=40
-60
/ﬂ
B8
-80 /
g
1 2 3
Thickness/O.lSQ - (em)

Fig. 13. Comparison of Velocity Loss Prediction
Error for Ogive Projectiles

40



GAW/MC/70-2

60

40

20 /

(o)

O Modified Nishiwaki

g Nishiwaki Model

=40

Average Prediction Error (2)
(
| 2%
o

-60

-80
ﬂ/

1 2 . 3

Thickness/0.159 - (cm)

Fig. l4. Comparison of Velocity Loss
Prediction Error for Optimal Projectiles

41



GAW/MC/70-2

20
O ©
o //////’?/,,,

(5]
8
w =20
© O Modified Nishiwaki
9]
=
o O Nishiwaki Model
T
o =40
L]
v
U
1)
A
)
o =60
1 ]

-+
—80 /
a2
1 2 3
Thickness/O.lSQ - (cm)

Fig. 15. Comparison of Velocity Loss Prediction

Error for Russian Projectiles

42

I — " S




GAW/MC/70=-2

. 0
i | 0 ¢
| -20 ® .
o~~~
~e
o’
o
5 =0 ® Modified Nishiwaki
t
g T Nishiwaki Model
z _
3]
ord
T =60
| ¥
=¥
%0
) a2
; /
> =80
< 5
-

1 2 3
Thickness/0.159 - (cm)

Fig. 16. Comparison of Velocity Loss Prediction
Error for Ball Projectiles

43



GAW/MC/70-2

0
o
-10 fﬁff\\\\\\\
®

~

Y]

o

bt

&

P ® Modiffed Nishiwaki

o

23 -30 O Nishiwaki Model

oy

o

]

¥

a.

& =40

)

o =

3: /
o
1 2 3
Thickness/0.159 - (cm)

Fig. 17. Comparison of Velocity Loss Prediction

Error for Cone #1 Projectiles

44




GAW/MC/70-2

O
80
40
(-]
Q ]
~ l
| ¥
o
50
43
- \/
8 4 o
0
3 © Modified Nishiwaki
V]
1%
9 B Nishiwaki Model
&
o
| %]
E =40
=
n\
-80 a
1 2 3
Thickness/0.159 - (cm)

.Fig. 18. Comparison of Velocity Loss Prediction
Error for Cone #2 Projectiles

45



GAW/MC/T70-2

predicted velocity loss and probably decrease the error. Projectiles
such as the ball and cylinder reflect the least prediction error.
This corresponds to the fact that these two shapes eject plugs almost
equal in diameter to the projectile, In addition, the magnitude of
tlie error for these two shapes is almost at the limit of experimental
&CCUracy .

Ballistic limit preus.cac... ueter cylindrical
projectile of varying mass against target.. of 0.159, C.317, and 0.476

em 6061-T6 aluminum targets are shown in Fig. 19,
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V. Corirlusions and Recommendations

Conclusions for Statiec Experimencis

The experimental teclnique used in this study to determine the
Nishiwvaki static pressure coefficient (Py) appears to result in a
reasonably accurate approximation for this ter=, Although there is
some evidence to the contrary, it seems reasonable to assume that P,
is universal for a given target thickness and constant for a lowv inm-
pact velocity range. The increase in impact velocity required to
result in a significant change in Py appears to be considerable. 1In
addition, the technique ueed in this study produced values of P, quite
similar to those obtained br Nishiwaki while taking much less time,

The force versus time reactions for various projectiles appear
to be consistent for all penetration rates and target thicknesses
used in this study. These curves are similar in behavior to those
that would be obtained if the Nishiwaki static pressure coefficient
term vere plotted as a function of penetration depth.

It appears possible to ascertain the geometry of a plug any pro-
Jectile would eject on dynamic impact, implying the mass and shape
of the plug might be predictable as a function of projectile geonmetry
and target properties.

Theoretical force versus time curves could possibly be used to
predict the projectile velocity loss due to the static reaction of
the target, leaving only a calcuiation of the energy imparted to the
plug to accurately predict residual velocity and projectile penetra-

tion efficiency.
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Conclusions for Dyunamic Experiments

The Nishiwaki equations proved to be quite accurate for cylinders
when the experimental value of Po was used. However, results for
other shapes rhowed relatively high error. 1In addition, the order
of magnitude of the integrating factor for curved shapes (Appendix D)
virtually e'iminates dynamic considerations of ejected plugs.

The Modified Nishiwaki Theory, which assumes creation of a plug
equal in diameter to the projectile for all shapes, resulted in fairly
accurate residual velocity predictions. A proper correction for the
size of the ejected plug could improve the accuracy of this approach.

With regard to experimental technique, sufficieat accuracy in
impact and residual velocities can be obtained using the system out-
liried in this study. It is possible to obtain projectile behavior
approaching the ideal as to impact orientation, no projectile deforma-

tion, and suitable stability after impact.

Overall Conclusions

The basic analysis by Nishiwaki, with the appropriate modifica-
tions, appears to lead to a plausible theory of penetration. While
the original Nishiwaki equations, which assume virtually no plugs,
tend to predict less of a velocity drop than actually occurs, the
Modified Nishiwaki tends to predict more of a velocity drop thanm is
observed experimentally. The magnitude of error appears to correlate
with the size of the actual plug ejected by the specific projectile
shapes. Although the magnitude of error in both analyses is still
too large, the apparent trend of the data seems to be approaching

increased accuracy.
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Recommendations

The following recommendations are based on the results and

experimental methods of this study.

b.

C.

d.

£f.

More static tests should be performed to attempt to determine
plug geometry and mass as a function of projectile shape and
target thickness.

These static tests should be extended to thicker targets of
6061-T6 alumii.um and expanded to include other types of
aluminum.

Additional dynamic tests should be performed, using the
techniques described in this study. To improve the signifi-
cance of the data and amplify dynamic effects, much lower
impact velocities and some thicker tarjets should be used to
increase the magnitude of the projectile velocity loss.
Further low temperature static testing should be performed
to determine the behavior of the static pressure coefficient
(Po) as a function of impact velocity.

Additional analysis of the force versus time data obtained
in static experiments could be made to see if penetration
efficiency might be determined in this manner.

Other forms of the Nishiwaki approach, as stated earlier in
this study, could be evaluated when additional data is

available.
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Appendix A

Description of Equipment

The Air Force Materials Laboratory Lov Velocity Impact Test Range
was used for dynamic testing in this study. This laboratory is lo-
cated in Building 4k, Area B, Wright-Patterson Air Force Base, Ohio.
The range is operated dy the University of Dayton Research Institute
under Air Force contract, The range equipment consisted of the gun,
sabot catch tank, velocity measurement systems, photographic system,
and flash X-ray systems, A diagram of range geometry ir shown in
Fig., 20.

The Metallurgy and Ceramics Research Laboratory was used for
static testing in this study. This laboratory is a division of the
Air Force Aerospace Research Laboratories, located in Building 450,
Area B, Wright-Patterson Alr Force Base, Ohio., The Instron Model TT
vas used in the static tests and a diagram of the apparatus is given

in Fig. 21.

Gun (Ref 1:7)

The gun is a Frankford Mann universal mount with a 50 caliber
barrel, rifled for one ravolution per 25.4 cm of travel, The projec-
tiles and sabots vere loaded in 50 caliber cartridges and percussion

fired by a remote control electric solenoid.

Sabot Catch Tank (Ref 1:15)

The copper sabots were trapped in a steel sabot catch tank located
50 ecm in front of the gun barrel. The projectile and sabot entrance

hole is 38 cm in diameter while the projectile exit hole is 8 cm in
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diameter. The sabots were stopped by seven layers of plywood.

Contact Switches (Ref 1:19)

Aluminum foil and mylar were sandwiched to provide switches to
trigger the velocity chronographs, photographic witness plate, and
X-ray equipment, A potential of 600 volts was applied across the
swvitches, triggering an electrical pulse vhen the switch was perfo-

rated by the projectile.

Chronographs (Ref 1:19)

Initial projectile velocity wvas determined by measuring the time
required to transverse the distance (1.2 m) between two contact
svitches located 1.8 m and 3.0 m in front of the target, This time
was recorded to the nearest microsecond by a Beckman Universal EPUT
and Timer, Model T360A, Initial velocities were calculated within
0.05m/sec, A Beckman/Berkly Universal EPUT and Timer recorded, to
the nearest microsecond, the time elapsed betwveen X-ray photographs.
Residual velocities were calculated from the time recorded and the

displacement of the projectile recorded on the two X-rays.

Flash X~ray System (Ref 1:21)

Projectile residual velocities, orientation, and stability wvere
determined from X-rays taken vhen the projectile was approximately
30 cm and 100 cm past the point of target impact. Two 150 kv vlash
X-rays were used, The system included two X-ray heads located along
and 120 cm above the trajectory, two film cassettes located directly
belov the heads 26 cm below the trajectory, and a Field Emission

Corporation Model 154 four channel control unit. The X-rays vere
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triggered directly from the contact switches,

Static Test Equipment

The prototype Instron Model TT wvas used in quasi-static penetra-
tion tests, It is capable of recording a maximum applied load of 50,
000 pounds in either tension or compression, It provides constant
penetration rates from 8,5 mm/sec down to 0,0002 mm/sec, A diagram

of this equipment is given in Fig., 21.

56




GAW/MC/70-2

b

B G g o i ol i iy
In . 2 .- - C i i
—— 1 - au - - - I ERCELEE - - ! P
A=V oo vy 1 B = Ll :
) ey At E = = e s s . :
iy SR (N S S T = = 1o &
i (W [0 el 0 et , - e % o
. B S I B . B (9 o
a a
= = — — T . e~ q +——1-
2 o L Th (HE |- L
= z 2a il bl - = - —= . -
S (o = i : o _
i N - . ) ]
-t -- < oo . :
_ w00 ® b S S S
— S - [ -V VI .
N - ceEwmoOx _
€ Lo
i i S o =
-~—— - - q n - - —
ol N IR S e e :.1
g el SRS (W
P (e = - - - - - o
-t e IR SR - - = - o o
—F R - - . . — .- _— | YY) .
b . . n - = - = & o .
m ~_ | __1_
(-]
S S - - i - R - o :
c R —- - - 3 2 = (¥
19 S B . = : . L
T : I ) _ b
- t - ” N
5 EERE ST T MRS P 3

Fig. 21.

Schematic of Instron Model TT

57




GAW/MC/70-2

Appendix B

Projectile Deligg

The Ogive, Russian, Optimal, Cylinder, and Cone #1 shaped projec~
tiles used in this study were left over from the experiments conduc~
ted by Fields (Ref 6). The Cone #2 and Ball design vere manufactured
for this study. All projectiles were made of 1.11 cm diameter tem-
pered steel drill rod. Each projectile wvas notched to provide a
method to crimp the sabots to the projectiles. The relative shape of

the projectiles is given in Pig. 23.

CRIMP) | > £ =<T :
V=NOTCH-  CRIMPING RING

Fig. 22. Sample Projectile and Sabot (From Ref 6:153)

Projectile Sabots

The sabots vere manufactured from half-hard copper tubing 0,89 mm
thick, 1.27 cm in diameter and 3.49 cm in length, The tubing wvas
split lengthwise to form the two sabot halves., A 0.127 mm deep groove,
0,8 nm wide, was cut in the outer surface of the sabot a distance of
6.4 mm from the base, The cartridge wvas crimped into this groove
during loading. A diagram of a sample projectile and sabot is shown

in Pig, 22.
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Ogive Shape
This shape was patterned after the core of a U.8., 50 caliber ar-

mor piercing bullet, The Ogive projectiles vere 3.49 t 0,01 cm long

with an average mass of 19,31 gm (Ref 6),

Russian Shape

The Russian shape wvas designed from the core of a 1k,5 ma Russian
armor piercing bullet, Its length was 3,17 £ 0.01 cm with an average

mass of 19.66 ga (Ref 6).

Optimal Shape

This projectile was designed from Kucher's equation (Ref 15:11)
for an optimal penetrator of thin plates. The total length was 3.49

+ 0.01 cm with an average mass 19.38 gm (Ref 6).

Cone #1
Thie Cone vas 3.17 £ 0,01 cm in length with an average mass of

19.7 gn. The nose cone had a semi-vertex angle of LS degrees {(Ref 6).

Cone f2
This Cone was 4,23 £ 0,01 cm in length vith an average mass of

20,82 gm. The nose cone had a semi-vertex angle of 15.1 degrees.

Cylinder
The cylindrical shape was 2.86 ¢ 0,01 cm in length with an

average mass of 19.88 gm (Ref 6).

Ball

The Ball shape vas a hemispherical nose shape of radius 0,555 em.

The cverall projectile was 3.0k t 0,01 cm in length with aa average
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mass of 20.65 gm.
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Appendix C

Data and Data Reduction

In this investigation, data was odiained from three basic measure~
ment techniques; a chrounograph for initial velocity, timed X-ray photo-
graphs for projectile residual velocity, and the Instron Model TT for

static pressure loads.

Initial Velocity Data

The initial projectile velocity was calculated from measurements
of the time required to travel a measured distance betwveen contact
svitches, A chronograph recorded the time to the nearest microsecond
and the velocity determined to the nearest 0,05 m/sec with a maximum

error of * 0.25%. .

Impact Velocity Data

A projectile of each shape (Ball and Cone #2) was fired dovnrange

with no target, Initial and residual velocities for aerodynamic drag
were calculated. A drag force proportional to the square of the velo~

city vas assumed, The equation of motion used wasi

2 a
DVZ = m S5 (10)

vhere m is the projectile mass, V is the projectile velocity, and D
is the drag coefficient. A computer program wvas used to determire

the drag coefficient, and impact velocities directly.

X-ray Measurements

The basic purpose of the flash X-ray measurements wvag to deter-

mine projectile residual velocities and orientation, and as a method
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of observing any plugs.

Relative positions betveen the two X-rays vere measured with a
scale prepared from X-ray photographs of a reference positioned along
the trajectory, Wire cross hairs on each film holder and drill holes
in the reference provided a measurement of the distance traversed by
the projectile between the two X-ray photographs. The time between
X-rays was measured to the nearest microsecond by chronographs. Pro-

Jectile residual velocities were calculated from these measurements.

Static Pressure Measurements

The Instron Model TT was used to measure, to three significant
figures, the total load aleng the axis of a projectile during static
penetration, Both the rate of penetration and chart speeds wvere con-
stant during the tests. The resultant c‘hartu, therefore, display both
force versus time and force versus depth of penetration. The plot of
force versus time for the cylinder was used to determine the static
vressure coefficient (Po), since curves for all other shapes included
a component of surface friction not taken into account in dynamic im-
pact. The average peak value of the force curve at all three penetra-
tion rates vas used as the load and the cross sectional area of the
cylinder used as the area o determine P, for each thickness., The
experimental values of P, wsre not linearly proportional to the tar-
get thickness, as claimed by Nishiwaki, so actual values were used in

all computations., The value of P, for 6061-T6 aluminum wvas found to

(7.17) xg/mm? for 0.159 cm targets

(17.8) xg/mm? for 0.317 cm targets
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(28.7) kg/mm? for 0.476 cm targets
The area of deformation was confined by plates on either side of the
target material to maintain a deformation area equal to that observed
in dynamic tests. Any difference in target appearance after penetra-
tion by dynamic and quasi-static methods was not detected by visual
observation, It is felt, therefore, that the static penetration tests
closely approximated the dynamic behavior of perforation, Sample
typical force versus time plots for all shapes against a given thick-
ness are shown in Figs. 10 and 11, Typical plots shoving the varia-
tion of force versus time for various thicknesses are shown in Pig.
9. The consistency of the data for a given shape and thickness for

different penetration rates is shown in PFig. 8.
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Appendix D

Solution of Nishiwaki Equations

Solution of Nishiwaki Equation for Curved Shapes

For hemispheric nose shape projectiles, the Nishiwaki equation

reduces to:

2
M-%% --2P [ (r-x) dx - !-%IE / (r—x)3 dx (11)
r

vhich can be written:

dv

&k ) - vzng(x) (12)

The general development of the equation, within the appropriate

limits, is as follows:
VdV = K £(x) dx - vK,g(x) dx (13)

2VdV + v2 2K g(x) dx = -2K £(x) dx (14)

d (vzef 2"23(")‘"‘) - -2k, [ £(x) of Tpgax o0 (g

el zng(x)dx was evaluated for

The value of the integrating factor,
all values of x over the limits and was found to vary between 0.9865
and 1.000 in value. This accounts for the large errors in predicting

residual velocity for severely curved shapes since the dynamic term
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is virtually eliminated. This implies there would be no plug, or a
small one at best, for the Ball shape projectile. However, X-ray
rhotographs of the Ball projectile immediately after impact show a

plug leading the projectile. The diameter of the plug closely g
approximated the diameter of the projectile, implying dynamic effects
similar to that of the Cylinder shape. For other projectiles with a
curved nose shape, similar differential equations result. Residual
velocity calculations for all curved shape projectiles included

approximation techniques on the integrating factor.

Solution of Alternate Analysis of Nishiwaki Model

For the free body diagram included in Fig. 4, the equations of
motion for the projectile, static target material, and impacted target
material may be written.

For a projectile of mass M, velocity V, and a net interface with
the target ol area A, the equation of motion is:

dv
Mg ™" ) F, dA; sina (16)
A
Since the sum of forces acting on the static target material is

zero, the equation of motion of the target may be written:

{ F, dA sina - P - { Gy dA, sina =0 (6%))

The displaced particles of target material are assumed to move
normal to the projectile surface with a velocity equal to V sin a,

the equation of motion for these particles may be expressed:
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) ov? stn’

L a dAi - { G1 clA1 sin o (18)

Summing the three equations, the net equation of motion for the

system may be written:

34dA (19)

u—--*-vazun 1
[fs

de
1f one assumes that the resultant force P is composed of the
sumnatior. of forces per unit area normal to the projectile surface

acting on the area of interface, then the force P may be expressed as:

P= { Pi -1.n a clA:l (20)

This results in an equation similar to that derived by Nishiwaki:

H%—%--{(Pi-bpvz sin® a) sin a dA, (21)
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