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ABSTRACT

A series of tests was carried out to provide

information on the behavior of projectiles impacting

two types of armor materials at oblique and normal

incidence in the velocity range 1000 ft/sec to 4000

ft/sec. The armor materials were a titanium alloy

and a high test steel and the projectiles used were

high tensile steel cylinders. The report includes

the results of tests to determine the yield character-

istics of the armor at high strain rates.
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Further Studies of the Behavior of Light Weight Personnel

Armor Materials

The test program reported here is an extension

of previous work on penetration of light weight personnel

armor materials which was reported as "Phenomena of

Penetration in Light Weight Rigid Personnel Armor

Materials" by J. W. Corcoran and J. M. Kelly, December,

1961, which included a survey of present knowledge in the

field of impact phenomena and of relevent theoretical work

in this field. It described a series of tests on projectile

impact and a technique for the determination of the yield

stress of a material at high rates of strain.

The present report describes a further series of

tests of this kind. The report is essentially in two parts,

the first dealing with the oblique impact test series and

the second with the high strain rate tests.

- 1-
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1. Projectile Impact at Oblique Incidence

INTRODUCTION

A series of tests were carried out on the impact

of projectiles in the velocity range of 1000 ft/sec to

4000 ft/sec directed at 450 incidence on two types of

targets. The target materials were a titanium alloy and

a high tensile steel. Initially the projectiles used were

60 mg steel spheres but later tests used steel cylinders.

Tests of impact at normal incidence was carried with the

same projectile velocities as the oblique impact tests to

provide a comparison test series. The results of test

series show a marked superiority in penetration resistance

and energy absorption of the oblique armor. Quantitative

data on these properties is included in this report and

discussion of qualitative information which has been gained

from the records is also included.

EXPERIMENTAL TECHNIQUES

The projectiles used in this test series were

0.220 in. dia cylinders of 4340 steel. The dimensions

of the projectile are shown in Fig. 1.1. The length of

the projectile was chosen to provide a weight equal to

that of the standard 220 Swift lead bullet which has a

muzzle velocity of 4100 ft/sec. It was conjectured that

-2-
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the steel cylindrical projectile of equal weight would

be capable of the same peak velocity. Lighter projectiles

have been found to have a lower muzzle velocity due to

their more rapid acceleration in the barrel. The diameter

of the projectiles was chosen a few thousands less than

the bore of the rifle and a dead soft copper sealing ring

was provided on each projectile as a gas retainer.

The projectiles were fired from a 220 Swift

Winchester Rifle which was converted to electrical operation

and fitted to a stand. The various velocities used in the

tests were obtained by removing the lead bullet from the

regular 220 cartridge and removing a portion of the powder

load and inserting the steel projectile. The resultant

muzzle velocity was found to be a reproducible function

of the powder load.

The camera used in the tests was a Model 326

Dynafax Camera which is a continuous writing (non-

synchronized) camera capable of 36,000 pictures per

second. Illumination was provided by a Model 357 Zenon

Flash as a backlight, which was triggered by the projectile

penetrating a foil switch. The setup is shown in Fig. 1.1

and the operating circuit is as follows. A signal from

the operator opens the camera shutter which in turn sends

a signal to the gun which fires the projectile. When it

is a few feet from the target plate, it penetrates a foil

switch and completes the flash light source signal. This

light source is adjusted to provide illumination for one

complete cycle of the camera thus providing 220 usable

frames over a period of 6.1 millisecs.

-3-
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The materials used for the target plates were:

a) A 110 AT Titanium Alloy containing 5% Al, 2.5% Sn.

b) Single vacuum melted 4130 steel, quenched and tempered

to a Rockwell hardness of C47.

The target plates for both oblique and normal

incidence were cut to 4" square. The mass of the target

plates is given in Tables 1.1 and 1.2.

It had been planned initially to use 60 mg steel

spheres as the projectiles and a short series of such tests

with titanium targets at oblique incidence were carried out.

It was found that the test records from these shots were

extremely difficult to read due to the small image size of

the pellets. At the necessary demagnification the image

represented only a few resolved lines on the film and this

constituted a source of inaccuracy in the reading of the

records. To improve the accuracy the test series was

modified as described in this section.

QUANTITATIVE RESULTS

Data obtained from the test series are given

for the steel targets in Table 1.1 and for the titanium

targets in Table 1.2. Typical records obtained with the

Dynafax Camera are shown in Figs. 1.3 and 1.4. Fig. 1.3

shows the most energetic oblique impacts for both materials

and in Fig. 1.4 are shown the same velocities in normal

impact.

-5-
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The tables include impact velocity, target

and projectile velocity after impact. From this data

a momentum balance and an energy balance has been

constructed. The energy balance is similar to that

obtained in the previous test series, in that the bulk

of the energy is dissipated in plastic work of the target

plate. The momentum balance in this case is less

satisfactory than in the previous case. The difference

of the sum of the momenta from zero is, in some cases,

rather more than a few percent of the incident momentum

and may be due to two causes. One is that the target

plate velocity is generally less than 50 ft/sec which is

close to the lower limit of accuracy of the photographic

system which is designed for higher velocities - in the

range of 1000 ft/sec to 4000 ft/sec. The fixity of the

plates is another source of error in this case. However,

it is clear'that the bulk of the momentum, is transferred

to the target plate when the impact velocity is close to,

or lower than, the minimum velocity of penetration. The

least momentum transfer takes place in the high velocity

impacts shown in Figs. 1.3 and 1.4. It is clear from the

tables that more energy is transformed into plastic work

by the oblique targets than by the normal targets in

those cases where penetration took place. Comparison of

the results for #551 and #553 shows that this is 1.80

for steel and from #550 and #552 it is 1.20 for titanium.

In the previous report a method was given for

the estimating of the pressure in the impact zone at the

instant of impact which, based on the Hugoniot-Rankine

equations for shock waves, gave the pressure P

-8-
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P vp vD

where p D are the density and shock wave velocity of

the material and v0 is the impact velocity. Similarly

the compression strain was given as

e= vj2D

These formulae are valid only for the case where

the target and the projectile are of the same material and

thus requireextension in the case of the titanium targets.

(Extension is also necessary in the case where both target

and projectile are steel since steel undergoes a transition

at a pressure of 131 kilobars and normal temperature from

body centered to face centered structure and accordingly

the pressure-specific volume relationship on the Hugoniot

is discontinuous at this pressure.) Reference should be

made to Rice, et al (2) for a discussion of this phenomenon.

The pressure and shock strain in two types of

impact (steel on steel and steel on titanium) have been

computed by a graphical technique which, since it does

not appear to have been used in this context before, we

will describe in some detail. In this technique we utilize

graphs* of the pressure-shock particle velocity relation

for both target and projectile. Immediately after impact

there is a leftward moving shock in the target and a right-

ward moving shock in the projectile (assuming that the

projectile impacts the target from the right). The conditions

*Fig. 1.4.1 and 1.4.2 - For convenience in performing the
graphical analysis to be described, these are enclosed in
an envelope at the rear of this report.

- 11 -
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at the interface are that the pressure and velocity should

be continuous. Let u be the particle velocity behindt Up t

the shock in the target and u the particle velocity behindUpb

the shock in the projectile. Then, since the target is at

rest and the unshocked portionof the projectile is moving

with velocity vo, the velocity of the interface on the

target side is u , and on the projectile side vo - u
Pt P

from which we conclude that

vo = upb + UPt

Accordingly if one of the graphs is inverted and they are

placed together such that the origin of the inverted graph

is at the point up = v0 on the other graph, the point of

intersection of the two graphs represents a point at which

the pressure and the particle velocities satisfy the

conditions at the interface.

In order to use this technique accurate values

of the pressure-specific volume relationship on the Hugoniot

are needed for both materials. Data for titanium and iron

are provided by Rice, et al (2). Data for the particular

steels used here is not available but it seems not unreasonable

to assume that the effect of alloying elements is mainly on the

shear strength of the material, which is important for

pressures up to the order of 200 k.s.i., negligible compared

to the pressures used here. When the pressure has been

evaluated by this method, the shock strain, e, is obtained

directly from the pressure-specific volume relationship by

use of

- 12 -
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E =1-V/v 0

where v is the specific volume at pressure P and v0 the

specific volume at zero pressure. Fig. 1.4.3 shows the

pressure-strain relation for steel.

Computed values of the pressure and the shock

strain are given in Tables 1.1 and 1.2. We note that for

the titanium target the pressures are less - at the same

impact velocity - than for the steel target, and that the

shock strain in the titanium target is greater than that

in the steel projectile. These pressures are valid only

in the impact zone. After the instant of impact, the

pressures at the shock fronts are reduced by spherical

divergence as the shock wave progresses into the target

and by side rarefactions as it travels down the projectile.

The results show that the oblique targets offer

a considerable improvement in penetration resistance over

targets at nornal incidence. In the steel targets, of the

four impact velocities only the highest velocity penetrated

the oblique target while only the lowest velocity failed to

penetrate the normal target. The titanium targets gave a

similar improvement.

The effect producing this improved penetration

resistance appears to be the reduction, due to the oblique

angle, of the normal component of the impact velocity. The

result of each oblique impact test appears to correspond in

a qualitative way with the normal impact test having the

velocity of cos 450 times the velocity in the oblique case.

- 13 -
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ThiAs correspondence cannot be made complete owing to

the limited number of tests performed, but it could be

of importance in further work along these lines.

Of considerable interest in a test series of

this kind is the phenomenon of ricochet. This is basically

the reflection of the projectile after impact with the

armor. Also of interest is the motion of the projectile

in those cases where penetration took place. Data on the

refraction and reflection of the projectile are given in

Table 1.3. It is clear that when penetration occurs, the

projectile is refracted toward the normal of the plate and

the angle of refraction appears (on the basis of two test

records) to increase with decreasing velocity. Reflection

in all cases exhibits the characteristics of fluid impact.

The projectiles remain close to, or in the case of the

steel targets, actually on, the surface of the plate. This

is in contrast to the elastic rebound problem which would

give in this case e* = 900. That the reflection is of the

fluid type is only to be expected in view of the shock

pressures in the impact given in Tables 1.1 and 1.2. In

Shot #556, the target was not penetrated but was fractured

and the bullet was brought to a standstill. The fractured

portion of the plate was thrown off at a velocity of 340

ft/sec at an angle of 330 to the normal of the plate. This

is shown in Figure 1.4 together with other cases of impact

on titanium targets. Sketches of impact on steel targets

are shown in Fig. 1.5 and in Fig. 1.6, we have included

the four lowest velocity impacts on steel and titanium

targets.

- 14 -
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QUALITATIVE RESULTS

In addition to the results shown in Tables 1.1

and 2.3, the records provide a considerable amount of

information of a qualitative nature on the phenomena

involved in impact at oblique incidence. It is clear

from the records shown in Figs. 1.2 and 1.3 and in the

sketches in Fig. 1.4, 1.5 and 1.6 that the projectile

after penetration of the oblique target is in a considerably

more fragmented state than after the equivalent normal impact.

This may account for the increase in energy absorbed by the

target when penetration occurs in the oblique case. It is also

clear, from the records in Fig. 1.2 and 1.3, that the spall

from the titanium target is inconsiderably smaller fragments

than that from the steel target which appears to be in the

form of fairly large flakes. This is probably due to the

pre-test treatment of the steel targets.

The behavior of the reflected projectile in the

case of the unpenetrated steel targets where it moves after

impact very close to the face of the plat% may be due by the

fluid behavior of both materials under the point of impact,

and may also be affected. by the over-all elastic behavior of

the entire plate. These two effects are very clearly shown

in Fig. 1.7 which is the record of low velocity (1650 ft/sec)

normal impact on a titanium target. The region of impact is

considerably deformed but not penetrated and the large over-all

elastic deformation which is possible is clear from the record.

- 19 -
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The plate is seen to perform a number of oscillations in

the period covered by Fig. 1.7 and in addition to the

oscillatory motion it moves forward at a velocity of 52

ft/sec rotating about all three axes. The bullet rebounds

at 38 ft/sec and shows a steadily increasing plastic defor-

mation even after it has separated from the plate.

In Fig. 1.8 are shown the post impact appearance

of the target plates and some of the recovered projectiles.

The improved penetration resistance of the oblique targets

is clear from the photographs as is the increased area

involved in the impact. The flaking effect of the steel

targets, already discussed, is clear from these pictures.

- 20 -



H

- 4.

bo

0

Cd

r4.

21 -1



Fmm

2U

q'i555" 556 "

Fig. 1.8 Post Impact Appearances of Target Plates and Projectiles

- 22-



10 I

n) l) 0V I1

E-4- E- P'

Co C)~ C')

E- I c r I II-
0I w

~ 1 U2 0 0 1

0.

I C

.~~ L~OQI

t3,.4 IO m 1

01

E-44

En :. 0C 4 C-

E-4 I c m I

- 23



SINC.
SAN CALOO. CALIFORNIA I

RD 103

2. Yield Stress Determination at High Strain Rates

INTRODUCTION

The final report on the previous stage of this

contract included an introductory survey of dynamic yielding

in materials and provided a brief survey of relevant

experimental work available in'this field. Results of a

series of tests on aluminum at high strain rates were given.

Since the technique used was described in detail there, only

a brief description of the test procedure will be given here.

For details, reference should be made to the previous report.

EXPERIMENTAL TECHNIQUE

The test uses a thin cylindrical shell of the

test material, filled with water and having a cylindrical

explosive charge located along its center line. This

explosive charge is ignited at one end causing a shock

wave which moves outward through t1h water to impact the

metal tube accelerating it radially outwards. The shock

wave in the metal, on reaching the free surface, reflects

as a rarefaction wave, and, on reachingthe water-metal

interface, causes the water to cavitate. The tube is then

isolated from the water and moves under its own inertia

losing kinetic energy by plastic deformation.

- 24 -
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The test geometry is shown in Fig. 2.1 and

the equation governing the motion is

V 2  2s u

V pV

Thus, plotting V2 as a function of AR provides a descending
2s

straight line, the slope of which is p- -. The strain rate

is dE V

In the present series of tests the metal under

study was a high tensile steel (4130) tempered and quenched

to Rockwell hardness of C47. The tubes were six inches

long and had a diameter of three inches and wall thickness

of one tenth of an inch. This size was chosen as a result

of experience with the aluminum tube tests. It was found

that a reloading wave was produced by the reflection at;

the water-metal interface of the initial shock wave in the

water causing it to run back to the center of the tube and

reflect at the center as a secondary pressure pulse. The

time from the first impact on the metal to the second is,

for the three inch diameter tube, of the order of 50 micro-

secs which is greater than the period of observation of the

test. For tubes of a smaller diameter, the period between

the impacts is proportionally shorter and may not exceed

the observation time of the experiment.

A further refinement of this test series was

the use of a combined framing and streak camera as the

recording instrument. In this camera the framing section

- 25 -
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and the streak section record simultaneously the same

event. It has the advantage that the streak record provides

a continuous record of the displacement of the tube wall thus

allowing very accurate velocity determinations. The framing

on the other hand, allows the region of the tube under study

to be examined for signs of fracture and the propagation of

cracks.

RESULTS

The arrangement is shown in Fig. 2.2. Figs. 2.3

and 2.4 show typical records obtained by the simultaneous

camera. The record of Fig. 2.3 (Shot #589) represents the

lowest initial velocity and highest mass ratio. In this

case the tube did not fracture completely but Just cracked

slightly; the maximum strain reached was 4.4%. It should

be noted from the record of Fig. 2.3 that the tube actually

recovers some strain (the velocity becomes negative). This

would indicate that at this stage the tube is unbroken.

Other records, not shown, in which the tube wall approaches

zero velocity, and the tube is found after the test to be

totally fractured, leads us to conclude that the reloading

wave discussed previously may ultimately destroy the shell.

The record shown in Fig. 2.4 (Shot #586) represents

the highest initial velocity and here failure of the shell is

apparent while it retains a high velocity.

A typical data plot is shown in Fig. 2.5 and it
can be seen from this curve that the V2 against A curve

well represented by a straight line over the entire range of V.

-28-



0)
co

4)
4-)

4-)

C)

C)j

ci)

-29-c



0

4-,

E-4

Cd

0

F4

4
4I2

300



INC.

SAN CARLOS, CALIFN.
RD 103

There is some scatter in the data points but there is no

evidence of a systematic trend away from a straight line.

Since the velocity, V, is a measure of the strain rate,

this can only imply that over the range of strain rate

covered by this test (from 2200 ft/sec to zero) the yield

strength of the material is sensibly constant. Indeed,

this result is reflected in the other tests. In Fig. 2.6

the computed yield strengths and the range of strain rates

covered in each case are plotted. If it is accepted that

the result of test #585 is not anomalous then it must be

concluded that the dynamic yield strength of this material

is independent of strain rate in the range of strain rate

from zero to 4500 per sec.

- 31 -



0

o) C ) C0 0 0)

C)4> C) ) ) C4

-32 -



C
C)

Q.0

C>

C

U')

P

C/U)

E-A

CO

0

U)

o

U) -4

CD LO CDU

-3



tin
IC/) I

144

14W

co IV WO

LO CO c LO (2

4--

I~I 4-4

0 (0

I ~ 1 )(Ll)U) I --I

101

LO I O LO U'
C/))

1(0 
1

flQ~')LCW34-



INC.

RD 10 3

CONCLUSION

From the results of the oblique impact tests,

it is possible to conclude that the oblique armor has

a greater penetration resistance than the normal armor,

apparently in accord with the reduction in the normal

component of projectile velocity which is provided by

the oblique angle of the armor, and it has a greater

potential for the absorption of energy. We have also

noted that the bullet on penetrating the oblique armor

is in a considerably more fractured state than after

penetrating normal armor at the same velocity. It has

also been shown that after penetration the projectile is

refracted toward the plate normal and when it does not

penetrate it moves very closely to the plate surface.

We attribute this fact to fluid behavior of the target

plate and the projectile in the impact zone.

The series of strain rate tests on steel has

confirmed the value of the method established by the

previous test series on aluminum. In addition to its

application to the study of light weight armor materials

it is felt to have application in many other problem

areas. As an example we quote only the field of metal

forming by high explosives. In this case the test would

be useful in obtaining the material characteristics at

high strain rates but would also be valuable in studying
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the fracture susceptibility of the material when subject

to shock wave impacts. In addition, since it closely

resembles the actual metal forming operation, it could

provide a simplified test to study the basic mechanics

of this technique.
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