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ABSTRACT

fihen devising and tesiing lipght weiglit srwmor structure: for defense
aguinst small caliber AP bullets, it is laportent to know to whul degree &
structure's effeciiveness depends upon Ll.e special penetreting churucteristics
of the projectiles. Speciul charucteristics are presented by smull caliber
AP bullet penetretions duc to the importent effects of the copper clloy jacket
upon penetreztion. 4 study hes been made of this fector by compering impactis
of cecliber 30 AP bullets upon test plates of mild steel and STS arnmor with
impacts upon the same plutes of the AP core of the cbove bullet minus the
jacket. Results obtained show that the jacket does pert of the work of pene-
tretion and sssists penetrction by increasing amounts as the veloeity increwses.
This effect, however, is negztive (requires increzsed bullet velocitie: for
penetrstion compored with the velocity required for pemetrution by en AP core
ritbout the jacket) below & charccteristic velocity which increzses with the
hardness of the armor plate. Hard fauced armor, therefore, has en obvious
edvantage sgainst these smull caliber AP bullets.

Tre above results furnish sn explenution for tre difference in pemetrition
characteristics of small caliber AP tullets and lorge projectiles &gainst STS
sroor plate. In fuct, curves of F(e/d,0) vs. e/d plotiec for impucts cf
caliter 30 AP cores (minus the jacket) against STS armor plate show close
similerity to these curves as obteined for impucis of major culiber projectiles
on STS armor plate in spite of the extreme scale ratio.
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AUTHORIZATION OF PROBLEM

6 1. This problem was authorized by Bureau of Ordnance letter
513-1(4/173) Q8 of 13 December 1934.

INTRCEUCTI

2 Smell caliber srmor-piercing bullets have relutively & very
special construction. Genercl understunding of the functioning of the type
of projectile light armor must frequently defeat requires increzsed knowledge
of the effect of the copper alloy jacket upon the penetreation of AP bullets.
In order to obtain the desired elementary facts with the least confusion of
conditions, the test plates were confined to two standard materiuls, mild
steel (annealed boiler plate) and STS armor plate.

' 3. Caliber 30 AP bullet penetrstions of materiuls like STS armor,
cold-rolled steel, mild steel, etc. show a jacket crater. The jacket penetraies
various distances into the metal end at extreme velocities the jacket completely
penetrates the plate. At oblique angles against STS plste and at all angles
against fuce-hardened armor plate the jacket supports and temds to prevent
breakage of the steel core during early stages of impact.

4e It is not at present possible to make & complete study of the
latter effect. As a result of the development et the Naval Resesrch Laboratory
of a technique for producing and controlling impacts of bare AP cores against
pletes, it has been possible to study the action of the jacket in cases in
which the core does not bresk. .

5 Various thicknesses of mild steel (annesled boiler plete) were
penetrated at a wide range of velocities. The residusl momentu were recorded
by a ballistic pendulum and residual velocities deduced. In order to study
impacts by the AP core without the jacket, subject plates were fired at
through a thickness of mild steel sufficlent to strip off the jacket. The
jacket stripping plete was placed normcl to the bullet trajeclory and one to
1-1/2 inches in front of the test plate. Estimates indicated that the very
small changes in trajectory direction imparted by the first plate did not
appreciebly affect the penetrations in the second plzte. There was evidence,
however, of angulur velocity about a trensverse axis which would amount to
a considerable deflection of the core axis at lerger distunces bshind the
mild steel stripper plate. For instunce, the extent of the deviztion varied
from a few degreesc to the order of 40° :t 20 inches from the mild steel plzte.
As a further method of estimating the smownts of exiszl deviztion present ct
impact, the orientstion of the perforations in the second plste were curefully
examined. Presumebly these orientations will show & lurger deviation than
will the bullet exis at normel impact. At the separations used (1-1/4"),
the deviutions shown by the bullet holes were not larger than four degrees
except in rare instances. These cases were rejected from the final data.

6. As much ss two degrees of yaw, on the average, may have beon
present when the AP core struck the second plate. The effect of this
deviation of the projectile axis, which increases the sectional area punched,
is not well known quantitatively. A four percent increcse in F(e/df) is
perheps a reasonable estimate for the normel impacts of the AP core. No
attempt was made, however, to adjust the data for the effect of this angular
deflection. The conclusions drawn are not affected in any importunt manner
by a moderute increuse in plete absorption of energy resulting from the
increased section of the plate punching. It was assumed, therefore, that,
at the small plate separations used, the cores were traveling essentizlly
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true with the original flight direction wnd with velocities which could be
determined from the bzllistic pendulum duta.

T The energy absorbed from the incident AP core was obtuined &5 &
function of the core energy at impact; first, with full bullets, then with
stripped AP cores, striking the sume plete. This procedure wus curried out
for various thicknesses and at two obliquitles for mild steel, STS sarmor plzte
and STS armor plete reheut-treated to grester hardness.

KETHODS

8. The gun, bullets, and ballistic pendulum used for this study eare
the seme as those described in Naval Research Laboritory Report 0-1429 of
Merch 1938.

9. The plates used to remove the jacket from the AP core werc of
thicknesses from 1/4" to 1/2" annealed boiler plate and will be referred to as
stripper pletes. Data on the residusl moments of cores after penetraiing
various thicknesses of stripper plate were used to determine the residual
velocity curves showm on Plate 1. By use of this chart and severul stripper
plates, impacts of the stripped AP cores at a desired series of velocities
could be obtzined. Individual differences between stripper plates were suffi-
cient, however, to justify the use of individual calibration curves for the
stripper pletes in the final reduction of dats to estimate the velocity of
the stripped AP core st impact.

l10. The AP cores sveraged 87.5 grains in weight and 0.255 inches in
diecmeter. It has recently been found possible to fire these AP cores ground
to a dismeter of 0.245 inches, tinned and finished to & dizmeter of 0.257
inches, in the ctlibter .25 rifle previously used for photoclestic study of
impucts. The low resicual velocities of stripped AP corec obtzined ut pene-
trations of siripper plcte near the limit velocity were not accurctely knovm.
Therefore, limits for the stripped AP core on very thin STS plites were deter-
mined with the caliber 25 gun us well as on the 100 yard range with the caliber

30 gun.
DATL OBTAINED

11. Two Aberdeen chronograph screens pleced 16 feet apart (second
screen at ebout 90 yurds from the gun) were used to measure the velocity of
the full bullet &t impact. 4 small correction was uapplied for loss in
velocity between the screens and the plaie ruck.

1z. The pendulum was calibrated by firing full bullets of known weight
into it at velocities up to 1500 ft/sec. Since the deflection is only of the
order of 2 inches at wost, while the pendulum suspension is 72 inches long, the
measured momentun was accurately a linecr function of the pendulwunn displece-
ment. Theoretical deduction of the calibrution curve, based on the pendulum
weight and the 72-inch length from the point of suspension to the level of the
indicator, gave essentially the same calibration curve as was deternined
experimentally. Vhen the weight of the pendulum (originally 65 lbs., now
gbout 120 1lbs.) wus chunged from time to time, the calibration curve was
easily redetermined by firirg a few bullets of meusured velocity directly into
the pendulum. Consistency of the date indicated probable errors of tbout 10
ft/sec. in velocity determinations with the Aberdeen chronogruph or with the
ballistic pendulum.
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13. Penetrations at about 100 ft/sec. intervais from necr the limit
velocity to the point where the jacket began to penetrate the plzte were used
to calibrate the stripper plates. Assuming the averuge core weights to be
87.5 grains, the incident core energy was computed from

E=1.943 V2 x 1074 ft. 1bs.

where V was the bullet velocity measured by the Aberdeen chromogruph. The
pendulun reading was transferred into residusl veloclty by means of the

above formulsa using residusl velocity for V. The difference betwsen the inci-
dent and the residual core energies, which is the absorbed core energy, was

lotted as & function of incidsnt core energy. These data lead to curves of
ghe nature showm by full lines on Plate 2.

14 1t was desired to compare absorbed core enmergies when full bullets
were incident with those when only the bure AP cores were incident for the
same group of plates. To do this a stripper plate was fixed 1 to 1-1/2 inches
in front of the plate to be tested. Knowing the velocity of the incident full
bullet, the resicdual emergy of the core after passing through the stripper plate
could be found from curves such as those on plate 2. The residual emergy of
the core efter penetration of the plate under test was found as outlined above
by means of the pendulum readings. Thus, curves such as those shown by dashed
lines on Plete 2 were determined.

1s. When & single thickness of milc steel stripper plcte in front cf
the pendulwa was penetrated at high velocity the weight of materizl striking
the pendulun wus uncertuin. Debris consisting of lead from the nose of the
AP bullet, smell fragmenis of the plate material, and (at the highest velocities)
fragments of the jacket struck the pendulum. The totul weizht of such meteriel
£s determined by particl recovery from the pendulum fzce znd weighing was of
the order of 5 grzins for « 2200 ft/sec. penetration of 3/3" mild steel. Smzll
adjustments for this error of the high velocity parts of the curves on Plute &
were made and uppeured to improve the consistency of the detu ucing different
ctripper plate thicknesses.

16. Havirg determined the curves shcwn on Plste <, the core energy &b-
sorption curves for full bullets and for stripped cores were delermined on STS
pletes and on & 1/4" thickness of STS herdened to Brinell 375. This procedure
wes also carried out on sll three materizls with the projectiles incident at
thirty degrees on the test plates. The results are shown on Plates 3 and 4.

17. Other data of interest im connection with this study hud been ob-
tained during the early part of 1937. Detailed measurcments were made on a
lerge number of partial and complete penetrations into 1/2", 1" and 1-1/4"
thicknesses of mild steel with AP caliber 30 bullets. The measurement believed
to be of significance with respect to this study was the determination of the
position of the bottom of the jacket crater with respect to the flat plecte
surface near the penetration. Accuracy beyond 0.0l inches was not attempted
in the mezsurement of these depths and the effect of irregularities in impuct
conditions was severul times 0.0l inches. Figure 1 of Plate 5 shows the depth
of the crater mude by the bullet jacket in mild sleel for varicus incident
core energies.

18. 4s an arbitrary messure of the aid to penetration given by the
jacket one may subtract the absorbed core energy when the full bullet was
inecident, from tke szbsorbed core energy when the stripped AP core wzs incident
on the plate at the sume velocity. Such date were obtezined from the curves
on Plate 2 and have been plotted in Figure 2 of Plate 5.

3~
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15. By extending ballistic limit data gn STS plaiyhto very thin
sections, it was possible to determine F = V cos 6/e*/<d for & range of
e/d values from 0.47 to 1.47 at @ = 0. For 0 = 30°, only two good values of
F, at e/d equal to 0.98 and to 1.47 were available. The values of F as a

function of e/d for the two values of 6 used are shown in Plete 7. For the
purpose of comparison curves of F values for major caliber projectiles as

measured at the Naval Proving Ground are also shown on Plete 7.

CONCLUSIONS

20. Two methods of obtaining impacts at controlled velocity with AP
cores have been developed and applied to the study of general charsucteristics
of the caliber 30 AP bullet. One method consists in firing at normal incidence
through a mild steel plate (annealed boiler plate) which may be 1/4 to 1/2
inches thick. The plates to be tested are subjected to impacts of the AP
cores at about 1-1/4" behind the mild steel plate used to remove the jacket.
For oblique impacts some parts of the test plate are too far or too close to
the stripper plate and the shots must be placed in that region where the
plete separation is of the order of 1-1/4 inches. The second method consists
of firing AP cores (from the caliber 30 bullet) ground to about 0.245 inches
diemeter, tinned, and finished to 0.257 inches dismeter, in & caliber 25
rifle. This firing is done at a short inside range in the Luboratory.
Comparison of plete resictance to penetration for the AP cores and for the
full-jacketed bullets for various thicknesses and velocities furnishes data
on the effect of the copper alloy jacket upon penetration. Due to some
turning of the core and to inequalities in stripper plate materisl, the method
using the stripper plate should not be used where a high order of sccuracy is
desired. :

21. Date obtained by the above methods show that the AP core penetrutes
milé steel with smaller emergy loss without than with the jacket up to zbout
1700 ft/sec. velocity. At higher velocities the jacket was an aid to penetra-
tion, the effect increasing rapidly as the velocity increzsed. For 2 herder
materiazl, STS urmor plate, the AP core penetrated with less energy ubsorption
with the jscket removed up to velocities of 2000 ft/sec. For successively
higher velocities the jackel seemed again to be an increussing ai¢ to penetre-
tiocn with increasing velocity. The experiment was tried on & still harder
materizl, STS armor plate rehest-treated to a hardness of 375 Brinell. Owing
to breaking of the bullet, AP cores were used against only one thickness. 4is
fur s the experiment was applicable to plate of this degree of hardness, the
jacket appeared to become &n aid to penetrztion at about 1900 ft/sec. These
experiments indicate that against materizls softer tham about Brinell 300 and
at velocities increusing above a certain velocity charzcteristic of each
material, the jacket of the AP cal. 30 bullet functions as an increasing aid
to plate penetration. These characteristic velocities may be & regulsr in-
creasing function of the hardness, or perhaps of the tensile strength, of the
materials. Within the accuracy of the experiment the characteristic velocities
mentioned sbove do not vary with thickness of materiel.

22, Comparison of the jacket effect upon penetrations in mild steel
with measurements of the depth of the jacket crater (discussed above in para-
graph 19) indicate & close relationship between the two. Plcte 5, Figure 2

shows that, when one tskes the differences, E. — Ef in absorbed core energies
with end without the Jacket as a messurs of tﬁe jacket's aid to penetrsation,

the effect of the jacket appears to reach szero at an incident core energy of
575 ft.1bs. Figure 1 on the same plate shows that at this incident core
energy, with the full bullet striking the plcte, the bottom of the jacket

-d-
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crater is at the same level as the undisturbed surfece of the plute nesr the
bullet hole. Furthermore, the depth of the jacket crater &énd E;, - E¢ incresse
in somewhat the sume manner with increasing velocity.

23. In view of the above results, the effect of the jacket upon bullet
penetrations such that the core doesc not breuk appears to be to decrease the
core energy required for penetration by an umcunt roughly proportion:l to depth
of the jacket crater. The effect is megutive (requires incretsed core energy
for penetration) at low velocities. This means that against csliber 20 AP
bullets, thin plate (low limit velocities) will have higher brllistic coef-
ficients and thick plute (high limit velocities) will have lower bullistic
coefficients thun & solid projectile would show, due to the jackel effect.
This effect, therefore, is in agreement with the difference in F(e/d,C) curves
for large projectiles and for small caliber AP bullets striking STO ermor
plate.

2he Some trends of importance to quazlitative understunding of the
caliber 30 AP bullet penetrations are illustrated by the absorbed core energy
curves of Plates 2, 3 and 4. The slopes of these curves show that, for the
mild steel and soft armor plate studied, the cbsorbed energy tends to incresse
with velocity for the solid projectile whereas the slope of the absorption
curve is either small or negative for the jacketed projectile. The solid AP
core curves showm that energy uabsorpticn tends to increuce more rapidly with
incident energy for greater thicknesses and greaster cbliquities. However,
the slopes of the curves are not very uccurate due to the scutter of the date.
It is quite possible that obliquity and thickness are of less importance in
determining the shapes cf these curves thun the velocity range over which the
measurementc extended. The fact that the AP core curves definitely show ¢n
increuase in cbsorbed energy with increasing velocity indicates a similarity
to plcte penetrations by major caliber projectiles. (USNI Proceedings, May
1930, page 413, "Ballistic Engineering Problems", L. Thompson.) Other
similarities are noted in the following paragraph.

25 A conperison of F(e/d,6) versus e/d curves for thin STS plate
culiber 30 AP bullet and the solid AP core has been mude to those cbtained
on STS plate with mujor caliber projectiles. The recults plotted in Plcte
6 show that curves for the csliber 30 AP core are much more like those for
major cualiber projectiles then like those for the caliber 30 AP bullet. In
fact, when some smsll average yaw of the AP cores, and differences in
projectile design are tsken inte considerzation, the F values for AP cores und
for major caliber bullets are in quite fuir quantitative agreement.

26.  These indications that pemetrations by solid hardened steel cores
present similer characteristics tc those by major culiber projectiles sug-
gest that veluable information applicsble not only to nezvy zramor plutz but
to the design of projectiles might be obtained from smull scile studies.
Recent development by this division of an instrument which photogrsphs a
displacement-time curve of tae projectile throughout the process of penetra-
tion, thuy permitting determination of the force on the projectile at every
stage of penetration, adds grestly to the attractiveneus of such a program.

A description of uses of this device in the study of light armor struciures
will be given in a separate report.
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SUMMATRY

27. When deviging and testing light-weight arwor structures
primarily for defense against swall celiber AP bullets, it is important to
know to what degree a structure'a effectiveness deponds upon hullet design.
Current models of the caliber 30 AP bullet huve about 407 to 50% of the
bullet welzht in & copper ulloy jacket not expected to pess through armor
plate but possessing sufficicnt inertia to huve great effect upon the pene-
tration of the bullet core. Tests have therefore been mude for Lae purpose
of deteraining certain generzl effects of the jacket upon penetration of
csliber 30 AP bullats.

28. The experiments were performed at low obliquities using test
plates which do not break Lhe steel cores. Results obtulned indicate that
the jacket is an increasing uid to penetration as the velocity increases.
The standard of comparison used was penctration by an AP core with the jacket
removad. The effect is roughly proportioanl to the depta of the crater foraed
by the jacket around the entrance point of the bullet. At low velocities
(less than 2000 ft/sec. for STS armor plate), the AP core without tiae jucket
shows greater penetrsting power than the full-jacketed bullet at equal
velocities.

29, The velocity at which the jucket appeurcd to aid passage of tae
AP core itiarough test plute was 300 ft/sec. greater for STS arwor (Brinell
275) ta=n for a softer muterial, mild steel (Brinell 130). It is probable
that & large purt of the difference in penetration coefficient of face-
hardened bullet-proof plate and SIS plate is due to the decreased effectivs-
ness of the jucket aguinst the harder plate materials. Experimeats with the
caliber 30 AP core agalnst herd plates usually show breakage of the core.
Experiments to be reported on spaced plutes show some of the advuntuges to
be gained by muking use of the jacket effect and the vulnercbility of AP
cores againgst hard plates.

30. der.sureweats of the penetration properties of the stripped AP
caliber 30 core showed certain similurities to penetrztion properties of
larze projectiles. As wita lurge projectilas the energy absorbed ubove the
limit of the plate was found to be an increasing funcilon of the iapsct
velocity. The close correspondence of the F(e/d,0) versus e/d curves of the
AP cores (i.e. without juckets) with these curves &8 determined for major
calider projectiles suggests that more carsful experiments with the AP cares
which eliminate differences in projectile shape as well as the possibility
of yuw might show a complate agreement in spite of the extreme scnie ratlo.
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