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MEGHANISM OF ARMOR PENETRATION

oy
> Second Partial Report
j I | -\\\ _
] - D {2 oBsEcT A\
A C NSNS AN
" “To study the forces which act upon projectiles during
- armor penetration, and the effecta thereof. C 5
-‘. /\
L SUMMARY
¥, BN
E> Friction.h&gfseen found to have a negligible effect
/ during armor penetration., The shearing stresses associated

with friotlion may be calculated quite accurately. It has
been found that these are less than 5,000 psl except during
the first instant of contact.

An estimate has Dbeen made of the forces which arlise
from the inertial resistance of the plate material. These
. forces are proportional to the square of the projectile
veloclity, and are greater the blunter the oglve. These
inertial forces may prevent projectiles from penetratling
plate in a veloclty range above the ballistlc limit.€:\

If the shape of the ogive ié such as to force the

st v d

plate to form a punch, the force acting upon the projectile

Y. decreases to a very small value after it has penetrated
only a comparatively small distance. The energy a pro-
Jectile needs in order to penetrate by punching 1s

therefore much lees than 1if it penetrates by pushing the




Ag an example, & flat-nosed pro-

plate material aside.

jeotile requires only one half the energy to penetrate
a matohing plate (e = d) that a projectile of conventipnal
design does.

Ag long ae the projectile penetrates in & ductile
manner by pushing the plate material aslde, the force
which it encounters, and therefore the energy 1t needs
for complete perforation, increases as the plate hardne '8

. o
Vasw o Wi

increases. For a particular set of pl..uw,

has been found %o be‘proportional to (BHN + 200). The

200 points which must be added %o the BHN in this relation
finds a ready 1ntefpretation in the strain hardening of
the plate materlal. The 200 points correspond %o & harden-
ing associated with a strain of nearly unity. It is pointed
out that the higher the carbon content, the greater the
strain hardening assoclated with a glven strain, and there-
fore the higher the ballistic limit assoclated with a

given BHN.,

Conslderation is given to the trans?erse forces which
act upon the ogive at oblique incidence. A theory 1s
thereby developed for armor penetration at obliquities by
non-deforming projectiles in the case where no punches
are formed. Upon etriking the plate, the angle of obliquity

ig increased. Thils increase is glven by a conclse formula

which tekes account of the plate hardness, the velocliy,

and the original obliaquity. The formula contains one unknown
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paerameter, which must be determined experimentally for

each type of projectlile. This has been done for the )
standard oal, .30 AP projectile, and for two experimental
o N types. The effect of obliquity upon the balllistic limit

ls adequately accounted for merely by considering the
increase in length of projectile path through the plate.
It is demonstrated that when the ogive is not
sufficliently hard, the transverse forces deform 1t in
such a manner that the projectile then pursues & path

which curves back to the face of the plate. This does

not happen to the cores of standard cal. .50 AP ammu~
nition. %he transverse forces harm these cores in another
way. They glve rise to large bending moments, which in
turn are assoclated with large surface tenslle stresses.
These tenslle stresses result in fracture of cal. .50 AP
cores when fired at obliqulties of 20° or over against

production plate.

C. Zener
Physicist

R. E. Peterson
! APPROVED: Aggt. Metallurglst
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I INTRODUGTION

v The firet partial reportl of this serles was ocon-
oe£ned primarily with the behavior of the plate during
armor penetration. In this, the second partisdl report,
emphaslis is placed upon the behavior of the projectile
during penetration. Two‘methods'of approach are avallable
in problems of thils type.w In one method, an exaot solutlon
is sought, In the other, the general nature of the so-
lution is exsmined on the basis of dimenaional arguments.
The latter method is followed by the present authors.
The results are therefore not precise, but 1t 1is belleved
that general principles are establlshed which must be
followed in any attempt to obtain more precise information.
Wherever poeeible, these general principles are 1llustrated
elther by a comparison with past experiments, or, where
the necessary empirical information wes lacking, by new
experiments.

No unlque method presents 1tself for classifying the
forces which act upon a projectile dufing armor penetration.
v In the present report, the forces are grouped as follows:

A. Forces acting parallel to surface of projectile
o (frictional forces). :

B, Forces acting normal to surface of projectile.

1, Forces due to inertial reslstance of plate
material to acceleration.

2. PForces due to resistance of plate méterial to
plastic deformation.

1,
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a., Forcesg along axlis of projectile.
h, Forces transverse to axis of pro-
Jeotile.

The frictional forcee (A) are found to have a negli-
gible effect on the projectile. Also, for a projectile
with a pointed oglve, the forces due to lnertlial re-
sistance of plate material (B,l) have very little effect

at normal velocltles,

II FRICTIONAL FORGES

The plate reacts upon & projectile only with surface
forces, Body forces, such as those assoclated with gravi-
tatlon, are of course negligible. It is therefore appropri-
ate to start the present investlgation with a study of the
nature of the surface forces acting upon projectiles,

Surface forces may be divided into two classes,'those
acting normal to the surface and those acting psrallel to

the surface. The forces of the first class may be called

pressure forces, those of the second class, frictional

forces. These two types of forces dissipate energy in

radically different manners. The energy dissipated by the
pressure forces is used in plastically deforming the plate yvgflg

materiel in the vicinity of the projectile. As a result
of this deformation the plate material 1s heated to, at
most, several hundred degrees.l The energy dlssipated by
the frictional forces, on the other hand, all goes into

thermal energy along the surface of contact of the pro-
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Jectile and plate. The resultant lntense concentration
of thermal energy gives rise to a hlgh local temperatupe.
This high local temperature in turn reduces the friction

. o force to a limiting value.

A. Temperature of Interface

Let AT be the rise in temperature at the interface due
to friction after th: two sldes of the surface have moved
a relative distance 8 with a constant relative veloclity V.
Further, let C be the thermal capaclty per unit volume of
the material, and g the thermal conductivity of the ma-

terial. It is shown in the appendix that if the frictional ;ﬁ;gﬁ

force per unit area, f, remalns constant, then

AT = (mVs%/"’f. (1)

In the derivation of this equation, a conslstent set of

units is assumed. For purposes of computation, 1t is

convenlent to express AT in °C, V in ft/sec, 8 in inches, [::ff
and £ in psi., With these units, it is shown in Appendix A :
that Eq. (1) may be wrltten as

[ 20 1/2
a1 ¥ (489)  f. (1a)

.t A plot of AT vs. 8 18 given in Fig, 1 for varlous values
of £f. From this figure we see that 1f f 1s as great as

10,000 psi, the temperature of the interface reaches the

melting temperature before the relative motion has become

more than a small fraction of an inch.

.......



B. _Frictional Btresses

As the temperature of the surface approaches the
melting temperature (of either the plate or projectile
material ), the frictional force per unit area will of
course he reduced. The new value of the frictional force
may be estlimated from the necessity of a balance bhetween
the energy dlesipated at the surface by friotion and the
energy oonducted away. It is shown in Appendix A that
if the temperature of the surface ls to be railsed by the
amount AT and then malintained constant, the frictional

force 1s given by the following equation:

£ = 2@532)1/%AT. (2)

This equatlion le almost, but not quite, equivalent to

Eq. (1). The differencs arlses from the clrcumstance that
in one, f ls maintalned constant, while in the other, AT
is maintelned constant. If the same set of units ls used

as in Eq. (la), Eq. (2) becomes

1/2 -
£ 2(2000)M/ %5y, (28)

In view of the fact that the frictional force 1is
initially of the order of magnitude of at least 10,000 psi,
the temperature will rise rapidly durlng the first hundredth
of an inch to some nearly constant value near theée melting
point, and f will become very small. The reduced value of

f wlll be lindependent of its inltial value, and will be




given very nearly by Eq. (2a) in whioch AT is taken as §¢i
1500° C, ocorresponding to the melting temperature. e
Therefore, N
£ % 1000 @%‘-3—9)1/2. (2b) \i
A plot of thle equation is given as Fig., 2. From thise &ﬁ;ﬁf
figure 1t may be concluded that the frictional forces }%;

decrease rapidly as the projectile enters the plate -——1in

T e
AR,
RS S |
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fact they quickly become negliglble as compared with the
pressure rforces.

It 1s of interest to note that Eqs. (1) and (2) may
be derived, aside from the numerlcal coefficients, from
dimensional arguments. The change in temperature AT of
the surface can depend only upon the energy é generated
at the surface per unit time per unit area, upon the
thermal capaclity C of the material per unlt volume, upon
the thermal conductivity o, and upon the time t during
which energy has been dissipated at the surface. The

four quantities Q, C, ¢, %, involve four dimensions:

energy, length, time, temperature., Therefores, AT 1ls
related to these four quantitles by a unique expression. e
This may readily be found to bat

AT = A § Tt/o 0] Y2,
If a conslstent set of unite 1s used, general arguments _ﬁrsi

show that the dimenslonless constant A is of the order

of magnitude of unity. If one now replaces Q by £V,

-1l
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% by 8/V, Eqe. (1) -and (2) are obtained, aside from the

numerical factors,

Ca Width of Heated Zone

Dimensional arguments may also be used with profit
to obtain the order of magnlitude of the reglon which 1s
heated to a temperature comparable with that of the inter—
face, The width of thie reglon, w, can depend only |
upon the time lnterval $ during which the surface has been
at the elevated temperature, and the thermal diffusion
coefficlent of the material, D. This coefficlent has
the dimensions (length)?/time. We therefore have the

approximate equation

w o (Dt)l/e.

Now for iron at room temperature D is 0.03 ine/sec.
Upen replacing t by e/V, we obtaln
1/2

w = 0,001 29008 "7
where w and g are in inches, and V ie in ft/sec. In all
cases of interest, the width of the zone heated to nearly
the melting point is therefore of the order of magnitude

of one thousandth of an inch.

III PLASTIC FORCES

In the previous section it has been shown that the
frictional forces acting upon a projectlle penetrating a

plate are negllgible compared with the normal pressure
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It is, therefore, only these normal preesure forces
whioh do work upon the plate, and thereby dissipate
the kinetlo energy of the projectile. Part of this work
goes into plastically deforming the plate material, part
into imparting kinetic energy to it. If the veloclity of
the projJectile 1s not too great, only & small fraction of
the energy is dlseipatod as kinetic energy of the plate

material., In the prosent seotion it will be agsumed that

the veloolty is sufficiently low so that the normal
pressure forces may be consldered, to a good approximation,

* as arlsing primarily from the resistance of the plate

materlial to plastic deformation. The inertial resilstance

of the plate will be considered only as providing an

effectlive support for the plate during penetration. The

veloclty range over which this approximation is vallid will

be discussed in the following sectlion, where the inertial

forces are analyzed in some detall.

The plate acts primarily upon the ogive of the pro-

Jectile. On any glven element of the ogive, the force

acte normal to the surface, and therefore has a component

along the axis of the projectile, and a component transverse

to this axis. In the case of normal incidence, the vector

sum of all the trensversc forces 1s equal to zero, and they

have no effect of diverting the projectile from its original

path. At oblique incidence these transverse forces do not

entirely cancel, and the net transverse force determines,
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to a large extent, the behavior of the projectile.

Y BV

This case ie discussed in a later section of the report,
while the present section is devoted excluslvely to the

- case of normal incldence.

PPl i

The energy E necessary for complete perforatlon of
a plate may be assumed proportional to some measure of
the resistance of the plate material to plastic de-
formation. If there were no strain hardening, thls measure
could be taken to be the yleld strength of the materlal.
g However, due to the presence of straln hardenlng, the

4; effective plastic resiatance will be greater than the

yield strength. Since the rate of straln hardening is

- nearly linear, the measure of the sffective plastic re-
sistance R may be taken as

‘ R = Tensile strength + (slope of stress-strailn curve) (3)
Eg In this equation, £ may be defined as the effective strailn.

2 It will be of the order of magnitude of unity, but must,

for each type of penetration, be determined empirically.

The slope of the stress~stralin curves le nearly independent

of heat treatment, but increases with incireasing carbon

content.2 From the firing records of & set of plates of
D various hardneeses, the second term in the right hand
member of Eq. (3) may be determined. Thus for plates of
the hardness range used in armor plate, Eq. (3) is nearly
equivalent to the followlng equatlion:

R = 500 (BHN + A) (3a)

-,
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An example is shown in Fig. 3a, in which are represented
all the data upon navy ballistlc limits in Sullivan's
3

extensive report. For the plates investigated in

Sullivan's report, it may be seen from Fig., 3a that

A = 200,
Upon combining this equation with Eq. (3) and (3a), one
obtains

R=T.8, + 100,000 psl. (3b)

Dimension: 1 considerations show that if the energy E,

for complete perforation ia proportional to a strese R,
then it must depend upon projectile callber 4 and plate
thickness ¢ in the followlng way:

E=0d"%" R )
The numerical constant C as well as the exponent n will
depend upon the type of penetration. For any type of
penetration, however, general arguments show that C will
be of the order of magnltude of unity 1f a conslstent set

of units 1is used.

A, Ductile type of Penetration

One extreme type of penetration ie that in which
the plate material is pushed plastically aside. This
18 the type of penetration encountered when standard
cal. .50 AP projectiles strike &l normal incidence armor
plate of BHN less than 380. For this type of penetration
the exponent n in Eq. (4) 191 2. The equation therefore

LA ,.t -

e
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becomes

2
E =0 .
5 DdeR (4a)

The verificatlon of the depondence of ED upon plate
thlckness ¢, as well as upon R, 18 glven in Flgure 3a.

In thle flgure the helghte of the horlzontal lines are
proportional to e. These lines are seen to pass through

53 the correspondling experimental pointe for plate BHN of

. less than 380. The numerical constant C_, which corresponds

D'
“to the horizontal lines in Fig. 3a&,1s given by the following

equation:

cD = 1,65, (5a)

This numerical constant has very nearly the value m/2

given by Bethe'!s theoryu for the penetration of thin plates.

The general features of the force arising from the

plastic resistance of the plate material in the case of

ductile type penetration may be inferred from Eq. (4a).

In thls equation, the factor dge is proportional to the

volume fL of the hole in the plate. Therefore, in the

ductile type of penetratlion, one may expect that the re-

slstance of the plate material wlll glve rise to a force

proportional to the derivative df) /dX, where X is the

coordlnate specifying the posltion of the projectile. Thus

Fp = (4/m) Gy (as:/ax) m.w - (6)

The derivative 4{./dX may be calculated graphically for

any glven plate thickness for any particular projectile.




Such a ocalculation for a standard cal, .éo projectlile
penetrating a 1/2" plate has been made, and the value
tor Fy is presented as Fig. 4. If the plate thickness
were greater than the length of the projectile's ogilve,

the force would have a flat maximum.

B. _Punching type of Penetration

The other extreme type of penetration ls that in

which a cylindrical punching 1a'pushed out of the plate.,
This is the type of penctration obtalned whon flat-
nosed projectiles strike at normal incldence a plate
whose thickness is equal to or less than the projectile's
caliber. Intermediate types of penetration are obtained
with projectiles whose oglves are blunter than that of
the cal. .50,

In this punching, or plugging, type of penetration,
the exponentl n is equal to unity, so that Eq. ()
becomes

2
Ey = C, de'R (4b)

Since experimental confirmation of thils equation has not.
been presented heretofore, Table I*is presented as

confirmation of the predicted linear dependence of the

ballistic 1limit upon e. The plates were nearly all of
the same hardness, and the projectiles were of Type D
shown in Fig. 13. The near constancy of the values in the

fourth column is a confirmation of the validity of the

.......
-----------------
..........
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proportionality of EP with o° given by Eq. (Eb).

In the hardnees range in the vicinity of 300 BHN,
EP does not inorease with plate hardnees, contrary to
Eq. (4b)., Table II, the data for which were obtained
with the same type projectiles, shows that EP in fact
decreases slightly with plate hardness in this range.
This anomalous dependence upon hardness may be understood

by an analysis of the force necesgsary to push out a

punching. Acocording to the ideas advanced in Ref, 1, this
Yorce may be repregented ag in Flg. 5. It starts to
decrcase lineari&q%ith penetration distance until a
oritical distance is reached. At this oritical distance
the pertinent stress-strain curve reaches & maximum due

to the adiabaticity of the deformation, After thlse
critical dletance all further deformation is confined

to the immediate wvicinity of a cylindricali eurfaoe.5
The resultant high temperature reduces the shearing re-
slstance to a negliglble vélue.\ Now the harder the
plate, the greater the rise in temperature assoclated
with a given straln, and therefore the shorter will be
the critical distance at which & punch is rdrmed. An
increase in plate hardness therefore introduces two
counteracting effects, an lncrease in force,land a
decrease in distance over which the force must act. Thls
is 1llustrated in Fig. 5. From Table II*it is apparent

that the second effect more than balances the flrst.

-]18~

¥Page 35
##gtrain hardening will cause an inltial slight rise
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The above conslderations may be verified by a
measurement of the dlstance the flat-nosed projectiles
muet penetrate before a punching is started. This
measurement has baen made for the 3/16" plates, the
‘ballisetic limite of which are given in Table II. The
orltical distance xc for the 205 BHN and the 385 BHN
plates was 0,10" ‘and 0,04", respectively.

For the plates with a BHN of about 300, the coef~

ficlent Cp in Eq. (4b) 48 given by the relation*

(5b)

A comparison of Eqs., (4a) and (5a) with Egs. (4b) and

cP = ol?""a

(5b) gilves the following approximate ratio:

EP/ED = (e/2d). (7)

This equation shows that flat-nosed projectiles require only
half the energy of pointed projectiles completely to per-
forate matching plate (e = d) in the usual hardness range.

When e<d, the advantage of the flat-nosed projectile is

-19-

¥After the first draft of the report was written,

Report No, 7-U43 of the U.8. Naval Proving Ground was re-
celved at thle Arsenal. In this report, the ballistic
1imit of a 15 1b 3" flat~nosed projectile with respect to
a 1,36" 8T8 Plate i1s given as 576 f/e. Taking the BHN of
this plate as 280, and upon substituting into Eq. (U4b),
one obtains Cp = 0,70. This 18 in satisfactory agreement
with the value O.74 obtained for the cal. .30 projectiles.
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even greater,

When the ratio e/d becomes greater than 3, Eq. (7)
implies that the energy required for a flat-nosed pro-
"Jeotlle completely to penetrate becomes greater than that

required by a pointed projectile. This 1s not necessarily

the oaege, sinoce s flat-nosed projectile automatically

N LA AR 70
8 s

-
- .8 &
Pohrr

f
aoquires an ogive Af the plate thickness is oconsiderably o
larger than the projectile's callbre. This acquired oglive E s

LRI

is formed out of a trapped plug, and the penetration
thereafter 1s of the ductile type. Examples are shown
in Fig. 3. Flat-nosed projectiles, however, are sub-
Jected to much greater inertial foroee than projeotiles
with pointed oglves, as will be shown in the followling
gection., These lnertlial forces are sufficlently great

at a striking velocity of 1350 ft/sec to fracture the

flat-nosed projectiles described in Appendix B. The use EEQ?T
B “.v' _: .
of AP, flat-nosed projectiles in actual combat must wait %&&&;
e

untll a steel .can be found which will not fracture under
the severe shock conditlons which exist in the case of -

flat-nosged projectiles during lmpact.

IV INERTIAL FORCES

In the punching type of penetration, the inertial

reslstance of the plate materlal has no effect upon the

energy required for perforation, provided of course thils

resletance does not glve rise to fracture of the pro-

Jectlle. It ls true that because of the inertia of the
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plug get completely out of the plate.

plug, more work ie needed to start 1t moving out of the
plate. But this additional work is stored as kinetlioc
energy in the plug, and is avallable for helping the

In the ductile type of penetration, the inertial re-
pistance of the plate material may lnorease the energy
needed for perforation. In thié type of penetration the
motion of the plate material s primarily radial, away
from the axis of ﬁhe projectile, At least part of the
asgoolated kinetlo energy may aleo be useful in aiding
the projectile to perforate the plate., For at least the
major part of thie kinetlc energy of the plate material
1s used up &e plastic deformation energy. If the final
diameter of.the hole in the plate is no larger than the
projectile's caiibre, then the inertial reslistance of |
plate has not increased the energy required for perforation,
aside from a small amount which goes into elastio vi-
bration.1 However, if the ogive 1s not tangent to the
projectile body at the bdﬁrrelet, the plate material
will still be flying radially away from the projectile at
the bourrelet. The associated kinetic energy ls a complete
loss, since it ie used up in expanding the hole to a
diameter larger than that needed to let the projectlile
through. In appendix C it is shown that the relative in-

crease in calibre of hole over the calibre of projectile 1ls




given by the approximate equation

- 2
Ad a V" tan“ e
i .

In this equation, & is the angle the ogive makes at the
bourrelet, ¢ 1s the density of the plate, and R, as
before, is the resistance of the plate material to
plastic deformation. The quantity e V2, which will

be called inertial pressure, 18 glven as a funoction
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of V in Fig. 6. From this figure it may be seen that

e,
PRI

Af A4/4 1s to be kept much less than unity for
velocities up to 2,000 ft/sec, and if R is less than
400,000 psi, tan® & must be much less than unity,

1
P
P

NS
(PO N g

£ £ 8
13
-

i,e., & must be conslderably less than 45°,

According to the above approximate equation, all
detrimental effects of inertial pressure could be
avolded merely by making the ogive tangent to the pro-
Jectlile body at the bourrelet. However, in the
derivation of this equation, 1t was assumed that the
plate material kept in contact with the oglve right up
to the bourrelet. If the radius of curvature of the ogive
is too epall, thls assumption is incorrect., This problem
is analyzed in Appendix C. It is found that if the
radius of curvature ls greater than a critical valuse,.
the plate materlal wlll fly away from the oglve before
reaching the bourrelet. This critical radius of

~22~
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curvature, Ro, 18 given by the followlng approxlimate
equation: 2-
R, =(1/3 £ .
As an example of the application of the above equatlon,
suppose that a projectile is fired with & veloclty of
3000 £/e against a plate of BHN 300. For such a plate
the appropriate value of R 1s 250,000 psi. From the
above equation for R , and from Figure f we then con-
clude that the projectile hole will te larger than
the callibre of the projectile if the radius of curvature
of the ogive 1s under two calibres.

The pressure which the projectile must withstand
because of the inertia of the plate material may best
be studled by neglecting the strength properties of
the plate material. As long as the speed of the
projectile is small compared with the speed of sound
in the plate material, as 1ls always the case in practice,
the pressure which the projectile must sustain due only
to the plate inertia 1s glven approximately by the
equation for the force per unit arca due to alr resistance
at velocities conslderably below the veloclty of sound in

alr., This formula 1is

Pressure =« @ V2, (8)

where o 18 a numericdl constant, 0 the denslty of the

medium, and V the veloclty. 1If a conslstent set of units
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18 used, the inertlial coefflclent « 1ls of the order of
magnitude of unity. Values of o for various shaped
projectiles are given in Table III, the data for which
were taken from Cranz.

The value of the inertial coefficlent &« 1s seen

from Table III*to be about 0.8 for cylinders with flat
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faces, and about one tenth this value for projectiles

with the usual oglves. Thus for flat-faced projectiles

the inertlal resistance of the plate 1s the limiting

factor whlch determines how thick a homogeneous plate

may be perforated wlthout shattering of the projectile.

At a veloocity of 2,000 ft/sec such a projectile must

withstand a pressure of at least 400,000 psi for its

face. In order to demonstrate thls effect, a slug was

shot at 2000 ft/sec at a lead plate. Here the inertial

pressure was 800,000 psi, and the plastic resistance was

negligible. The slug fractured.

V TRANSVERSE FORCES

A, Effect upon Projectlile Trajectory

The net force acting upon a projectile is directed

along the projectile's axls only in the case where the

impact has complete axlal symmetry. In the general case

of oblique impact, the net force has a transverse

component. The magnitude as well as the direction of thils

traneverse force depends upon a variety of factors.
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As the oglve of a polnted projeatile digs into the
plate, the transverse force tends to tilt the projectile
either away from the normal or towardse the normal,

according to whether the plate materlal 1s pushed plastically

aslde or 1s pushed towards the back of the plate as a plug.
The two egituations are illustrated schematically as Fig. 7.
The direction of the transverse force may readily be
determined by & consideration of the normal forces acting
upon the surface of the ogive. If the projectile succeeds
in penetrating to near the back of the plate in a ductile
manner, the transverse force acting upon the oglve is
always directed in such a manner as to turn the projectile
towards the normal, lirrespective as to whether or not a
back plug is pushed out. The situation is i1llustrated
schematically, and also with photographs, as Fig. &.

In the case where a punching starts before the plate

has deformed an apprecilable amount, the inlitial transverse

e,
T
-~

-
v oo
. .

force tends to decrcase the obliquity angle, and therefore

to ald the projectile in passing through the plate. On

e o e
I3 .'"," .x";l’

the other hand, in the absence of & punchlng, the transverse
force increases the obliquity angle, and therefore renders
penetration more difficult. A quantitative estimate of
thls change in obliquity angle 1s presented below.

If a torque N acts upon a projectile with moment of

inertia I for a time T, the change in angle A& ot the end
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of thie time l1ls given, in radians, by

A6 = N T°/2I,
Now N is proportional to the transverse force acting upon
the ogive., Thls transverse force, in turn, is proportion-
&l Lo some measure of the resistance of the plate material
to plastlic deformation, which will be taken as the quantity
R,introduced in sectlion III. The torque N must be an odd
function of the obliqulty angle, since 1t changes direction
as the obliqulty angle & passes through zero. Hence, at
least for small angles, N may also be taken ae proportional
to sin & , so that

N ~ 8in 6 R
The duratlon of the torque N ls inversely proportional to

the veloclty of the projectile,

T ~1/V,

and the moment of inertia 1s proportional to the density of

projectile,

:
4.-
* .
I~ e e
(......
W
:

Upon combining these relations, one obtains o

A&naﬂn&m/pﬁh
It 18 to be noted that both sides of this eguation are

dimensionless. Therefore if one writes

AG =k giné& (R/eva), (9)

and uses a conslstent set of units, the dimenslonless

26~
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constant k will be of the order of magnltude of unity.
This constant will of course depend upon the oglive shape.
It will be larger the longer the ogive compared with the
projectile'!s calibre, for the longer the oglive the longer

will be the time during which the transverse force acts.
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Some firings were made in order to 1llustrate Eq. (9),

and to determine the oconstant kX for eeveral types of ogive.

- ————
N

Three types of projectliles were used: etandard oal., .30 M2
AP bullets were fired at 300 ft. range, and two types of
experimental unjacketed projectiles were fired. The latter
are illustrated in Fig., 13. In order %o minimlze yaw in
these last two types, the plate was placed so close to the
muzzle of the gun that the projectiles had only 1/8th inch f:_::';:f:_f.fi}:f:'-_f

free flight. The da%a are presentod in tabular form as

0 DML SRS « CAMMLEEA
.. 'A‘.'.'..;’- - T r » 2 - N ® » e =

Appendix D, and arc plotted in Fig. 10, To each type of

AP o

projectile a k has been essigned which brings Eq. (9) into

'n'-."..l.,‘. L

as close an agreement with the observation as possible,

The k values for the standard cal. ,30 bullets, for Type A
and Type C projJectiles were 1.7, 1.3 and 0,95, respectively.
The shape of the ogive of the Type A unjacketed projectile

was similar to that of the core of the standard cal. 30

bullet. It appears that the Jacket of the standard bullet

effectively lengthens the oglve, and thereby lengthens the

time during which the transverse force acts. Type C pro-

jectile has a shorter oglive than Type A, and hence has a

smaller k value.
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Photographe no. 164, 165 and 166 in Figure 9
11lustrate the effect of the back face of the plate
in tilting the projectlle towards the normal. In
photographs no., 165 and 166, where the oglve has
completely emerged from ﬁhe back of the plate, this
tilting towarde the normal more than compensates for
the tilting away from the normal at the plate'!s faoce.
Thus in these two cases, the obliqulty angle ochanges
erom 20° o 26° to 17°, and from 20° to 28° to 16°,
respectively.

A speclal cuse existe LI the ogive ls insufflclently
hard, Aside from the asymmotry aessociated with the front
or back face, the projectile will follow a curved path,
essentially the arc of a circle, if 1ts oglve has been
asymmetrically deformed. A consideration of the initlal
forces acting upon the oglve (seé 1llustration A of
Fig. 7) shows that the ogive 1s deforméd in such a manner
as to curve the path of the projectile out to the face
of the plate., The softer the projectile, the more 1t
will be deformed, and therefore, the more sharply
curved will be the patn of the projectile. In order to
i1lustrate this effect, proj)ectiles of various hardnesses
were fired into a plate, and then sectioned. The results
are shown as Fig. 9. A comparatively soft plate (155 BHN)
was chosen so as to minimize tho breaking up Sf the pro-

Jectiles. The distortion of the ogives is seen to decrease

—28..
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rapidly as the projectile's hardness is ralsed, being
deteotable at & hardness Ro 57, but not at Ro 61, The
distortion, and hence also the curvature of the path,

is seen to lnorease as the obliquity of attack is
inoressed. It will, presumably, also inorease as the
plate hardness 18 inocreased. The distortion 1s, however,
apparently independent of incident vhlooit& in the range

uaed,

B, _Effect of Obliquity upon Ballistic Limlt
Whein no punches are formed, the inorease ln ballistic.

limit for complete perforation with obliqulty may be
regarded as due to the increase in length of path of the

projectile in the plate. The factor by which the length
of path has increased is 1l/cos (@ + A&), Eq. (4a) for

the energy for perforation may therefore be generallzed to

- 2
= CD a

Ep e R //oos (2+ AG),

Upen using Eq. (9), one obtains

/
= 2, / o ©-
ED = GD d“e 3// coes (®+ q sin®) (10)

where
/‘/ 2
q=kR./€V. (11)
The quantity g 1s impliclitly & functlon of @ through V.
It may be more conveniently wrltten as
q=P (V,/V)%, (11a)

where V, 1s the balllstlc limit at zero obliquity, and P is




independent of both & and V,
'The obliquity funotion f (6-) may be defined as the

ratio of the energy needed for perforation at the
obliquity @ to that needed for perforation at zero
obliquity. From Eq. (10) this funotion is determined
by the equation

£ (%) = 1/cos (& + Pf sin &),
This s & transcendental equation for f£. For such small
values of 6 that £ differs only slightly from unity, £

may be replaced by unity in the right hand member. This

approximation glves
f (8) % 1/cos (® + P 8in &),
For purposes of comparison wlth experiment, it is con-

venlent to use an obliqu;ty function of the form

£ (8) = 1/coss .
From a comparison of the Taylor expansion of the right
hand eides of Egs. (1l2a) and (12b), it may be shown that
Egs. (12a) and (12b) are equivalent at small angles pro-
vided that |
2
8 = (1L +P).

One obtains

P = (n/8) (k/C,) (L/e),

in Eq. (10).

and volume as the projectile.

where L 1s the length of a cylinder having the same calibre

(12)

2

(12a)

e

(1

(13)

The quantity P may be obtained by setting & equal to zero

(1)
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The obliquity funotion, as given by Eq. (12), 1s
not a function of plate hardness, but is dependent
upon plate thickness, increusing as the plate thickness
decreases., A comparison with experiment of the approxi-
mate obliquity funotion of Eqs. (12b), (13) ana (1l),
may readily be made, In Fig., 11 is glven a plot of
8 v8.1/P according to Eq. (13), and also g va. (e/d)
for standard cal. .50 bullets, obtained by averaging
the data in Ref. 3 for O and 20° obliquities over all
hardness ranges. Since the abscissa 1s on & logarithmic
scale the experimental points should be upon the theo-
retlcal curve if the latter ls shlfted horizontally. The
corresponding factor by which the theoretical master
curve must be multiplied is equal to (m/8) (k/CD) (L/d).
The experimental value of this factor is 1.4, Taking CD
as 1,65 from Section II, and upon ueing 3.5 as the value
of L/4 for standard cal. .50 cores, one obtains k = 1.,65.
This value of k ieg consistent with the value 1.7 obtalned
with cal. 30 bullets discussed above.

C. Frecture of Projectiles by Tensile Btresses

At normal incidence, the axial net force gives rise
in the projectile to compressive stresses only. To the
approximation that the velocity of elastic waves in the
projectile may be troated as infinite compared with the

veloclity of the projectils 1tself, this compressive force
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is a maximum in the ogive and deoreases linearly from

the hourrelet to a zero value at the end of the pro-

Jeoctile. At oblique inoidence, on the other hand, the

transverse forces glve rise to tenslle stresses which

may be several times as large as the ocompressive stresses.
Before a punching has started the stress pattern in

a projectile striking an armor plate at an obligue angle

is very similar to that in a falling chimney, neglecting

such irrelevancles as differences in shape, wind re-

slstance, etc.. This is illustrated in Fig. 1l2. In each

case a transverse force gives rise to a bending moment

of such a sign that the tenslle stress is positive on

the slde farthest away from the normal. A quantitative

-analysls of the stress pattern is given in Appendix F.

It 1s there shown that 1f a transverse force ftr acts
at one end of a free cyllinder of length L, dlameter d,
and crose~sectlonal area 4, the maximum tensile stress
occurs at one third the length of ¢ylinder away from this

end, and has the magnitude:

Max. tens., strese = (32L/27d)ftr/A'

In the case of a projectile, one may take L & 3d, and
obtain

Max. tens. stress ¥ 3,5 (ftr/A)'
If the transverse and axlal forces were equal, the

maximum tenelle stress due to the former would then be




3.5 times the maximum compressive strose due to the
latter,

The transverse force, and therefore the maximum
tensile stress, may be expected to be nearly propor-
tional to the cross-sectional area of the oglve lin a
plane paseing through the projootile axis., Therefore
1t is to be expectQF that the blunter the ogive the
gmaller will be thé tenslle stresses ln the projectile
during oblique impacts.

Standard cal., .50 A,P, projectiles do not, as &
rule, fall as & result of compressive stresses when
fired against homogeneous plate at zero obliquity. 1In
a set of firings at normel incldence against production
1/2% plate, with incident velocitices from 2000 to
3000 ft/sec, all cores were recovered intact. On the

other hand, in a set of firings against the same plate

0
at 20° and 30 obliquity over the same veloclity range,

no cores were recovered intact. A typlcal example is
shown in illustration B of Fig. 8. BSince in these oblique
firings the compresslve stresses are no greater than in
tﬂe normal firings, the fractures can only arise from the
tensile stresses dque to the transverse stresses.

An example of a tensile crack in a 37 mm AP projectile

fired at 20° obliquity is shown in Fig, 15.
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TABLE I

Dependence of Ballistic Limit* for Punching Upon Plate
Thickness
(Experimental Projeoctile, Type D, normal incidence)

Plate thicknese (e)

V/e (f/sec in)

3/16"

1/40

.........................................................................................

275

BEN TV (/e

680

3,600
3,900

3,900

#Velocity which Just pushes out plug.
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- TABLE II

' Variation of Balllistlo Limi’c* with Plate Hardness
(Experimental Projectile, Type D)
3/16" plate, Normal Incidence

V#*: Velocity which Just completes a punching.
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Inertial Coefrioientdr

Projectile .

Authority

Cylinder with flat fece

Poncelet and Didion
F, le Dantel

P, C. Langley

Ch, Renard
Canovettl

J. Welsbach

F. V. Lossl

J. Smeaton

O, Lilienthal

E. J. Harey

0.65

1.01

1.01

Sphere

N. Mayevskl
Helle

.098
.16

Ogive with 1/2 angle of:
31°
33,6°

0

37

Vallier

074

¢ 0080

. 086
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APPENDIX 4

. : Caloulation of Frictional Stresses '

’ In this appendix an analysls 1s given of the thermal
effecte produced by the rubbing together of two surfaces.

The following notatlon ls used
f: Frliotional force per unit area
D: Thermal diffuslion coefflclent
C: Thermal capacity per unit volume
t: time

X: ocoordinate normal to surface, wlth origin
at surface

8: relative displacement of two surfaces
'V: relative veloclty of two surfaces

Q: rate of energy dissipated by friction per unit
area

T: temperature rise

The fundamental differential equation for thermal

dlffusion in a medium wlth no thermal sources or sinks 1s

- e e
I R N A
. ,

2
{% =D o1, (a=1)
« b =

fa

e At

provided T doee not depend upon the coordinates transverse
' %o X. Slnce our surface, at X = 0, 1s to be a thermal

source, this differential equation is to hold everywhere

except along this surface. Thils equation is to be solved

under two distinct sets of boundary conditions, corresponding
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to two problems in which the generation of heat at the

surface is known, and in which the temperature at the
surface lg known,
The first problem may be solved by means of the

well known particular solution of Eq. (a=1) of the type
-XZ /4Dt

=8 -
Sl T (a-2)

Such a solution satisfies Eq. (a-1l) everywhere at all

BRI J 0 DV AR R - PR PR

times except at ¢t = O and X = 0. This solution gives in

fact the temperature dlstribution due to the instantaneous

[

o
i
L
\
[
)
o

i application ot the heat 8Q per unit area along the surface
X=0at t =0, Hence the temperature distribution due
to any rate é(t) of heat generation may be obtalned by

superimposing solutions of this type. Thus

i t ~X2/4D(t-tl).

1 1
-1 . tT)ast . -
Tx,5) - UJ {Lekn D(t-t-’-)}’& o(x") (a-3)
(o]

l In the present application we are interested ohly in the
: temperature at X = O 1n the case where Q 1s a constant.

For this particular case Eq. (a~3) reduces to

AT TN LT e e

« 1/2
T=_9% _ (amlt)

C (m D)™
;; Upon placing Q'by 1ts expression in terms of C and g, namely
i D= G/C) (8."5>
- we obtain

. 1/2
. T = Q (t/moC) (a~6)

) » v
x v
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In the second problem one conslders thaﬁ the
temperéture of the plane at X = 0 1eg suddenly ralsed
by the amount Amo and then maintained at this new
value, It 1s desired to find the rate at which energy
must be supplied to the surface to maintain thls temper-
ature. The energy supply is twlce the rate at which
energy flows into the reglon X)» 0. The rate at which
energy flows into this region may be readlly cbtalned
from the solution of the problem in which the AT at
t = 0 18 24Tg for X0, and O for X» O, 1In this problem
the plane at X = O is automatically elevated by the
constant amount ATO for all subsequent times. The
gsolution of Eq. (1-a) which satisfies this boundary

condition may readlly be seen to he

o %D %
AT = #4200 S @ BinkXdk (a=T7)
A —

The rate of,flow energy 1Qto the region X > O per unit
area, which will be denoted by (1/2)6, is given by

(1/2)Q =-0 DAT
/ 243
Ix = 0

Upon using Eq. (a-7), we find

(1/2)a = at, (o0/m 1)’ (a-8)

Upon: substitution of é =f Vand t = 8/V into
Eqs. (a=6) and (a~8), we obtain Eqs. (1) and (2) of the
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text, respectlvely.
In the text 1t is necessary to have the numerlcal

value of oC., The values of ¢ and C do nct vary markedly
with temperature, so we shall be Justified in ueing the
room temperature valuses,

For steels
o ¥ 0,16 calories/cm sec

e

0.85 calories/cm3

Therefore

By

40" & 0,37 calories/om2 ssecl/2

Upon using the conversion factors

1 calorie = 37.0 in-lbe

0.155 inZ,

\

[»]
1 om“

we obtailn

1/2

YoG' ¥ 91 1b/in sec™'“.

Upon substitution of this relation into Egs. (1) and (2),

one obtains Eqs. (la) and (2a), respectively.

40w
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PROJECTILE

APPENDIX B

Firing Record

PLATE

At e A e et Bl A APt St Mt Rt ey G20 e sy

.‘.;' ~:“<-"-_'1
IR
et e,

RESULT

TYPE
‘D(Flat noeeﬁ

670

° B
3/16" 275

e

Punching - almost broken
out of back of plate.
(Hence, B.L, assumed to
be at a slightly higher
velocity: 680 £/s.

1/57 |

97078 /s0)

Puiiching ~ completed.
Projectlile stuck in plate.
(Hence, B.L. limit
assumed to be at a
slightly lower veloclty:

1165

30 2
(matching !
plate)

E Punching - almost broken
- out of back of plate.

 De at & slightly higher
. veloclity:

(Hence, B.L. assumed to

1175 £/8.)

575

45

; L :
- 3/16" 205

% Punching ~ started

¢ Punching ~ completed,
. projectlle stuck in

: plate.

. mean of
. 710 £/s.

(Hence, B.L. is
;45 and 675:

;3116“'

. Punching -~ completed.

: Projectlle and punching
. were stopped in sawdust
: very cloge to back of

. plate.
. assumed to be at a slight-
. 1y lower veloclty:

(Hence, B.L.

605 £/s.)

.....

............

.
--------

-------
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D
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AFPENDIX ©

Inertial Pressure

The pressure acting upon a projectlle being slowly
pushed through a plate 1s distributed fairly uniformly
about its surface. This pressure distribution 1is
modlified when the projectile plows its way through at
moderate velocltles, The pressure 1ls now greatest near
the tlp of the oglve, less along the sides, and of course

zero in back. The situation 1s analogous to the pressure

—we .

& 0 o S PR o Ry ) - [ o .
AR . . S AN A NENENEGUAL AR K D
‘et Vit et AL o Ptet. P . 5 a2, ¥
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e e e et S gt ST e P Y v

upon the sldes of a moving submarine.
The change in pressure in each case becomes relatively

important when the quantity /A>V2 approaches the magnltude L

of the pressure already existing. In the case of steel,

when the pressure is from 200,000 to 400,000 psi, the

change in pressure becomes important at 1,500 ft/sec, as
may be seen from Fig, 6. In the case of a submarine, the
term Vo V2 becomes relatively lmportant when the veloclty
approaches -/g h, e.g., 50 ft/sec at a depth of 100 ft.
When the veloclty increascs still further so that
the quantity ° V2 becomes greater than the quasi-static
pressure, the pressure may even vanish over the latter
part of the oglve. When this is the case, the medium
belng plowed through so to speak is carried away fiom the
surface by inertial forces. In the case of the submarine,

the water eventually agaln makes contact with the surface




PLAGCIM I ARSI S IS et B 4 S ) e ENERAN

of the vessel further back., In the case of the pro-
Jectile, which is plowlng through a medium possessing
gome rigldlity, the medium does not agaln make contact
with the projectile. The hole in the plate has ln such
a case a diameter larger than the projectile. Bince
such an enlargement of the hole necessarily means a
greater energy absorbed by the plate, 1t is lmportant .00k
to estap}ish rather precisely the conditlon under which
the plate hole is so enlarged. ©Such an analysis 1ls
hereln given,

The three dimensional problem of an actual pene-

tration will be replaced hy a simpler problem which can

be handled precisely. The results of this analysls will
then be taken as an approximate solutlion to the actual
problem,

In the simplified problem, the projectile willl be
consldered to pass through & ring of plate materlal &as
is illustrated in Fig. 14, This ring will be prevented
by external forces from an axlal motion, but 1is free
to expand radlally. We shall first inquire into the
preclse condltions which determine whether the inertia
of the ring material will cause 1t to lose contact with
the projectile ogive. If contact 1s to be lost, it 1is
necessary that

S (c=1)

r r .
ring ~ proj.

where rp referes to the radlue of the oglve in the plane

roj




of the ring.

An obvlous calculation gilves the right member of

the above inequallity as

. d2 )
r = E’E .

pro) X v

In the interesting case near the back of the oglve, where

ts slope ls small, this equation reduces to

. 2
rproJ. =~ V /Rc (c=2)

where Rc 1s the radius of curvature of the oglve at the
poesition adjacent to the ring. '
The left hand member of (e-1) may be calculated
~using the coudition that, where the ring 1s free, 1its
increase in straln energy is equal to the loss of 1ts

kinetic energy. This condition gives

/° fring =-R/ r,
where R 1s the tension in the ring. (c=3)
The inequality (c-1) may now be rewritten, after

using (c-2) and (c~3) as

2 i
rv D %CR. (c~4)

The inequality (c-4) will always be satisfled at
the bourrelet if the ogive is not there tangent to the body
of the shell, In this case, the questlion arises as %o

how far the ring will expand., This expansion lg giveh by
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the condition that the kinetlc energy of the ring at
the bourrelet will all be ueged in producing plastic
deformation of the ring. Thie condlition gives

5r = 1/2 tane ve
- 6y
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APPENDIX D
Data upon Tipping Angle
(BHN of plate = IS%)

6 : obliquity angle

>

inorease of obliqulty angle upon entering plate
V: striking veloclty

I. Standard cal., ,30 M2 AP

P : ' A (& )average
20° 2000 17°,17°,11° 15°
2500 g°,10°,8° 9°

3000 9°,0°,2° W
30° 2000 | 22°,24°,19° 22°
2500 18°,15°,14° 16°
| 3000 0°,14°,9° g’

-

II. Experimental Projectiles, Type A
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APPENDIX E

Tensile Stresses in Projectiles

In this appendix wlll be calculated the tenslle stresses
inside a free bar which is subjected to a transverse force
at one end. The general scheme of the caiculation runs as
follows. The acceleration of every element of the bar 1s
obtained from the dynamic equations of motion., The problem
is then reduced to a problem in statics by consldering the
roversed inertlal forces as externally applied forces, From
the static problem the moments in the bar may readlly be
computed and from the moments the tenslle stresses are derived.
The acceleration a of an element at a distance x from

the end at which the force F 1is applicd is given by

a = (4F/Lm) (1-3x/2L),

where m 18 the mass per unit length, and the total length

is L. In the equlvalent static problem, one therefore has

the foroce

Fat x=o0

and & distributed force W per unit length given by

W=-ma = (WF/L) (3x/21~1)

These statlc forces glve rise to a moment M glven by
2
M (z) = z(1-2)" FL

_lg

" - - “ -~ - - .

e e e e T T e e e e

- n " . I “ . - . - - Te*. v, "
S e a L L L S VS NSNS TN PR RPN Ala loal

ot et ot e, .
“® o U S e e




where

z = x/L.

This moment has & maximum at x = L/3, and then has the

value

Mooy = (k/27) FL.

It may be shown that in a bar of clrcular cross-

gsection subject to a bending moment M the maximum tensile
gtress 1ls gilven by

T = 8M/A4,
where A 1s the cross-sectional area, 4 the\diameter of
the bar. At the position x = L/3 the maximum tensile

gtress 1s therefore

T = (32/27) (L/a) F/A.




,q._—._~____.
AR AR

. »
B 7 s -‘ . .
—- 8 & a_ ..’ -

3

L - et i
e .';m' "
L PR

R

RS 3

B A dPe I A e e 8 € ¥V 8 . e e
e .'-.".".".'I.. de T [‘.J.." ."-'-ﬂ.‘«‘-[-. R

1.

2

Referonces

C. Zener and J. H. Hollomon: "Mechanism of Armor
Penetration, First Partial Report", Watertown
Arsenal Report No. 710/U5lk, ,

C. Zener and J. H, Hollomon: "Plastic Flow and
Rupture of Metals, First Partial Report',
Watertown Arsenal Report No. 732/11. .

J. Sullivan: "Rolled Armor, Ballistlc Properties
of Rolled Face Hardened Armor and Rolled Homo=-
geneous Armor at Varlous Hardnesses &t Normal
Incidence and at Various Obliquities", Watertown
Arsenal Report No. 710/456.

H. A, Bethe: "Attempt of a Theory of Armor Pene-
trition", Ordnance Laboratory, Frankford Arsenal,
1941,

T. von Karman: "On the Propagation of Plagtic De-
formatiof in Solids", NDRC Report A-29 (OSRD No. 365)

C. Zener and J. H. Hollomon: "Addendum to von Karman's
Theory of the Propagation of Plastic Deformatlion 1in
Solids", NDRC Memo No, A=3TM

C. Cranz: '"Lehrbuch der Ballistic" lst. vol.,
5th Ed., pp. 54=66. (Berlin 1925).

o =00 Rert s M Hele R T T R RS MR AT T L B MR WM e Y
P

AN
S -..."

o
‘-:.:\:.:-

fy .‘,‘.::\

I's
€

'
*r
v
]

? 1
. ; ¢
A, e % Mt LWttt -,
PR et
a_ € ..l H s & "
s A .,
. % - 2 : .
. P
.. "- "‘I P 3 Ry "'.l.‘.
[} L ri '
. Ay T Teae
LN T T . ."l ry v - ¥

W TN

N, W
b




T TR B AR Al il Bl i A et cor il s ol I R Al s - et itttk SRR bt B Be b A BB o e Bmsm o o BRI VBT Yk D0l

1

oo w2 Rl L L W 4 e a4 s e 3 MEeR x4 SR R By

ot Ne b Fu HTE iy
1
i
.

r
.,
.
: LI

Ctamg im aww_..oz: mwo<um:m uo ._.zw!mnvd.._n_m_o 3JAILVYI3Y

ISNId X3 LNIWNYINAOD LV A30NA0HAIM

Batants =il =iob Safsie doball MRS Yo 20 0 Rt au Lle B Ma B i SRR 2 Sk A D IR R AR N DO I A

|
i
i
'

A INIVIIN ‘0V4HNS 935S NO I S
R IYNOLLIY g«b.rgo 3OV4HILINI .2 wm_mxumn‘_kmua:w._.,f.-.-..i:
0 S RIS N - 1T S S




e e (SIHONI) $3OViHNS +v IN3W3DVIISIO IALYIIY

. . ‘ . . ro L ) eI - 000

"TEHTAVAR JMET K YNV NN

VAC LT RATL AT

N

#h N

WAL

NI

TR T

it

ASNIIXI LNINNNIADD LV Q3DNUOHA I

L # b s A PR ]

AT AL

WA

il

i - 8 ST S ST S - Su,

[ godimzi.ck »Qmmuuﬂdqmo.

S T s et o et S :QJEQH_ e e

-

%3 — v e e - . Ll . i gy
B PUORAR S RN ARG - T NNIIUNY . SRS RSO -y IR sdu il = SR A AP, = O S SO - A SN ....&




. . . . .
PR IA LA ATLIOANANNNILLEY

P

REPROMICED AT GOVER

— e Yl

Plate
thickness
m-— s
1% o 25"
] R
| ' .350
o 440
—_— T
@ 531
W .625

FIGURE 3

Transition from free to trapped plug

WIN.639-5170

Plate
material

Steel

Steel

Dural‘

.. Dural

 Dural

Dural



u_.q.a 0 N H m
LT T A oo.. om.o. oon 0LE omn 06S ObE 0€e 03¢ o_n oom oo« 08z 0.3 oou

il Bl

R ] T T T T 0 4
3 ! ...m ; : o ‘ L g
E B e ‘1’|f!. }J‘y.mrt N e, o] xo.m ‘.
_, T 1 .
NG ¥4 mn- T
R S RO SRED S r w.w [ AN S8 ek ,
b I S v n

B

VA |

3130 [k

ji=
j
;
T

i ! i : i : S S
1 : I 7 i Cd i .
H 4 . Bt : - |¢|ﬂ|| b o , % - . n
) i

J PO
-
)
-

o
r-‘*’:"—'-r-» o ot
|
1 .
et Lo
00 l-}-"—-.-.—i—:—o»:—-v:'
-
.

R

[
|
PGS VSUVDRTEAD SRR

-
‘
L . .
C ’e )
i
! . '

1
E
[

,.a - | Jlﬂm., N v, ‘1 H
'.l&l" . I'JT[ 'lrlrllv‘ o ‘*'i n.
’ “ - * ol. VoL . . .
b _— Rt .-_.“! | !-4#.!1 E N RO Al Sathe
ﬁ.. Lo . ~ ! B S AW-A,L.!;M._«..I‘; .
S e e NS T+ 9
R SR B NN I B W e
L e y.u H o - l"'lul e - 3 ~n;. '.Juﬁ'lT.'. I!Mll
U R U R
= : T T e
s ‘_ - " g
: N m q- E
i - s . 2 RIS S SIS IR S
, “ I SE ST
L ) : N s H i . ) !
. : m pw hE% bt .r- Tcl(m!l! - l.'lel,._ m
[ B H : B i . - ) !
m‘, ] ! . i | M i . 1 H
8 Al B A ST [ AL I UGN SN S5 AP e b
¥ H .W B "y HE ! l'i-l‘-rll"li‘lll pun w
x m “ “. “ g RSN ! o
G el - o1
A CE A L IR ke S RO PO T O R GO -
[Shia ke anes Seapth Sandi SniEEREE DU S i i | i o [ B : “
: = b H i : . H 3. + b “ . i i 1
L - i : A e 1 i o~ o + [ paattred 4 i TN T
R S E ; - T " E : i T P A i V o
A < T - ] 1 [l ' H * H P : 3o H ]
T Bk _ ; : i ! _ SN SO USRS SO SRR VNN SUUIR SV SR S U B RN,
- - S SR DRSS Ut A S TR ..,w,wx.. .., - ,. T BEE m A ) : i
= & ; m T FTN S N L G ISR S B !
AT SO T M T T 4 A o B , i KL
* R RPN S S o NI SR M S - - -— = I S NP S, [ (PG S
- L B i - S e e P o £ A m R
) : i ].Lkukhrﬂm.tlicﬂhw.ﬂA éwgv”}uww ﬂdr‘irsm_ﬁuu%nﬂwnh."o o= ) e o e el g oy o - LSRR el
S : _ 1 ! . u J& " « . B “ ) ¢

N e s/ T3




(S3HONI NI) FONVLISIO NOILVHLIANIG
YA | o 6.0 $0

g L j T

NRUICI I i e A
PR - S

Daf SRS 5 B At Jame daun Sase Sl S J

(9%3 A9 031vIn0vD NHE 0OE 30 3Lvid F
ONINIYLS HOD 05 IVO QHUVANVLS 30 IdWVX3)

NOILVYI3N3d
30 3dA1l 14VA NI 3ONVYLSIS3Y 92ilSVld

v 3¥NOId

(6@87) 30804

—ooo'or

..Jooo._ou
—ooo‘oe
..ruoo.o..
-{ooo‘os

—4000'09

.....




RN R m s PRrANY N

JRA I .h' | T -~~...~m T N R R

RO e et . I

w _ P Ly W N ® [ ] @ i ® .

...... i i o JLE . . . R
4 * . T e S A g A R P Y

. A i e e : ST,

e | S . o S T L T SR A U A S I A

- - oL L P 3 Ll [N L

-

.

(@ 40 S1INN) 3IONVISIG NOILYHIINId

i
. ol & 9 v 2 0
;o | 31vd 140S—

3LVld QHVH—

(SLINN AMVHL119¥YV) 30404

NOILVH¥i3N3d 30 3dAl
ONIHONNG NI 3ONVL1SIS3Y D11SVd
S 33NoId




A}

i e e
L e e b T e e R L [PRYS RN T LTS S e by a0

» 0 ST
VLIS TS S

e

R I
elo’ala a0 2 0a

VELOGITY (IN i000 F/S)

(Irsd) 3¥NSs3yd

IVILE3NI

FIGURE 6
INERTIAL PRESSURE IN STEEL (5 )

,... L ey s
PP ..LII.P...-\- ‘e Tr 2y Yy
PRI

e 6 4. 0 8 82 2ia

WL 3yt 7Y

ISNIIXH INIWNYIAOD LV U321 0YG I




T T P Y Y Wy e — g _
AR RA T IR RN AL R SO A A S

R AU AR I
Se e DU e .
v ' et ~ N - o
~ . S
\ - v,
U A
M DO
Vot
W,
S LA
h
[} st
) S
.
.
L
N

A. INITIAL FORGES ROTATE PROJECTILE
CLQCKWISE.

.....
- . ~

8. IF PLUG IS FORMED AT ONCE, C. IF PLUG IS NOT FORMED AT
PROJEGTILE ROTATES COUNTER-

ONGE, PROJEGTILE PENE— il
CLOCKWISE. TRATES INDUCTILE FASH- .0w:i

{ON AT AN INGREASED ANGLE. @ _
OF OBLIQUITY. R

FIGURE 7 i
TYPES OF PLATE
REACTION AT OBLIQUITIES o
(FAGE OF PLATE) T




REPRODUCED AT GOVERNMENT EXPENSE

AN AT e TS A T, YR N TR LT TR e A el T VLT T n Tl @ aTe c e e T e Tl T T T Te e e e SRR AR R F B T AR -n,.-m—E

:

k

!

’.

X1 x 2 B
P

»

M

I

f‘l{")\k"l

[

S—
-——q -
A. OASE OF NO PLUS 8. cAE OF PLUO
FIGURE @&

PLATE REACTION AT OBLIQUITIES
(BACK OF PLATE)

WTN.639=-5172




. S SEEVAN SRR RN PSSO S I RN,
: B
F+ . -v; o».
! oFed
2 e
v FICURE @ Y
m SECTIONS FROM OBLIQUE 1MPACTS .--.-‘w..
m (TYPE A PROJECTILE) .m..n
w PLATE HARDNESS: 155 BN ...-.(.
{ A e
i o X
' Yelocity hhmm%& 2500 - i X
¢ - o B i} 5 ..m
;- — - o
. "~
;
! A
i .
Fl o
] mm . |
d o
ﬂo -i
£ I
.J‘ L]
w .W....
- R
: oy
L
M €1 ) a0
W ! . Y
X
m Yelouity A
: A
e Ty
wm | L
T H .
x g
‘n-\u . IIA

.

PERUCTPIRY

.

——— i m—mg

v
1

2
tu e

.
1
-

- '- - w, « ‘.? . - " '
PR TRO RATATI

XY

Y -
—
.

X

oy
P,

wr%,536-5173

-
)

.

RTINS ye e
SAON Y, 26 Mo

.
N




[ T

e gt

i

-

i

L IS ST

-

[

4

i
i\
|
ke

e b,..'..;l,.,‘.; FIE G
i
B s il (TR

Fo

=

S T
| SN S %




| e e ,‘._raw,“m. L9 g v g

...._41..:1‘$>‘/1 P

.,.nL‘ .\wu.\.llu. - lYT'

e ‘,..,:zm w A8\
[t e RS uEnu muu;/

T..Lllrrlﬂ\l i Jllwl:tlrli e e 14 U S UUUUPG P S

UGS UL S

y,\...vAAAH..,) PR - e oo

r+»|?\ Ao Ll B

[ A.‘.....»Vv...4|<1..t..,

B

mumx &H zow_m&&bo

3 e e - e VU . Daee em b ienm
= s — . ..'\.lr'ﬁbd(lllr.‘thI. PSS Y -
TSI ﬁ mmumm ST
w "\WL?.. chr...i . ‘wil, - 1. Jh..v.,\uva.ww . T
F\A.inﬁ.lut.vl..,‘t T _-— - B R I I N IR ‘-»n - - .-
e e R e i P TIPS - e R
Jrl ooy < : : .
; e e el - e A e e s
N S - ot e 4 at— e e -
e ~ - . PPN
PO

PRI - —r - - - -
— e e - - - e e - - - ————— e o
3

o fl.;u ‘|LI¢..| ——— e e e e

zbnxw \r._rsgqu- -

T
b
'

| o8
T B AT 2 TR

B ¥

R N e ..-yuq.
e FU R

L ,..H.s.r B S IO

S T d ey e g e

B e T Y SPES

T TS

S PUU

4

N M o i i : -
B T T T e T A N S
P AU .- - - -
o , 7 M T
v e FO G O S
[ S U i S - -
fae . : d .
xlfyl.!xv.l!)t.\l"l'l?r [ G N - -+
Doagye ALt...l.- .w - | - I A R
e r.T..:IT .&T\ e — e A <
.L‘.Cxﬁ.lf_ﬁ —— T
S SURG S S . BRSNS N _
JEUUR Y N T = T b cew s -
T M P ¢ H
R I B e
- e B i oot e e r\.v."? —
F e DAL I S ¥ . — ST
s - -
- - - P . e -
- B .
C e e b e e a P e - - EICEREN -

AN

i

. rv«..llj..tffﬂ)l\ yJ»:f!..IA\' »9&

tlI‘O.v]-ll.lk‘

; s
R R T e et

P f. v
[EPRUFIR] VUOT, SO
. 1Y I

e {r.M..WY.S ‘z .

RIS * SR
N PR U O L A S o

o

PO




..... ,
R Lo i L T T T A

F A T PR S B iy
® o . P L L DR L

. T . . . L e

® e e TR e

B T A P P

H T, ' 5 O R
i
L s I ) B P | PR -

'S304H04 3SHIASNVHL A8 JHNLIOVHEA 30 S3ITdWVX3

¢l 34N914

s s
'

37L03rodd ¢ ASNWIHO ONITvd v

371153rodd
NO 31V1d 40 NOILOV IY

AINWIHO NO _

(S
H14V3 40 NOILoV3Y “ LU,

N,

JHNLOVES 40 LY¥VLS ”
()




FIG. 13 EXPERIMENTAL PROJECTILES

JIYPEA — OGIVE SIMILAR TO THAT OF CAL.?0
A.P. CORE.
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FIGURE 14

SIMPLIFIED PROBLEM USED IN CALCULATING INERTIA
EFFECTS.
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FIGURE 15
TENSILE CRACK IN 37mm AP PROJECTILE ‘
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