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~SECRETY

BISCHEET.

PREFACE.

During the last war, the Ordnance Board set up a Sub-Committee of the Armour
Piercing Projectile Committee. It was known as the Armour Piercing Projectile Co-
ordinating Sub-Committee, and its functions were to review and co-ordinate the various
investigations being carried out in connection with tHe attack of armour. After the
war, this Sub-Committee continued in being with a reduced scale of activity. In order
that the results of war-time work might be made more conveniently available to those
working in the same field in future, it appointed a Report Sub-Committee, charged with
the duty of preparing, in book form, a digest of the knowledge which had been accumu-
lated.

The composition of the Report Sub-Committee, which included the authors of all
sections of this volume, is shown below, followed by some relevant information about
each of the members.

Dr. R. Beeching (Chairman).
Mr. C. A. Adams (Secretary).
Dr. J. W. Maccoll.

Dr. D. G. Sopwith.

Dr. C. Bykes.

C. Sykes, Ph.D., D.8c., F.Inst.P.. F.R.8,, now Director of Research. Tho:. Firth
and Jobn Brown Ltd., Brown-Firth Research Laboratories. who wrote the Foreword.
was Chairman of the A.P.P. Co-ordinating Sub-Commitree from its inception in 1941
to 1946. He held. at the same time. the posts of Superintendent of the Metallurgy
Department at the National Physical Laboratory and Superintendent of Terminal
Ballistics in the Armaments Research Department. In this dual capacity, he was inti-
mately concerned with the development of solid steel shot. heavy naval A.P. shell,
cored projectiles and armour plate. He was primarily responsible for the introduction
and use of calibration shot for firing trials. and played an important part in introducing
cored projectiles into service during the war.

R. Beeching, A.R.C.8., B.Sc., D.I.C., Ph.D., who prepared Chapters 1 and 3. was
first concerned with A.P. shot while in the Research and Development Laboratory of
the Mond Nickel Co. In 1943. he transferred to the Armaments Design Department,
and was for some time, Superintendent of Shell Design. He was associated with the
design of many armour piercing projectiles. with the development of high velocity
cored projectiles and with the production of heavy A.P. shell at R.O.F. (Cardonald).
He became Chairman of the A.P.P. Co-ordinating Sub-Committee in 1946.

D. G. Sopwith, D.8c., Wh.Sc., A.M.I.Mech.E., now Superintendent of the Errgipeer-
ing Division, National Physical Laboratory. who wrote Chapter 2, was Secretars of the
A,P.P. Co-ordinating Sub-Committee from its inception until 1946. He was responsible
for the analysis of an extensive series of firing trials, made under closely controlled con-
ditions in a special range at the N.P.L. and designed to elucidate scale effect and the
effect of plate hardness. He also did much to rationalize the use of penetration formul:e.

C. A. Adams, B.Sc., F.Inst.P., who prepared Chapters 3 and 4, was in the Terminal
Ballistics Branch of the Armaments Research Department, and did a great deal of
investigation by means of small scale trials, in connection with which he developed and
employed various high-speed photographic techniques. He contributed greatly to under-
standing of the penetration of complex targets. and cap stripping. In 1946. he became
Becretary of the A.P.P. Co-ordinating Sub-Committee.

Dr. J. W. Maccoll, S8uperintendent of Theoretical Armaments Research in the Arma-
ments Research Department, was not directly responsible for preparing any one section
of this volume, but gave helpful advice and criticism throughout. Much of the theo-
retical work on the mechanism of penetration was carried out under his supervision.
He was a member of the A.P.P. Co-ordinating Sub-Committee from its inception in 1941.
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SYMBOLS.

The syrbols in general use and, in some casges, the units commonly adopted, are given
below. Where variation from these symbols is made the text provides the necessary defini-
tions. In cases where there is often variation of the units according to the application no
specification :s given here. The part of the text concerned.will in these cases define the units.
In particular a note i8 given when ‘g’ enters a relation for conversion to some given set of
practical unra.

PROJECTILE
d=diameter in inches.
M —mass in ibs. With these definitions W and M are numerically equal. Both

. . i becaunse their dimensions differ, and each symbol is
W =weight 2 lbs. wt. gq‘glg;?y usedu.se e ' ! ym

A =projected area.
p=density.
l=length of bead.

PLATE.

t=thickness in inches.

p*=densirr.

w:=%d=t o-=weight of displaced plate material.
f=nsntress associated with resistance offered to penetration.
fy=yield s=ese in compression.

f«=nultimaiz tensile stress.

g =eflective shear strength during penetration.
8,=yield siress in shear,

& p=fractrore stress in shear.

E.=critice_ energy for perforation.

CONDITION: OF ATTACK.

t ,=astrikirg velocity in f.a.

ry=residuw velocity in f.s.

r =critical welocity in f.s.

w =instanuwsneous velocity.

¢ =angle o’ attack =angle between initial direction of motion of projectile and normal to plate.
& =sglope of iine relating r,? and 0,3, i.e. v, = v¥4-o0,

ORCES.
=magxiram force opposing penetration.
=meal oree opposing penetration.

hyl by hy

TRESSES.

=Tpressur= resisting penetration.

.=value :f p assumed in ‘‘ constant pressure '’ theories.
P=maxiram value of p.

‘g o

~pl 2
P 2;‘ =component of pressure assumed due to dynamic effects.
» may be regarded as the ‘‘ drag coefficient during penetration, giving
p=p, +72 1"
° 2.

ELASTIC “ONSTANTS.
E=Yoursg's modulus.
o="Poissca’s ratio.
. (xi}
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FOREWORD

By Dr. C. Sykes, F.R.8.

ARMCTR AND ABMOUR-I’IERCING I’ROJBCTILES PRIvnk To Worrb War II.

Prior to the secoud World War, experience in the use of armour-piercing projectiles
Wus almost exc.usively contined to Naval wartare and knowledge of armour and arwour-
pierving projectiles developed against this background. There was, inevitably, com-
petitive development of armowr and shot and supremacy passed back and forth between
defence and at:ack. To understand this competition fully it is necessary to realize that
not only did sizes of guns and projectiles increase to keep pace with increases in
thickness of armour, but also there was a continuous struggle to improve the quality of
armour, to get the greatest pruteciion from a given weight, and to improve the quality
of projectiles-1» give the greatest armour penetration with guns of limited size.

Naval armozr started to come into general use around 1860, when the adoption of
spherical, cast-iron, shell rendered wooden ships very vulnerable. To counter this type
of projectile, saips were titted with a belt of wrought iron plates, which broke up the
spherical shels As a consequence, spin-stabilized, ogival headed, cylindrical shell or
shot of chilled -ast-iron were developed.

Following 1:is, ships were armoured with compound armour of wrought iron plates
faced with st«=i, then with hownogeneous steel plates, and a corresponding development
was ihe use of hardened steel shell.

To defeut tie hardened, forged steel shell, armour plate was carburized and chilled
on the outer i2ce, and this led to the litting of shell with piercing caps. Such caps
were. in the st place, made of mild steel and were of various forms. Against early
forms of face-zardened armour, and at angles of attack near normal, they prevented
breaa-up of th- shell Lead by the hard face of the plate.

Frrther imyrovements in quality of face-hardened arwour resulting from the use of
hizgh alloy steci plates. together with an increase in the importance of angles of attack
other than ncrmnal associuted with changes in Naval tactics, led to the adoption of
various forms of hardened steel penetrating cap and also to a reduction in the length
of tke shell hezd. Thus, between the wars, the shell in use by the major Navies of the
worid had all .Jeveluped to a ratber similar form, the shell bodies being about 3 to 3%
calitres long, vith an ogival head of about 1-4 ¢.r.h. and made fromn heat-treated, fairly
high carbon, t:gh alloy steel. In general, these shell were fitted with a steel piercing
cap. having atout a tenth of the weight of the shell body, and were also fitted with a
long ballistic <ap, to umprove the external form of the shell from the point of view of
air resistance.

e shell bidies were very hard at the point and their hardness was graded down
from the poir: to the base, the precise hardness layout varying quite cousiderably
between differsnt countries and diferent makers in any one country. This grading of
the oody harcaess was held to be necessary to prevent break-up of the shell during
perforation of plate at angles of 30 degrees or so, and was aleo an aid to manufacture,
as it permitte¢ machining of the base end of the shell after heat-treatment.

Beiween the 1914—18 and 1939—45 wars, increasing importance was attached to the
future role of the tunk and all leading nations developed anti-tank, armour-piercing
projectiles to iiep pace with the development of more heavily armoured fighting vehicles.
Ever 80, how-ver, the thicknesses of armour involved were relatively small and such
armour could WEMM?%TMN&W, while 7y
there was appreciation of the advantages of producing good quality shot to give high
efficiency wear<ns in terms of the ratio of their penetrative performance to their weight, %
the natural t:adency was to develop guns and projectiles which easily outmatched
existing armow. For this reason the quality of anti-tank A.P. projectiles was not so~
severely tested as it waa to be later.

Tre war leé to a rapid progressive increase in armour thickness on tanks, with the
resui: that eac1 generation of gun and projectile passed through a phase where it was
presented witl an increasingly difficult task. Under these conditions it was of vital
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impor.ance to achieve the highest possible penetrative performance from a given weapon,
which necessitated improvements in shot quality and design. Up to that time the
develcoments in both Naval and Land Service armour and armour-piercing projectiles
had rcainly followed naturally from developments in steel making and treatment and
had depended upon only superficial understanding of the mechanism of armour penetra-
tion. However. as the problems of the 1939—45 war developed in rapid ruccession, a
better ntnderstanding of the process of armour penetration became increasingly necessary.
As a consequence, in 1941, a small Committee — the Armour Piercing I’rojectile
Co-ordinating Sub-Committee—was set up by the Ordnance Board, with the following
terms of reference wy— .

“To review and co-ordinate the investigations being carried out by groups of
scientists in connection with the attack of armour: to make recommendations
-oncerning their scope and progress; and to report to the Board.”

SUMMARY OF ACTIVITIES OF THE A.D.P. CU-ORDINATING SUB-COMMITTEE.

At e time when the Bub-Committee was formed, a considerable amount of investi-
gational work bad been put in hand, both in the various research laboratories axsociated
with the Services and in industrial laboratories. This work waa reviewed and the
meetirgs of the Bub-Committee were used as a wedium whereby the various investigators
could ‘amiliarize themnelves with the work going on elsewhere.

Alttough the Bub-Committee was primarily concerned with the attack of arwour, i.c.,
the performance of the projectile, it found immediately that to umke any reliable
invest'zation relating to the behaviour of shell required a detailed knowledge of the
behavisur of the plate. Consequently. research on both plates and projectiler was
co-orcinated by the Sub-Committee practically from its inception.

In 1341 a good deal of empirical knowledge was available on armour and shell. As
regarcs penetration of armour, the De Marre formula. or one of its variants, was used,
and Milne very quickly collected together the mass of firing trial data available at the
Ordneace Board and reduced it by statistical methods into what is now known as the
Milpe formula (see Chapter 2). The bulk of Milne's data referred to attack at an angle
of 30 Zegrees.

Bimilarly, Stockdale, at the Department of Tank Design, reviewed the data accamu-
lated on tank armour plates, generally for ‘‘ normal attack.,”” and produced a suitable
empirical formula to handle the data. This formula is different in form from Milne's,
but ic similar in accuracy.

Wte both these formnle served their purpose in allowing the behaviour of shot,
shell :nd armour to be predicted with reasonable accuracy, they had certain demerits.
The enpirical constants could not readily be interpreted in terms of any known physical
propesty of the plate, although it was known that within certain ranges of hardness
the c:nstants increased with hardness. As regards the shell, the formul® merely
recogzized its weight and diameter and did not differentiate between an annealed shell
and s hardened shell. Finally, the formulae took no account of any scale effect and
there was no reliable information as to whether such an effect did, in fact, exist.

The resistance of armour varies from plate to plate and from one position on any
particzlar plate to another. Bhell vary in quality. The firing test itself is generally
a test to destruction, either of plate or shell, and it is well known that scatter in tests
of ths type is high. Thus, it is not surprising that both the Milne and Stockdale
formzi®, applied intelligently. enabled the behaviour of armour plate to be predicted
withi= the limits with which the plate could be produced in bulk.

Hovever, from the point of view of further developments, a much better under-
standng was required, and it is the purpose of this book to record the progress made
in this direction. The major items of development proceeded as follows : —

Shot.

It i generally agreed that the production of shot and shell of a consistent quality is
a8 mo:a simpler proposition than the production of armour. Cleaner steel can be used
and tz2 problems of segregation are much easier. At an early stage, then. the manufacture
of the so-called calibration shot was instituted. These shot were made under supervision
and ware subsequently segregated into batches of known uniformity of hardness gradient.
by az electrical method. Such shot were reliable projectiles for proof of armour, and
consiZerably reduced the variability in the firing-trial test.
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During ::s passage through the plate the shot has to impose and withstand the very
Zigh stress:s necessary to deform the plate material. In the case of normal attack,
the stresses in the projectile are primarily compressive, although tensile stress waves
occur by =dection from the rear end. At angles other than normal the stress dis-
tribution 1 the projectile is more complex, due to the unsymmetrical pressure on
the head. zad tensile stresses are likely to be produced by the applied bending moment.
Therefore. the projectile should be of such a shape and of such a material that it has
adequate sirength to withstand these stresses without appreciable deformation or fracture,
Hardness Layouts which ensured this were determined empirically, but better under-
standing of the stresses set up in a projectile during plate perforation became increasingly
oecessary. 18 more severe performance requirements arose.

Stresses calculated from the penetration formulie are at best ‘“ average,” and do
10t give tie maximum stress. Two methods were explored to provide such information ;
the photographic method—by means of which the returdation of the shot can be obtained
from high speed films covering the actual penetration. and the static penetration method
—in whict the force necessary to perforate the plate under static conditions is determin®d
asing a sandard projectile and a press. This latter method was applied up to 2-pr.
scale. Tiz results obtained were used to develop a reliable means of determining
minimum nardness gradients for shot and shell. They were particnlarly useful in

providing 1 quantitative method for dealing with the effects of cavity shape and size on
the performance of shell.

At an esrly stage in the war the phenomenon of ‘* shatter ” was encountered. The
term is a:plied when shot failure occurs at high velocities, with complete collapse of
ihe shot. wvhile, at lower velocities on the suule plate normal penetration may occur
without a-y shot break-up. This trouble led to the study of the inertia forces on the
head of 12 shot arising from the high velocity induced in the plate material during the
initial swzzes of penetration. The importance of such forces, especially with high velocity
carbide sLot, is now realized.

Shutter was eliminated as a practical problem on steel shot by the introduction of
capped siat. Although much empirical work was carried out with various shapes and
weights 0! cap, understanding of the mechanism of cap action remains limited.

The wa saw the introduction of types of turget which had received little previous
cousiderazion; high angle targets, space-plate targets, ete. Such targets accentuuated
problems :ssociated with cap-stripping and yaw. Much information of a semi-quantita-
tive type %as produced regurding such problems, by means of the high speed spark
photogra:ay equipment.

Piz e penetration formule.

As already indicated, variabilily In normal supplies of armour and shot made it
impossibi: to determine which ot the various empirical formul®e was likely to be the
most relizole. Consequently a detailed firing programme was worked out using specially
manufacrired armour plate and shot. in an endeavour to get maximum unitormity.
Four size: of projectile were used, approximately 0-3 inch, 0-3 inch, 1 inch and 1-56-inch
(2-pr.). e=d firing trials were carried out under laboratory conditions, using residual
velocity —easurements for determination of critical velocity.

SBuch t™als have been carried out under conditions of normal attack and angle attack,
and the =producibility of the results is far higher than that previously achieved in auy
firing tritis, and has justified the care and attention put into the work.

The reslts give definite evidence for a scale effect, and enable its magnitude to be
assessed. In addition, the constants in the penetration formula finally chosen can be
estimareZ. within certain limits, from the physical properties of the plate. Although the
reproducodility of the critical welocity in these trials is high, values falling within
limits of =10 f.s., the various empirical formule still give equally good ‘‘ fits > when
the appr:oriate constants are chosen. For a given scale of attack, in terms of the ratio
of shot r:libre to plate thickness. plate resistance is found to pass through a maximum
at a cerisin hardness level. This hardness varies with the (shot calibre/plate thickness)
ratio.
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Plate quality.

Armour plate can fail in a variety of ways, when attacked by a given projectile
under standard conditions. It may plug, petal or disc. The discing failure is usually
associated with a low penetration velocity, and is also objectivnable for other reasons.
There was very little authoritative information available as to how the physical properties
of the armour plate affected the method of failure. This problem was studied empirically
from tke data provided by metallurgical examination and physical testing of plates, and
the conclusions correlated with the investigation on plate penetration already described.

It was demonstrated that discing depends both on the *f quality ™ of the plate, i.e.,
freedom from inclusions and marked directional properties, as well as on the actual
hardness.

PROBLEMS YET TO BE SULVED.

Major problems in connection with the penetration of armour by armour-pjercing
projectiles yet remain to be solved. All of these are involved in a more thorongh under-
standingz of the mechanism of penetration, and some of them are of direct practical
importance in relation to the improvement of shot and armour performance.

It is pecessary to find out much more about the way in which plate material behaves
under the peculiar condition of stressing and deformation which are indnced by the
penetration of shot. The mechanical properties normally measured for steel ure of very
limited value in this connection, and a very big sftep forward would be achieved by
determination of the behaviour in rhear of plate material under conditions where the
principai stresses were all compressive. at high rates of strain. The effect of steel quality,
i.e., cleanliness and directionality, on this behaviour is of particular importance.

Secondly, more knowledge is required of the strexs distribution in projectiles when
penetrating armour at angles other than normal. So far, nearly all attempts to measure
or to calculate the stresses in a shot bave been confined to the case of normal attack. For
this case. relatively simple theoretical treatments of the problem give useful results.
but the importance of stress data for angle attack is greater, and far more difficult to
obtain.

A third outstanding problem. to which reference has already been made. i~ to deterwine
how a piercing cap serves to prevent shatter. Possible explanatiens wuggested so far
are [»~—

(a:. That the cap imparts enaugh energy to the plate, to reduce the effects of the
inertia of the plate material immediately in front of the shot. without
transmitting great stresa to the shot becanse of its own break-up.

(ti. That the cap gives radial support to the shot head. by virtue of its own
strength or inertia, during the early stages of penetration.
However, triale with various shapes of cap calculated to eliminate the possibility
of one or other of these effects have failed to substantiate either explanation. It is
possible that both play some part, but this has not been proved.

[xvi]



CHAPTER 1.

THE MODES AND MECHANISM OF PLATE PENETRATION AND OF
" SHOT FAILURE. .

By R. Beeching.

1. INTRODUCTION.

When a good armour-piercing shot or shell penetrates a plate, the penetration usually
vccurs in coe of a few quite characteristic ways, the actnal mode of failnre depending
upon the nature of the plate. In the first part of this chapter the various comwon modes
of penetratdon are described, and an explanation of the way in which plate properties
determine the nature of the penetration is offered. For this purpose the shot is considered
to be perfect and to suffer no fracture or deformation, while. in the second part of the
chapter, trpical forms of shot failure are described, and esplained so far as is at present
possible.

The quazty of armour plate must obviously be assessed primarily in terms of its ability
10 stop piereing projectiles, but an iwmportant secondary requirement is that, when
defeated, -2e plate shall not fail in such a way that fragments become detached and so
add to the lethality of the attack. These two requirements are not independent, since
both deperd upon the mode of deformation and fracture of the plate when penetrated,
although i: does not follow that the type of plate giving the most desirable form of failure
offers the greatest resistance to penetration. This inter-relutionship between resistance
to penetradon and mode of failure is considered further when mechanism of penetration
is discussed. ,

When ccasidering the various types of plate failure it may prove heipful to bear in mind
the obviots fact that complete perforation of a plate cannot occur by deformation alone.
Some forr of fracture must also occur, and the type of plate failure which takes place
is very larrely determined by the nature and position of the first fracture.

The def:rmation or break-up of piercing shot or shell sets a limit to armour penetration
performarce. Set-up of a projectile on impact increases the striking energy necessary
for succes against a given plate, while, in the case of shell, it may also cause a prema-
ture, low-rder detonation. Break-up of a projectile, if it occurs before perforation is
substantiely complete, also has the effect of raising the striking energy necessary to defeat
any giver plate. Further, although break-up of shot on leaving the plate may be
advantag:ous and increase lethality, shell must remain unbroken until detonated if the
explosive illing is to be effective. Therefore, a good criterion of quality for armour pierc-
ing projertiles is ability to resist deformmation or fracture while penetrating thick plate,
and it is important to develop the best possible understanding of the mechanism whereby
these faiizres occur.

It is nt considered that the ideas sugrested to account for the various modes of failure
of plate :r shot offer a complete explanation of the observed phenomena. Indeed, it
appears 11at, in view of the present lack of knowledge relating to the plastic flow of netals,
especially at high rates of shear, a rigorous treatment of the problem is impossible. Never-
theless, izcomplete as they are, these attempts to explain the mechanism of various types
of plate 21d shot failure are thought to be of value as a basis for considering the influence
of plate «nd shot properties on performance, and may form a useful step towards more
complete ‘reatment of the problem at some future date.

1.1. Tyzrical plate damage (homogeneous armour) : Normal attack.

For ths sake of simplicity the whole of this section will be limited to consideration of 1he
phenoweza associated with normal attack. In a later section, the differences in behaviour
rernltine from variation of the angle of attack will be described. '

When & shot is fired into a plate of about one calibre thickness or more. the front of the

plate alcost invariably has either the petalled appearance shown in Fig. 1, or that shown
in Fig. 2. whether perforation is complete or not.
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If the plate is thick enough to stop the shot, the impression in the plate, beyond the
crater, is a mould of the shot form. On the other hand, if the shot perforates the plate,
the last stages of hole formation may occur in a variety of ways, giving one of four main
types of back damage or, sometimes, a combination of two or more of these.

A plug of approximately shot diameter may shear out, giving a roughly cylindrical hole
right through the plate and a slight lip on the bac¢k face, such as that shown in Fig. 3.
Alternatively, penetration may proceed to the stage where the projectile breaks through
‘the back of the plate and forms back petals. These are normally larger and fewer than
the front petals, and they may rewmain attached to.the plate o break away as they are bent
back by the shot. St

A third type of back damage occurs with rolled plate and is caused by the breaking
away from the back of the plate of a disc.of metal yp to several calibres in diaineter and
ususlly half a calibre or so in thickness. Typical dises are shown in Figs. 4 and 5.

A fourth type of back damage which mway-occur is the breaking away of irregular
flakes from the back of the plate. This most commonly occurs with cast plate, and
Fig. 6 shows the type of Hake which may be detached. TLis is a rather exceptional
example, since in the case illnstrated only one large, fairly symmetrical flake was formed
and this remained in one piece. It would have been more typical had it broken into
several irregnlar shaped pieces.

2. THE MBCHAN1sSM OF PLATE PENETBATION AND FAILURE. NORMAL ATTACK.

All the phenomena reterred to in the previous section can be accounted for in terms
of plate properties, in a general way, although no strict quantitative treatinent has been
found possible so far. .

2.1. Plates of semi-infinite thickness.

Congider a shot fired at normal against the face of a sewmi-infinite mass of armour.
As wbe bead of the shot forces its way into the plate, any element of the head surface in
contzct with the plate exerts a.cowpressive force on the plate. This force is roughly
norral to the head surface at any part, because, as wetallurgical examination of dam-
aged plates shows, a thin surface layer of plate either melts or is raised to such a high
temperature that the coetlicient of friction between plate and shot is likely to be low.
Thus the forces exerted on the plate by -the shot may be resolved into a forward, axial
comronent, and equally distributed radial components. ‘As a result of the radial load,
the piate material shears over a series of co-axial conical surfaces, cutting the plate face
at approximately 45 degrees, as shown by the dotted lines in Fig. 7. The shear stress
is greatest over the surface closest to the shot ogive. I'lastic displacement occurs there
first and then extends to surfaces further and further out as work hardening occurs, and
as tbe shot penetrates to a greater depth. Due to the form of the ogive, and as a result
of tre radial velocity imparted to the plate material displaced by it, a raised collar
builds up round the head, as shown at-AA in Fig. 7. This tends to split up into petals
under the influence of the resulting tensile stresses, as shown in TI'ig. 1. If, however,
the plate has rather less ductility and is incapable of so much deformation in shear,
shear fracture will occur over one of the conical surtaces, giving front damage of the
type shown in Fig. 2.

Ak penetrution proceeds, displacement of plate by the process described above obviously
becores more difficult, since there is a rapid increase in the area over which shear must
occur. if displacement is to extend to the plate surfuce. Iixamination of impressions
in thick plates suggests that the process of front petal formation has virtually ceased by
the time the whot ogive is completely immersed in the plate.

Under these conditions, when bulging of tlie plate has ceased, if further penetration
is to sccur. the volume of material displaced by the shot ogive must be accommodated
by elantic deformatjon. The material immediately around the shot will be deformed
plastrally, and will be reduced in volume -by an amount corresponding to the elastic
part of the strain. Therefore, a large zone of plate material surrounding the plasti-
cally deformed zone must also be .subjected to elastic compression, to account for the
full volume of material displaced. Penetration under these conditions has been treated
theorerically in refs. A.20, 243 and 289. While it represents an iwmportant part of the
process of peneiration in the case of tungslen carbide cored shot, where the thicknesses
of plstes penetrated are large in relation to calibre. it will be seen that the conditions
are rot normally encountered in the attack of plate by steel projectiles, due to the
influeace of the back face overlapping that of the front face. )

X



Typical front petals and also the
beginning of a conical shear fracture
below the petals on the left.

FiG. 2.

The appearance of an entrance hole

from which the petals have sheared.

The polished appearance has heen
destroyed by rusting.

Fi1G. 3.

The appearance of the back of a plate
from which a plug has been driven.
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F1G. 4.

F1G. 5.
Figs. 4 & 5.—Two typical discs.



paovne Angd e jo paed gy 9pepd jsed woay vy v
RUBRN |




FlG. 7

~ SHOWING THE MODE OF PLATE DEFORMATION
ASSOCIATED WITH THE FORMATION OF FRONT PETALS.




2.2. Plates of normal thickness.

For reasons which will become apparent, steel projectiles are seldom employed against
plate of more than two calibres thickness, while plates of much less than one calibre are
s0 outmartched that they present a problem of relatively small interest. Therefore, plate
rhicknesses around one to two calibres thickness are of most general interest.

Consider now what happens if the semi-intinite plate is reduced to a thickness of the
aormal order. Then, by the tiwe the shot ogive is imnmersed in the plate, there will be
shear- stresses over roughly cylindrical surfaces co-axial with the prolongation of the
shot, as indicated in Fig. 8t. These shear stresses will be a maximum over the inner
surface, where they will have a value : —

’

% where T is the forward thrust of the shof

d is the shot calibre
t is the thickness of plate forward of the shoulder of the shot,

and the sress may be assumed to fall off approximately inversely as distance from the
shot axis.

All the while the plate is so thick that the shear stress %t dues not cause plastic

Jeformation, the-conditions will be similar to those in the semi-infinite plate. It is
interesting, therefore, to determine approximately at what plate thickness this eondition
it no longer satisfied.

Consider the state when the shot ogive is just completely embedded in the plate, so that
if t is the full plate thickness, then 1% =8, is the condition for plastic shear over the

vylindrical surface, where S, is the yield point in shear of the plate.
If it is assnmed that there is a normal pressure p all over the head surface, then
3
I= % p-

In reference 243 it is shown that the pressure p necessary to cause increase in cavity
size in an infinite mass of plate is from four to six times the yvield point in compression
of the marterial which. in turn. is approximately twice S,.

Hence. if the lower value is taken, the condition for the expansion form of penetration

- 2
is p=4 f,=8 8, while the condition for shear over the cylindrical surface is T'= —":;-1 p=
md 18,

or p=4t/d §,=88, when & =2.

Therefcre, the influence of the rear face will become important as soon as t is less than
about 2d.

Thus, plates of normal thickness cannot be treated as though of infinite thickness at
any stage of penetration. Once the shot bead is immersed in the plate, penetration will
proceed, "o some extent at least, by the formation of a bulge on the back face of the plate.

2.2, The formation of a bulge on the back face.

The foregoing picture is useful as a means of showing at what plate thickness the in-
fluence of the back face becomes of importance, but it is over simplified by the assumption
that there is a uniform pressure all over the shot head. It suggests that in plates of less
than two calibres thickness, penetration bevond the front petalling stage would occur
by the forward displacement of plate material by shear over cylindrical surfacex only.
In practice, it appears that this process is accompanied by some sideways displacement
of plate material by the shot ogive, and that penetration proceeds by a combination of
forwards and sideways displacement of material by the head of the shot. The wanner in
which material is assumed to be displaced is illustrated roughly in Fig. 9. It is to le
expected. however, that as plate thickness is reduced, or as penetration proceeds, the
tendency towards forward rather than sideways displacement of the plate malterial will
increase.

As pecetration proceeds under these conditions the bulge on the back face becowmes
more prenounced and more sharply curved over the apex, while increasing shear strain
develops over the cylindrical surface which is a prolongation of the shot bodv. TUnder
thexe corditions, fracture of the plate will ultimately occur in one of two ways, depend-
ing upon the plate properties. Either a star crack will develop at the apex of the bulge,
due to tte tensile stresses set up there, or a plug of roughly shot diameter will shear out.

t+ This u a simplified pictare, but represents a reasonable approximation to the true one.
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The first of these types of failure will be favoured by relatively good ductility under
shear stress in the bulk of the plate, or poor ductility under tensile stresses over the back
face, while the second type of failure will be favoured by converse conditions®.

Once a crack has formed at the apex of the bulge on the back face, this is likely to
extend tkrough to the head of the shot and so reduce the rigidity of the plate in front of
the shot. Further penetration is then likely to proceed by the bending forwards and out-
wards of petals, as illustrated in Fig. 10.

2.22.  Plug formation, ’

A matter of obvious importance in relation to plug formation is the question as to how
far the plag will move forward before shear fracture occurs. In the past, this problem
has been dealt with by making arbitrary assumptions about the distance which the plug
moves through and the shear load necessary to cause the movement. A more reasonable
treatment than this is possible, even though simplification is necessary.

If the formation of a plug of a full plate thickness is considered, then the shear
stresses parallel with the shot axis would be expected to fall off roughly inversely as
distance from the axis, outside a radius d/2, since the total forward thrust to be sup-
ported remains constant and the area of any cylindrical surface of equal shear stress is
directly yroportional to its radius. For the present purpose, it is arrumed that there
is no shear stress inside the surface of radius d/2, although this is not likely to be strictly
true for normal head shapes.

Unless the shear deformation extends through a shell of finite thickness, fracture
would be expected after infinitesimal plug movement, even though the material had high
ductility in shear. Therefore, plastic shear cannot be limited to the surface over which
shear stress is a maximum, and the question as to how far the plug moves becomes one
of decidizz how widely plastic deformation extends.

If the riate material work hardens so that the fracture stress in shear divided by the

vield stress in shear is A, then the yield point will just be reached at a radfus d A,

2
when shezr failure occurs at a radius g Therefore, it is to be expected that a cylin-
drieal zore of internal radins g -and external radius A g will be plastically deformed,

- . . . d.
the degree of deformation varying from a maximum at a radius —- to zero at Az

Hence, 1ze forward movement preceding shearing out of the plug will depend upon the
work hardening of the plate material.

2.25. Failures peculiar to rolled plate.

So far. the plate has been regarded as isotropic, but rolled plates seldom are, on
account <! their tendency to have planes of weakness parallel with the surface. If such
planes of weakness are sufficiently pronounced, laminar cracks may form in the plate
during pe=netration and lead to discing failures of the type already described, or to a
modified ‘orm of back petalling failure. The association of such cracks with discing

failure azd with the modified type of back petalling failure is illustrated by Figs. 11
and 12 respectively.

2.24. The formation of laminar cracks.

It is evident that the presence of laminar weakuesses in a plate eannot prevent the
processet of failure already described by increasing the resistance of the plate to failure
in these ways. Since they do affect the mode of failure, however. they must do so
by causirz the intervention of some other form of breakdown which alters the mode of
deformati:oxn and affects the stresses which develop. Moreover, it is not uncommon
for the s:me plate to fail by plugging in some parts and by discing or star cracking
following iamination in other parts, and since when a plug is driven out it normally has
& length of from half to two-thirds the plate thickness, it is evident that the event
preventirz plugging must occur at an early stage in shot pentration.

* This is :arne out by the fact that some plates giving star cracking failures can be made to give plugging
failures br machining off the oxide embrittled back face.
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F1G. 8.

SIMPLIFIED REPRESENTATION OF THE SHEAR STRESSES

ASSOCIATED WITH PLUG FORMATION.

THE LENGTHS OF THE PAIRS OF ARROWS INDI/CATE

THE INTENSITY OF THE SHEAR STRESSES.

.




F1G.9

SHOWING THE PLATE DEFORMATION ASSOCIATED
WITH THE FORMATION OF A BACK BULGE.
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FiG. 10

SHOWING HOW THE METAL REMAINING IN FRONT OF THE SHOT
WILL TEND TO BEND WHEN ONCE A STAR CRACK HAS FORMED.
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F1G. 11. (x}).

A ‘section through a plate from which a disc was about to
become detached.

Fia. 12. (x1).

A section through a plate which has failed by back
petalling after laminating.
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This event s the formation of one or more laminar cracks in the layers of plate in front
of ihe shot. ¥ith a consequent reduction in its rigidity. When the plate is']lamindted in
this way it -ends to behave as a pile of discs, clumped round their outer edge, and
therefore has a lower rigidity than a single diaphragmn of the same total thickness. As
a result, the iayers of material in front of the shot tend w retreat before it more easily
by bending. :nd so the tendency to plug forwmation is reduced.

The mann:r in which the laminar cracks form is not fully established, though the
fact that th:y do form in parts of the plate mot yet penetrated has been shown by
sectioning partially penetrated plates. Omne view is that they ure formed by the tensile
stress wave which returns from the back face after the initial compression wave bhas
rexched it. This explanation could in any case apply only at a time at which the
displacemen: due to the reflected wave exceeds that due to the continuation of the pressure
wave, or ip approximate terms. after the peak resistauce has been passed. The alternative
view that laminar cracks result from the deformations of the plate associated with the
formation of the back bulge seews more satisfactory. This second mmechanism may be
viewed in eizher of two ways, one of which is represented in Fig. 13 and the other in
Fig. 14.

Shear will occur over the surface of the cylinder A B C D shown in I'ig. 13 and this
cylinder mar be regarded as being pushed through the surrounding wmaterial. If there
are planes « weakness parallel with the plate surface. the forward movement of the
cevlinder will tend to separate the plate into layers, in much the same way as a rough,
tightly fittirz plug pushed through a hole in a pile of plates clamped round the edge
would cause the back plates to bulge away from the others.

In the neizhbourhood of the cylinder A B CD, where the shear stresses are high,
there will i» correspondingly intense shear stresses parallel with the plate surfaces,
and it is nw quite clear to what extent these shear stresses contribute to the initial
formation of laminar cracks. It does seem certain, however, that once a crack extends
as a compleie ring round the embryo pluy. it extends outwards mainly as a result of
the concent-ation of tensile stress over its outer edges. This extension continues
uniil the crick perimeter is large enough to reduce the tensile stress across it to a
vaiue below the strength of the plate in a direction perpendicular to the plate faces.
On the other hand, the extension of the cruck inwards, into the zone in front of the shot
wkere there are compressive stresses through the plate, may occur at a later stage as
a result of siear stresses produced by the stretching of one layer with respect to another
as they are bulged forward by the shot.

Fig. 14 rezresents an alternative way of viewing this process of crack formation. If
a shot were dred into a pile of plates clamped round the edges, the plates would be
expected to -ulge in the manner illustrated, with consequent separation. A single plate

wnuld be ex:ected to behave in a similar manner if it had sufficiently pronounced laminar
weakness.

2.25. Star cracking after lamination.

Reference 1as already been made to the way in which lamination might increase the
tezdency to Iorm a rear bulge on a plate, while reducing the tendency towards plugging.

As a result. the presence of laminar weakness in a plate may encourage a back petalling
type failure.

The vario:s layers of plate will tend to fail in the same way as a pile of thin plates.
They will b= bulged in the direction of motion of the shot and the metal over the shot
nose will be thinned by stretching radially and by compression between the nose of the
shot and the next layer. This process may continue for each successive layer, including
th= back or:. and give rise to a star cracking failure and finally to complete back

pezalling. This stretching and thinning of successive layers is well shown in Figs. 11
and 12. .

On the otier hand, since the last layer is less adequately supported than the preceding
laxers, it ir 20t remarkable that it may fail in a different way. Whether it does so or
uot depend:s npon its thickness, upon the extent of the laminar cracking. and upon the
tecsile strerrth of the main bulk of the plate in directions parallel with the face, as
commpared v¥=h the tensile strength of the surface layer.



2.26. Discing.*

The las: layer of a laminated plate will bend like a cir¢ular diaphragm clamped
around the edge aud ioaded at the centre. 1t will, therefore, bend with . doubiz curva-
zure of the form shown in section in Fig. 15. Consequently, there will be radial tensile
stresses 8¢2 up round the edge of the inner face and over the centre of the outer fuce.
The thinr:r the layer in relation to the diameter of the laminur crack, the less pro-
zounced w1 be the curvature round the edge in relation to that at the centre. Con-
sequently. the less severe will be the radial stress at the edge in relation to that at the
centre an< the more likely is the plate to fail by ptar cracking, particularly if the back
face is emoarittled. On the other hand, if the layer is thick in relation to the diameter
of the lawinar crack, the tensile stresses at the centre will be small compared with the
stress at iZe edge, which results from the combination of the radial tensile stress due to
Sending a-d the tensile stress perpendicular to the plate face due to the forward thrust
on the dis as a whole, as indicated in Fig. 15. In this case a crack is likely to form
irst round the periphery of the laminar crack, and, except in-so-far as it is affected by
zhe anisoopy of the plate, it will tend to start towards the back face with a slight
outward izclination as shown.

As the crack extends towards the back face and the thickness of metal remaining
ancracked is decreased, the local concentration of tensile stress over the edge of the
«zrack and in a direction perpendicular to the plate face will tend to increase, while the
radial str:es will decrease. Therefore. the direction of the resultant stress, which will
remain ecial in magnitude to the tensile strength of the steel. will swing progressively
rowards 1ze normal to the plate face, as cracking proceeds. This process, considered as
occurring in stages, is illustrated in Fig. 16.

Suppost the radial component to be x,, and component of stress perpendicular to
the plate Iace to be y. when the crack starts. Then the crack will have a direction per-
pendiculer to R,. When the crack has reached a, the radial stress will have decreased
10 ¥, and the other component will have increased to y, and the crack will proceed in a
direction perpendicular to the new resultant R, and so on for further stages ¢ and d.
In pracrite, the process is continuous and the crack takes a curved path of the form
shown in Tigs. 4 and 5. .

As thbe zrack nears the back face, a stage is reached at which the shear stress round
1he edge 7 the disc and perpendicular to the plate face exceeds the shear strength of
ibe plate material. Therefore, the final separation of the disc occurs by shear failure
and the tright sheared edge, shown at A in Figs. 4 and 3, is a characteristic feature of
discs.

Cast araour does not display the laminar weakness which may occur in rolled armour,
but way zave a general low level of elongation under tensile stress due to intergranular
weaknesk or inclusions. Thus, it is not uncommon to find cast armour which is quite
as ductiiz as rolled armour when subject to shear stresses in the absence of tensile
stress. Lot which is capable of little elongation in tension. This combination of pro-
perties 12ads to favour star cracking and back petalling, but may cause flaking if the
internal veakness of the plate is too pronounced.

The wgr in which flaking occurs is best seen by analogy with discing. As in the cave
of rolled slate, annular cracks may be started in a cast plate by incipient plugging.
Since thete are no preferential planes of weakness, howerver. the cracks do not spread
outwards parallel with the plate face. Instead. they proceed towards the back face in
the same way ax the edge crack on a disc in rolled plate. but with greater initial out-
ward inc_pation due to the high component of stress parallel with the shot axis. When
no seconiary break-up occurs. this results in a flake of the form shown in Fig. ¢,
although. in practice. further break-up usually occurs due to the brittle nature of plates
which faZ in this way.

"A disiaction has been made between discing and flaking (page 2 and Figs. 4, 5, & 6). This dis-
tinction hes been found useful in practice, but the momeuclature is not uniform in the literature of the
subject. T:e terms may sometimes be found to be interchanged. In particular, in reports of trials on
tank armoir it will be found that the term ‘‘ flake ™ is applied in cases in which ‘* dis¢ "’ would be used
sccording = the present definitions.



FiG.13

SHOWING HOW THE FORWARD SHEARING TO FOkM A sACKBULGE
WILL SET UP TENSILE STRESSES OVER THE EDGE OF LAMINAR DEFECTS

F16.14
SHOWING HOW A CLOSE PACKED PILE OF THIN PLATES WOULD DEFORM,TO
INDICATE WHERE TENSILE STRESSES MIGHT BE EXPECTED INA SOLID PLATE.




FIG.15

SHOWING THE VARIOUS STRESSES WHICH EXIST AT THE EDGE
OF A DISC, BEFORE THE CIRCUMFERENTIAL CRACK STARTS.

TENSILE STRESS X IS DUE TO BENDING OF THE DISC,AND Y IS
THE TENSILE STRESS OVER THE PERIPHERY OF THE LAMINAR CRACK,
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FiG. 6.

THE DIRECTION OF THE RESULTANT TENSILE STRESS ACROSS THE CRACK
AT ANY STAGE 1S REPRESENTED BY Rpn AND THE STRESSES DUE TO BENDING
AND TO THE TENDENCY OF THE REMAINING UNCRACKED LAYER TO MOVE
AWAY FROM THE LAYERS ALREADY CRACKED.ARE REPRESENTED BY

X AND Y RESPECTIVELY. THE CRACK WILL TEND TO PROCEED AT RIGHT
ANGLES TO THE RESULTANT STRESS AT EVERY STAGE.

_LAMINAR CRACK

BACK FACE OF PLATE






3. RESISTANCE TO PENETRATION AND ENERGY ABSORPTION ! NORMAL ATTACE.

‘There are two different ways in which a plate may defeat a shot. It may offer so much
resistance to penetration that the shot is over-stressed and breaks up, or it may detorm
in such & way that all the shot energy is absorbed betore perforation occurs. While these
1wo effects are related, Lecause energy absorption is the space integral of the resisting
force, it dues not follm\ that a plate which gives a high peak resistance to penetration
gives the highest energy absorption on perforation.

In a later chapter, reterence will be made to the determination of the ioad necessary
fur penetration, by means of static punching tests, and by retardation measurements on
projectiles. It is interesting to note, however, that a usefyl estimate of the load necessary
for penetration may be made Ly assuming that a plug of shot diumeter and of full plute
thickness is driven out of the plate. This would be expected to give a high value for the
peak luad. since some easier form of penetration might prevent the development of the
shear stress necessary for plugging, but it is found to give loads corresponding closely
with those determined by the the other mnethods. If this mechanism of penetration is

assumed. the mean axial compressive stress I> over the cross sectional area of the plug is
given by the expression

ﬂ‘?p =ndi§
48
or P= =

where N is the shear strength of the plate material.
Thus, ior u shot penetrating a plate having a shear strength of 40 tons per square inch,
vorrespouding to a hardness around 300 B.H.N., the mean compressive stress over the

Mug section would be expected to have the foliowing values for plates of the thicknesses
shown :—

. P=Mean compressive Observed
Plate | stress over the values
thickness ' crosa sectional (static
in calibres | area of the plug penetration)
tons/sq. in.
175 120 117
10 160 149
1-25 200 173
15 240 ' 192
1175 280 ! 209
2:0 ; 320 224

In the ust column are shown approximate mean values taken frowm the static punching
lest resu.ts shown in Chapter 3.

Ax will be seen, the agreement for plates of moderate thicknesses is very good. while,
as might be e\:peated the estimated values tend to be high for plate thicknesses around
2 calibres. This is due to the fact that appreciable shot penetration occurs before plug-
:ing starts in plates of this thickness, so that the early stages of static penetration are
vasier than they would be if a full thickness plug were formed. In the case of dynamic
penetrarion. however, a considerable increase in plate resistance must be expected during
the early stages of penetration, due to the inertia of the material displaced. This is
particularly the case with thick plates which must always be attacked at high velocities
if perforation is to be achieved. Therefore. the simple method of estimating the maxi-
mum thrist between plate and shot appears to be a good basis for design, and has been
used for -his purpose for some time. From the values of P, the mean compressive stress
p' over any transverse section of the projectile at and behind the shoulder may be calcu-
lated by means of the formula

1_pW—1w (44
pi=P w nd?
where p' is the stress over the section
W is the projectile weight
w is the weight forward of the section
A is the area of the section.
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3.1. Energy for perforgtion.

‘Not only does the assumption that perforation vecurs by the formation of a plug of
full plate thickness permit the calculation of a good approximatlion to the waximum com-
presaive stress imposed upon the shol, but it also allows the calenlation of the energy
expeaded by the shot in perforating the plate. Thix leads to a penelrufion formula bear-
ing sm>me similarity to those already in use, und gives values for energy absorption of the
righ: order. It is considered, however, that its real value is that it demonstrates the
dependence of plate performance on a cowmplex of mechanical properties wmore clearly
than other lines of approach adopted so far.

Euppose the stress and strain to be uniform over cylindrical shells concentric with the
shot axis, and let 8 and & be the shear stress and shear strain, respectively, at a distance
» froo the axis. Then §=F'(r) where tke form of F is not necessarily known, but is such
that & decreases with increase in r.

If the stress-strain relationship for the plate material is represented by 8 =f(8), if
the s—fix o relates to the values of § and @ at the yield point. and if the elastic work prior
to yieid is neglected, the work per unit volume in a thin shell of radius r is given by

']
e= f 8de
b,
S
e=[ SP(8)4S=1(8)~ (8= HL F(n]~1(5,)
8,

-

where I=J §fY(8)d8.
Since the volume of an elementary cylindrical shell ix 27 r tdr, the totul strain energy
FE is gzen by
41
E=21r¢UrI (F(r)} dr—31(8,) (r,2—ry?) ]
To

where -, is the shot radius and r, is the radius outside which no plustic deforwation
occurs. provided deformation within the plug is neglected.

If ri: specific assumptions are made that :—
(i}. The stress-strain curve is linear,

‘i). Thehst.ress is inversely proportional to the radial distance for values greater
than r,,

- _ 8 -8, where ¢ is the strain at the stress S, which causes
then o’f(s)“f’s,-s“ shear fracture g

and S=F(r}=8p Lf’ at the moment of plug separation.

Hence /= [8f1(8)d8= S’i 5 (%’)

and I [F(r)]:Qﬁ—ﬂm (S_r;’.o)' '

Sptrg! r $ 8,2
E =2xt —_F"e L RS oo NI _p3
i {"‘ DBy —Ba) % 7y T WSy —By 1T ’}

If the yield ratio 3% = A, and since r, = %
_ ntgdis, {,\ 1 A+l
E= =g amglesr—— }



Therefore. since a shot must have at least this energy for perforation, the relationship
for bare perioration becomes

- . 3 Wel=kt d’

Wod

or —5 = ot

_A+1) 2240x32:2
where C1 = (A_—l'l gA 3 ) 13
= 9440 ¢s,( log A— ——"';1) .
W is in 1b.
v in f.8.

t and d in inches
and 8, in tons per rquare inch.
IfA =1 + p,and if 4 <1 and terms of higher order than p? ure neglected, the form-

ula may be written as C' A 9440 ¢ 8, (p+ §')

It is of interest to compare this relationship with the wodified de Marre fouuul.x,
which is in general use in this country, namely

Wol = 1-43
%= (3)
The onir difference in form is the absence of the index 1-43 in the formula derived
from the zssumption of perforation by plugging. The appearance of this feature in
the empirizal formula is, no doubt, accounted for by the fact that as plate thickness
inereases. “here is a progressive increase in shot penetration before plugging starts.
Although -dis has the effect of reducing the load necessary to cause plugging, it hus
an even greater effect corresponding to an increase of ¢ in equation (4) above,' so that
Wd.a_ﬂ will iend to increase more rapidly than -;
Althougz no reliable data defining the bebaviour of armour plate steels under shear
stress are zvailable, reasonable assumptions lead to values of (' of the the same order
as C.
Thus, if it is assumed that
S, =30 tons per square inch A -133
Sy =40 tons per square inch N
and ¢ =3 (corresponding to a reduction of area in tension of 45 per cent.)
then C!' A 052 x10°.

This va:ze of (' is calculated on the assumption that the perforation occurs by the
Zormation of a plug through the full plate thickness, without any prior penetration of
~he shot :2ad. Therefore. it is to be expected that it will agree best with observed
—alues for blunt headed shot attacking plates of 1 calibre or less in thickness, since the
essumed <onditions are then more closely satisfied. For goud ogival headed shot, of
3-4 c.r.h.. observed values of ¢ are around 1 x10¢, while for flat headed shot values of C
around 0-Z x10° are observed.

It is of interest to note also, that if plugging occurs in the manner supposed, the lip
formed rcind the bole, or the back face, should have a width

3 (1)
Thus. if A =1-33, the lip width is 0- 14 d, and. as will be seen from Fig. 3, the 11p width
is of this srder with plates of about 1 cahbre thickness.
As alrezdy mentioned, the value of this derivation of a penetration formula lies. not
in its use ro predict shot performance. for which existing empirical formulwe are better.
but in the demonstration of the way in which plate performance depends directly upon

vield stress in shear. and strain at ‘fracture. and also depends in a more complex man-
ner upon rield ratio. _

4. ANGLE ATTACK.
4.1. The ﬂﬁ‘ect on hole and plug form.

8o far. \n thischapter, only normal attack of plates has been described. Under Service
conditiors. however, normal attack of armour is seldom possible and it has now become
customary to carry ont development trials, to test plate or shot performance, with angles
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of ai:ack of 30 degrees or more. This section will be devoted to a description of the way
in wrich the mode of deformation and failure of plates is affected by increase in the angle
of azack. In this section, unless otherwise mentioned, shot with a 1-4 c.r.h. form
dre considered. : .

At :mall angles of attack, little change occurs in the mmode of plate failure. The hole
in the plate usually has a direction intermediate between the direction of attack and the
normzl, and the other main characteristics such as plugging, discing, back petalling, etc.,
remaia the same. At angles of around 20 degrees to J0 degrees, however, some differences
become apparent.

The plate thickness which can be defeated by a given shot decreaser with increase in
ungle of attack. Ar a result, failure by plugging tends to be more common than back
petalilng at angles of attack of 30 degrees or nore, in plates free from serious laminar
weakress, since at these angles the attack is, in practice, likely to be made against relatively
thin plates and such plates tend to plug. Moreover, when plugging occurs at these angles
it is crually found that the plug is of the shape shown in Fig. 17. It is roughly elliptical
in sectdon, with a minor axis equal to the shot calibre, and with a major axis slightly
greater and lying in the plane of attack. The manner in which such a plug forms is shown
diagrzmmatically in Fig. 18. Ax this shows, the plug shears out over surfaces which are
roughly perpendicular to the plate face, but which show a curvature due to the tendeney
of the plog to have a hingeing action abount the end furthest from the shot point.

The lact that the plug forms by shearing in a direction roughly perpendicular to the
plate f{ice is of interest, since it might therefore be expected that only the kinetic energy
associsied with the normal component of velocity of the shot would be effective. This
does, iz fact, appear to be the case, since a penetration formula of the form :—

WV2costd —C( t )"“
a3 d
where 7 is the angle of attack gives the best agreement with observed results for angles
from 0 Zegree to 30 degrees.

As 112 angle is increased further, the wmajor axis of the plug tends to increase in length,
and it iz found that the shot performance falls off even more rapidly with # than is
suggesi=d by the formula above. This may be due to the fact that the sheared surface
of the ring is increased in area by the increase in the major axis.

At azgles of the order of 435 degrees to 53 degrees, perforation of the plate appears to
occur i= two stages, as illustrated in Fig. 19. First, a plug is driven out of the plate
as ehowa in Fig. 19(a), and then a wedge shaped section of plate is removed from the side
of the iole, as shown in Fig. 19(b). The evidence supporting this conclusion is that
shots siiking at a velocity slightly below the critical velocity produce only the first stage
of damtge and do not pass through the plate, while, after the plate has been completely
defeatel. the wedge shaped piece of plate alreudy referred to may often be recovered.
Bince 113 two-stage penetration obviously involves uneconomical expenditure of energy,
it is noi surprising that shot performance at these angles is relatively poor.

Atévar higher angles, unless the plate is very thin, shots ricochet without perforation.'?
The ange at which this occurs can be altered to some extent by change of head shape,
as also -an the striking energy necessary for perforation at smaller angles. This will

be discrised further in a later section. -

4.2. Reection on the shot.

The rection on the shot is naturally more complex in the case of angle attack tham
when the shot strikes the plate normally. When the ogive enters the plate, it first of
all experiences a greater thrust on the side away from the normal, both because a greater
area is ir contact with the plate, and.because displacement of plate material on that side
of the heid is more difficult [Fig. 20(a)]. Consequently, the shot experiences a torning
moment vhich canses it to swing away from the normal.

As perstration proceeds, a stage is reached at which the plug begins to shear out, and
as 8 rest.: the thrust of the side of the ogive remote from the normal is decreased, while
that on ile other side of the head becomes relatively high [Fig. 20 (b)]. Therefore, at
thig stagz. the shot starts to swing back towards the normal and continues to do so as
the shot moves forward until rotation in stopped by the shot body striking the side of
the hole. aa {llustrated in Fig. 20(c). '

It is not at present possible to determine the stress fystem et up in a shot during angle
attack w>h any certainty, but it may be of interest and of some value to discuss what
might be sxpected.
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F1G. 17.

Two views of plug produced by attac

k at 30 degs.
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SHOWING POSITION OF THE SHEAR FRACTURE CAUSING
PLUG FORMATION IN 30°ATTACK.

TENSILE FRACTURE FREQUENTLY OCCURS AT A.B. DUE
70 HIA{GING OF THE PLUG.
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SHOWING TURNING OF THE SHOT DURING

— . PERFORATION IN ANGLE ATTACK.




Coug:jer the case of a shot which has penetrated a plate at 30 degrees, to the point
where :aear fracture to form a plug has not quite started, and ignore, for the sake of
simplic::y, the small turn away from the normal which would already have occurred.
Now ccasider the resultant forces on the two parts of the head on either side of a plane
througd the shot axis and perpendicular to the plane of attack. Let these be referred to
as sides A and B, as in Fig. 21. Then it is to be expected that the resultant force on side
A will st approximately along LM, while that on side B wiil act along Q. Moreover,
since tie area of head in contact with the plate is greater on xide B, alxo because the plate
on side B is less free to deform, the magnitude of the resultant thrust on xide B will
be gresier than on side A. Hence, the resultant thrust on the head as a whole might
be expi:ted to act along OD, which will not coincide with the axis of the shot, or pass
througt the CG of the shot, nor is it likely to be perpendicular to the plane of the plate
face FG. As a result, there will be a turning mnoment on the shot, of magnitude OR x ('D,’
and there will be a shear stress over the plane FG.

The (ompressive stress perpendicular to the face FG will not be uniform, but will tend
to be kighest on side B. Further back in the shot body, however, this state of affairs
will be reversed, and the compressive stress on side A will be greater than on side B, due
to the sdded effect of bending stresses. Even so, however, it is dounbtful whether this
produces a tensile stress on side BB anywhere in the forward part of the shot body. 1t
appears. therefore, that at angles of attack of 30 degrees or so, up to the stage of plug
formation, the main effect of angle is to give a non-uniform distribution of compressive
stress iz the forward part of the shot. This may have the effect of increasing the maximum
compressive stress set up in the shot, for a given thickness of plate, but it is unlikely
that te-sile stresses are produced, unless the shot deforms plastically.

Whe:= shear fracture occurs, so that the plug is free to move, the resultant force on
side B will be greatly reduced. The compressive stress across the face F(i will then Le
small snd the shear stress over this face will become relatively large. Alxo, althougl
the th—ist along LM may be small compared with the earlier value of OR, it is likelv
to hav: a greater turning moment on the shot, due to the greiier magnitude of CE ax
compared with CD. Therefore, when the plug separates, the shot is likely to suffer a
greater angular acceleration towards the normal than the original acceleration away
from . Moreover, since the axial compressive stresses will largely disappear, the
bendirg stresses are likely to give an appreciable-tensile stress in the forward part of
the shos body om side A, which may possibly cause tensile fracture in some cases,

Fipaly, when the forward part of the shot passes through the hole formed in the
plate. e angular velocity of the shot will be destroyed rapidly by impact of the shot
body arainst the sides of the hole, as shown in Fig. 20 (¢). The bending stresses imposed
by this sudden retardation are likely to be greater than those associated with either
the inidal turn away from the norwnal or subsequent swing back. It is probable, too,
that 1tz tensile stresxes produced in the shot Lody on side A by this violent angular,
retardszion are responsible for many of the observed cases of shot break-up at angles of
30 degrees or so.

To roiuce the tendency of A.P. projectiles to fail under the influence of tensile stresses
prodou=d by the bending mowments set up during angle attack, it is usual to reduce the
bhardness of the body progressively from shoulder to base. As explained in Chapter 3,
this ca= be done in such a way ae to match the fall off in axial compressive stress. while
giving 0 increased resistance to-failure under tensile stress.

- 4.3. e effect of shot head shape.

Hea? shape has a pronounced effect on shot performance. 8o far, in this Chapter,
consideration has been limited to shot of around 1-4 c.r.h. form. since this has been
generay adopted as the nost satisfactory compromise for angles of attack around
30 degoees. However, there is no one head form which is best for all conditions of
attack and it is of interest to consider the etfect of changes in head shape on shot
perforzance against various thicknesses of plate and at various angles. In general,
these «fects may be explained quite satisfuctorily in the light of the mechanism of
penetreiion already postulated.

The observed facts are that blunt heads perform better against thin plates, while
longer 2eads give better performance against thick plates at normal, but not at angles.

Witt plates of around one calibre or less in thickness. penetration tends to occur by
the formation of a plug of full plate thickness. Therefore, energy expended in driving
a poin‘ed head into the plate, before a calibre diameter plug can form, is largely wasted.
Hence. it would be expected that blunt headed shot would succeed at lower striking
velocizes. As already stated, this is observed to be the case and flat fronted shot will
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succeed against thin plates, with striking energy only about half that necessary with
ogival headed shot. As plate thickness is increased, however, the load necessary to
produce s plug of full plate thickness becomes greater than the force necessary to cause
penetration by radial displacement of plate material and, as a result, it is found that
more pointed shot, which favour this mode of penetration, perform better than blunt
shot. Moreover, as plate thickness increases, the shock loading produced in blunt
headed shoy becomes so severe that the shot break up. Thus, for normal attack of
plates of around two calibres thickness, head forms of 2 c.r.h. or even more pointed
forms are found to be better than a 14 c.r.h. shot.

As angle of attack is increased, there is a progressive tendency to favour short head
forms. This is so for two main reasons. Firstly, the turning moments exerted on a
shot during angle attack are increased by increase in head length. Secondly, there must,
in practice. be a reduction in plate thickness attacked, as angle is increased, if success
is to be achieved. )

At angles of 60 degrees or 80, ogival headed projectiles fail against quite thin plates,
due to the fact that the turning moment on the shot is sufficient to cause ricochet in
the manner shown in Figs. 22 and 24. This tendency to ricochet can be reduced and
the angle at which it occurs can be increased by the adoption of a suitable flat fronted
head form, such as that shown in Fig. 23 (b).

Consider the case of a flat ended cylindrical projectile striking a plate at a large
angle as.illustrated in Fig. 23 (a). Then, as the edge of the flat front penetrates the
plate, it is to be expected that there will be a reaction of the plate on the shot approxi-
mately in the direction AB as shown. If the shot length is not more than about 3 to 4
calibres, then the reaction AB is likely to fall between the plate and the C. of G. of the
zhot, so that there will be an overturning moment rather than a couple tending to turn
the base of the shot down on to the plate. Moreover, by suitable adjurtment of the
size of the dat front, in the manner shown in Fig. 23 (b), it is found possible to prevent
either skidding or toppling of the projectile and so make penetration possible at higher
angles.

Moreover, such shaping of the head tends to make the shot penetrate in such a manner
that it uses all its kinetic energy, rather than only that associated with the normal
component. and so improves performance even at rather lower angles where ricochet
would not occur. : .

5. FAILURBS OF SHOT.

In this rection the failures of armour piercing shot will be dealt with tirst and the
more difficuic problem of shell failure will be considered later.

It is very common for A.P. shot to break up on passing through a plate. Provided
tais break-up does not raise the critical velocity at which the shot is able to defeat a
ziven thickness of plate, and provided a reasonable proportion of the shot passes through
iae plate, this is not considered to be a disadvantage. In fact, & spray of fragments of
shot may be more lethal than one unbroken projectile. )

Shot break-up, with no appreciable effect on the critical velocity for penetration, may
occur with normal or angle attack, but becomes more common as the angle of attack
increases. There seems little doubt that the most usual cause of shot break-up, with
good quality shot, is the iwmposition of bending stresses during penetration at angles
other than normal. Since there is usually no appreciable change in critical velocity, it
can only be assumed that the shot break-up occurs when the plate has been holed or
when hole formation is nearing completion. It has already been suggested that the
bending stresses imposed upon the shot by striking the sides of the hole are the most
severe of those imposed during attack, at angles up to 30 degrees or so, and it appears
tbat these are the usnal causes of break-up.

Another cause of break up, which might be expected to operate during normal attack,
as well as during angle attack, is the formation of a tensile stresrs wave by a sudden
release of compressive stresses in the shot at the time when the plug separates. Such
a mechanism might be expected to operate even more effectively if a shot were fired into
3 thick plate at a velocity too low for success, since the compressive stress would be
released very suddenly when the shot came to rest. Therefore, the fact that shot often
rebound broken from a plate which they will penetrate nnbroken at a slightly higher

=locity lends support to this explanation of shot break up.

Bo far, reference has been made only to forms of shot break-up which do not affect
performance. There are, however, other forms of rhot break-up, and of shot deformation,
which occur with poor shot or under severe conditions of attack, and which have an
adverse affect on performance. The most serious of these.is shatter.
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SHOWING THE NATURE OF THE FORCES ACTING

ON THE HEAD OF A SHOT DURING PENETRATION.
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EFFECT OF HEAD FORM ON RICOCHET.
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5.1. The occurrence of shatter failure.

In the early part of the last war, shatter of armour piercing shot présented a very
serious problem. It was found that there was a lilnit to the extent 10 which performance
could be increased by increasing shot velocity, because, above sowme limiting velocity,
even good quality shot were found to suffer break up at such an early stage of penetration
that there was a marked adverse effect on performance. This form of failure was known
as ‘* xharier ’ and use of the term still persists even though it is now thought that it
suggests a false explanation of the phenomenon.

Againi thick plate at normal, shot usually start to shatter at velocities around 2600 f:s.
An plate thickness is reduced, below about two calibresy the velocity at which shatter .
occurs tends to increase, while it falls fairly rapidly with iucrease in angle of attack.’
At 30 degrees, for example, shatter may occur against thicker plates at velocities as
low as 2200—2400 £.5. ’

Againer relatively thin plates, for which the critical velocity.of the shot is well below
the shatier velocity, shatter does not matter much. All that happens is that, when the
shatter velocity is reached, the hole in the plate tends to be larger in size than the shot
section aad of irregular shape, while the shot emerges from the plate in many swnall
fragments instead of being whole or in a few large pieces. Against thick plates, on
the other hand, the shatter velocity is less than that necessary to defeat the plate. 1t
is then fiund that instead of a shot producing an impression of its own shape in the
plate. it produces a shallow impression, smooth round the outside and rough in the
middle. These impressionrs, like most of the forms of plate damage produced by A.D.
shot attzek, are quite consistent in appearance, and a section of a typical shatter
impression is shown diagramatically in Fig. 25. When this type of shatter damage
occurs tke shot fail to penetrate the plate at velocities at which they would normally be
expected :0 succeed. Only when the shot velocity is increased considerably is it possible
to hole ize plate, and then the hole has a ragged appearance characteristic of success
with shatter.

Agains: plates of a certain limited range of thickness, for which the shatter velocity is
not muck greater than the critical velocity for success without shatter, it is found that
shot will succeed without shatter over this narrow range of velocities. At the shatter
velocity :ae shot fail to penetrate, and only by a considerable increase in velocity does-
it again tecome possible to hole the plate..

Fig. 2 presents the results of a trial carried out with 2-inch A.P. shot against
several taicknesses of plate. This shows how shatter affects performance.

3.2, The mechanism of shatter failure.

Recovery of fragments of shattered shot shows that shatter is a failure of the forward
end of i:e shot, since the rear half of the shot is quite frequently recovered whole,
while the forward end is usually broken into many pieces. Also, the break up of the
forward :nd of the shot results predominantly from brittle tensile fracture.

When : shot fails to perforate a plate, due to shatter, the impression produced in the
plate is armally quite shallow, and is usually rather less than the shot head length in
depth. This proves that the break np must occur at a very early stage of penetration,
which, iz turn, confirms the view that a shatter is essentially a head failure.

The tecsile stresses which cause shatter of the head might be a direct result of the
impact. :ithough it is not obvious how they would arize. or they might result from
plastic G:formation of the shot by the axial compressive stresses. The second of these
possibilizies is considered to be the true cause of shatter.

Consiésr first the case of a shot striking the plate normally. It has already been
mentioned that, under these conditions, both retardation observations on shot and static
punching tests show that the compressive stresses around the shoulder rise as the head
becomes :mbedded in the plate. If these stresses are higher than the compressive vield
stress of -he shot in the shoulder region. then set-up of the shot is to be expected. This
will estszlish boop tensile strains of considerable magnitude. and since hard shot steel
bhas virtzally no elongation in tension, longitudinal cracking of the shot will result.
After this had bappened, complete break-np of the forward end of the shot is likely to
follow. with the results illustrated in Fig. 27. Fragments of the shattered head are
embedde: in the centre of the impression. giving the characteristic jagged surface. while
mushrooaing of the rest of the shot scoops off the surrounding part of the plate and
leaves it ¥ith a smooth, sheared appearance.

In orc:r that the dependence of shatfer upon striking velocity and plate thickness
may be 1mderstood, it is necessary to take into account the inertia of the plate material
displaceé by the shot nose.
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The precise magnitude of this effect would be difficult to establish, due to the complex
manner in which plate material is displaced, but as a means of showing the order of the
effect. it is not unreasonable to suppose that a volume of plate equal to the volume of
the szot head is given a velocity of the order of half that of the shot during a penetration
of ore calibre depth. Then, if the shot is assumed to impart this energy uniformly
durirg one calibre of travel, the resulting pressure over the shoulder section would be

o5V 4 :

33 X P X 12 poundals per square inch,
where V is the volume of the shot head in cubic jnches (which is 0-48 d® in the case of a
1-4 cr.h. shot) and p is the density of the plate in lb./cubic inches=0-233.

Heace, the increase in axial pressure which might be expected to result from inertia
is of the ordet

6 x 0-48 x 0-283 1?

T

poundals per square inch

o 0-283 v*
6 .
37 %2210 0-48 m

Ttas, for a striking velocity of 2500 f.s., the pressure due to inertia alone might be
expected to be around 25 tons per square inch.

It =i]1 be seen, therefore, that the axial pressure set up in a shot will be appreciably
affected by the inertia of the plate material, and this effect increases rapidly with increase
in swiking velocity v, since it varies as v®. Moreover, it has already been shown that the
comrressive stress set up in the shot will increase with plate thickness, up to a thickness
of 2 :alibres or so, above which ‘the initial stages of penetration are not affected by the
prescnce of the back face. Hence, if shatter results from set-up of the shot under the
influsnce of the axial compressive stress, this form of failure would be expected to occ
at velocities above some critical value, and this shatter velocity would be expected o fa
with increase in plate thickness, up to thicknesses of the order of 2 calibres, and then
remsin constant. This is, in fact, observed.

As angles other than normal, up to 30 degrees or so at least, the mechanisin of shatter
is coasidered to be essentially the rame. As has already been pointed out, however, the
comrressive stresses in the region of the shot shoulder are likely to be non-uniformly
disibuted and to have a higher maximnum value. Hence, shatter tends to occur at lower
velocities.

Tte foregoing hypothesis as to the mechanism of shatter leads to the conclusion that

-the =endency of shot to shatter would be decreased by increasing their shoulder hard-
ness and compressive strength. On the other hand, if shatter were due to the direct
estaslishment of tensile stresses on impact, without prior set-up of the shot, it would be
expected that the tendency to shatter would be reduced by reducing shot hardness and
80 izsreasing tensile strength and ductility. It is found that increasing hardness reduces
the endency to shatter, which supports the hypothesis presented.

=362 x10—" ¢* tons per square inch,

6. Fach-HARDENED PLATE.

Iz order to reduce the effectiveness of A.P. projectiles. by cansing early break-up,
armsar is sometimes face-hardened, either by flame hardening or by carburizing. Such
armour is very commonly used for the main armour belt of warships, and less often for
armoured fighting vehicles.

T:e hardened layer is usnally around } to § of the total plate thickness, and has a
harcness of the same order as that of the usual steel armour piercing projectiles. When
fired against such armour, steel projectiles fail in much the same way as when they
shater against homogeneous plate, and it is likely that the mechanism is much the same.
Due to the very high yield point of the hardened layer of the plate, the compressive stresses
in tze shot would be expected to reach high values at an earlier stage of penetration and
at & point further forward in the head. Hence, it appears probuble that the failure ocenrs

at 82 even earlier stage in penetration than normal shatter, and the effect in shot perform-
ance is even more marked.
7. CAP AcCTION,

Vihen face-hardened plate was first used for warships it was found that shell could be
prerented from breaking up on the plate face by fitting a steel cap over the shell head. In
the drst place, for attack of plate at angles near the normal, these caps were of roft
stee. Later for attack at larger angles, caps with hardened fronts were used. These
were found to offset the effect of the hard face very satisfactorily. Finally. when
sha'zer was experienced with anti-tank A.P. projectiles, this trouble also was overcome
by Ztting shot with piercing caps.
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SECTION OF A TYPICAL SHATTER DENT
SMOOTH SHEARED SURFACE AB AND CD

WITH JAGGED AREA AND EMBEDDED
SHOT FRAGMENTS IN CENTRE.
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THE MECHANISM OF SHATTER.
—_—

(Q) Shot slrices and slarls
o penelrale.

(b) Shot sels up by shear over conical
surfaces, then splils longitudinally.
Cracks exlend inlo the head.

(C) Shot bursis and mushrooms out - 7
al shevider  Frogmen/s of nose /

begin lo soreod. _ ,// / J ,,I//

/ 7 ////}/// /

(d) Further mushrooming of shot scoops out a
shallow impression as indicaled by dolled line.
Fragmenls of nose /eft embedded. Base of
\L\- ¢ shot complete, but with longifudinal splils.






In spite of the successful use of piercing caps, the manner in which they operate has
never been fully explained. When used against face-hardened plate, it appears probable
that the cap operates by cracking up the hardened face, by virtue of ite own energy, and
does not transwit much shock to the shell head due to its own break-up. It may be,
also, that the skirt of the cap, which is normally left soft on large shell, gives some support
tothe head of the projectile during the critical early stages of penetration.

The action of capr used against homogeneous armour to prevent shatter is, perhaps,
even more difficult to explain. It has been found that the effectiveness of the cap is not
very rensitive to variations in shape or hardness, and it appears probable that the main
effect of the cap is to overcome sowme inertia of the plate, material. by expending its own
energy while breaking up, and so reducing the load on the projectile itself. This is
largely an unsupported supposition, however, und further investigation will be necessary
to elucidate the wechanism of cap action.

8. FAILURES OF ARMOUR PIERCING SHELL.

Armour piercing shell sufer much the same types of failure as A.P. shot, with the
wmain diference that forms of break-up and damage which are unimportant with shot, so
long as they do not raise the critical velocity, are important in the case of shell because
they prevent satisfactory detonation of the filling.

Armour piercing shell, particularly the larger ones, are usually treated to a lower
hardness level than shot, although the general form of the hardness gradient from nose
to base is much the same. Some reduction in hardness would, in any care, be necessitated
by the fact that steels of lower intrinsic hardness are used and by the tendency of fully
hardened large shell to crack. Quite apart from this, iowever, lower hardness levels have
been adopted to improve the resistance of the shell to failure under the influence of bend-
ing stresses and side blows. As already wmentioned, there is some doubt as to
whether appreciable tensile stresses are set up in the forward part of a projectile when
penetrating plates at angles up to 30 degrees or so unless plastic deformation in com-
pression occurs first.  Therefore, there is some doubt as to whether the hardness of large
shell bas not been lowered too far.

8.1. Head failures of shell.

Piercing shell suffer head failures akin to shatter failures of shot, except that, because
they generally have lower hardness and greater ductility, wore plastic deformation pre-
cedes fracture, the break-up is not so complete, and brittle tensile fracture is not as pre-
domiuant or obvious. Nevertheless. it appears probible that the mechanism of failure is
sitnilar and that the basic cause of failure is set-up under the influence of axial compressive
stresses.

In this connection, it is of interest to see whether the compressive stresses to be expected
ure of the right magnitude to cause set-up. Large piercing shell, as at present produced,
will normally just defeat a 1 culibre thick face-bardened plate at normal, or a 0-83 calibre
thickness pluate at 30 degrees. Consider the case of normal attack, and suppose for the
present that the shell cap just smashes the hardened face, leaving the shell to defeat the
remaining thickness of plate (approximately -8 calibre). Then, if the plate has the
normal hardness level aronnd 250—260 B.H.N. with a shear strength of around 33 tons
per square inch, the pressure set up in the shoulder section of the shell would be expected
to be around S tons per square inch, since the head ix about a quarter of the total shot
weight. When attacking the thinner plate at 30 degrees, compressive stresses of the
same order would be expected.

Since many heavy shell have shoulder hardnesses around 360 B.H.X., with a corres-
ponding yield in comparison around 63—70 tons per square inch, these must suffer some
set-up when fired against the targets considered. This set-up is limited by the fact that
the period of overstressing is short and the relative movement of parts of the shell on
either side of the overstressed section is limited by their inertia. Therefore, provided
the sheil has adequate transverse ductility, it will not break up, although some energy
will be wasted in setting up the shell with a consequent raising of the critical velocity.
P'roduction of successful shell of this type requires a careful balance between shell set-
up. controlled by compressive strength, and transverse tensile elongation.

In :ke light of the foregoing argnment. it might be concluded that shell should be
made karder in the shoulder region. It does not follow, however, that the likelihood
of sliel break-up will be reduced progressively by increase in shoulder hardness. since
the reduction in the ability of the steel to endure tensile strain may be reduced more
rapidlr than the set-up of of the shell. On the other hand, if the shell hardness in the
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gdoulder region is increased to a level where the compressive strength is high enough to
prevent plastic deforwation, no hoop tensile stresses will be produced and low tensike
e:ongation may no longer matter. It would appear that a compressive yield of around
=) to 85 tons per square inch is necessary to ensure this, or a shoulder hardness of around
43) B.H.N. It is, in fact, found that shell of this mean shoulder hardness will perform
well, if produced by methods which give a surtace bardness rather lower than the hard
ness over the middle of the transverse wection. Shell of the same mean shoulder hard-
ress, but produced by other methods, have not so far been successful. It is not knowm
whether this is fully accounted for by the presence of the softer skin, but it is of interes
to note that if there is still some small set-up in wuch rhell, the bigher ductility of the
soiter surface layer would be an advantage, since the greatest transverse elongation occurs
1z the surface layers.

&2. Base damage to shell.

Piercing shell are also subject to two other comwmon forms of damage. These do nat
appreciably affect the ability of the whell to perforate the plate, but prevent effective
deonation.

When shell are fired at angles of 30 degrees or more, the turning of the shell
as it passes through the plate causes it to suffer side blows towards the rear end, us a
result of striking the sides of the hole (see I'ig. 20). This may sometimes cause the sheil
to split longitudinally, cause a transverse crack, tear off the whole base of the shell, or
caise crushing or ejection of the base adapter which carries the fuse. To reduce the
likzlihood of splitting, shell are normally made quite soft towards the base, with hurd-
ness around 250 B.H.N. This, however, encourages rather than prevents deformation
To redoce the likelihood that the adapter will be squeezed out or crushed enough to
daoage the fuze, it is usual to fit larger shell with a *‘ relieved adapter.”” This is
rozghly cup shaped, with a truncated conical external surface, and a flat base into whick
the fuze is screwed. The cup has an external thread towards the lip, and is screwed
inis the shell, forward of the ehell base, so that the flat base of the adapter is roughly
in the plane of the shell base. Due to the form of the adapter, this leaves a space
berween the rear part of the adapter and the shell wall, with the result that a side Llow
on the base of the shell bends in the shell wall without crushing the fuze. Also, because
the adapter is screwed in forward of the shell base, it is not necessarily removed evena
when part or whole of the shell wall is torn away round the driving band groove.

An alternative line of approach would be to attempt to prevent the turning of the
sho: and so eliminate the damaging side blows on the base. It has already been pointed
out that the reduction of head length, or even partial truncation of the head, serves
this purpose, and trials with shell of this type show thew to suffer little or no crushing
of the base. In general, however, the adoption of Llunt Lead form tends to increase
inciience of failure by loss of the adapter by a different mechanism.

It is quite common for shell to luse their adapters without snffering uny buse damage,
otb:r than some evidence of shearing of the threads holding the adupter. This form of
faiizre is not fully understood. but is thought to be due to the violent elustic recovery
of =e shell as the first pressure wave returns from the base as a tensile wave, in the
sam:: way as a blow on one end of a bar will throw off a mass in contact with the other
end. This view is supported by the fact that the phenomenon is found to occur more
freqzently with blunt headed shell. No real cure has yet been found.

18



CHAPTER 2.

PENETRATION FORMULZE.
By D. G. Sopwith.

1. INTRODUCTION.

In order to be able to design an armoured structure to withstand specified conditions
of attack. or an armour-piercing projectile to defeat under specified conditions a given
armoured structure, formule relating the velocity required for perforation to the
relevant particulars of the plate and shot are required. Such formule are generally
referred :0 as ‘‘ penetration formule,” although that term refers more logically to

formule ziving the depth of penetration for velocities insufficient to give complete
perforation.

The term ‘¢ perforation ’ can be defined in many ways, according to the stage at
which deieat of the plate is considered to have occurred. Thus the ‘* ballistic limit
of a plate is that velocity above which a given shot will produce a cracked bulge and
nelow which it will produce an uncracked bulge. The ‘ critical velocity ”’ used in this
chapter, kowever, is that corresponding to exact perforation with no residnal velocity
zfter the shot has perforated the plate, i.e., the minimum velocity at which the shot
passes clean through the plate.

1.1. Faciors involred in formule.

The faclors involved relate to the shot, the plate and the condition of attack, and
are as folaws :—

(a). Shot.
Diameter d.
Mass M (or weight W),
Form The length of the shot is given implicitly by W, the ratio VW' /d*

(sometimes called the ‘fcalibre density'’) being a con-
venient index. The head form ix usually specified by its
c.r.h. (calibre radius head), i.e., the radius of the ogive in
terms of the diameter or calibre of the shot. For most
A.P. shot this isx about 1-4; for swmall arms it is usually much
greater, but in this chapter attention will be confined. unless
otherwire rtated, to uncapped unjacketed shot or shell

having a c.r.h. of about 1-4. = does not afford any direct

indication of the length of a shell, on account of the presence
of the cavity. Length in itself, however, has little or no
effect on penetration.
Btrength The strength of the shut obviously enters into the problem;
ae yet no satisfactory method has been devired for predicting -
the perforation of a shot which breaks up or deforms badly.

{b}. Plate.
Thickness .
Bize Above a rearonable minimuom. caxex below which are of little

interest, area of plate has little or no effect.

Strength f. For the moment the precise meaning of the term strength
will not be defined. It can, howerver. be specified by a
quantity f having the dimensions of a stress.
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(c). Conditions of attack.
Velocity Striking velocity ¢,
Residual velocity v,.
Critical velocity v (for exact perforation, i.e., value of v, for

which v, =0). )
Angle 9 (measured between the line of flight and the normal to the
plate).
2. ForRMULZE Basep oN THBURETICAL CONSIDEHATIONS.
H]
2.1. The formula w;i_: = K¢ (‘-;, 0) : dimensional aspect.

The wain variables are thus M, d, ¢, f, v and 6. Dimensional analysis gives the non-

diwensional forms 8, t/d, Mv?*/fd°, which suggest a formula of the form :—
Mv?/fd*=¢ (t/d, 6)

It will be noted that Mv* on the L.H.B. is twice the kinetic energy of the shot. For
convenience we may use weight W instead of mass M and take f over to the R.H.S,,
giving :—

Woi/d=Ké (t/d, 8) .o o e e e ()
where K=fg (and W=2»Mg).

The function Wr2/d? is referred to in U.8.A. as the *¢ specific limit energy.”

The problem now becomes that of defining the form of the function ¢ of t/d and
6, and of relating the coefficient K to the known properties of the plate.

2.2 Theoretical derivations of the form of ¢ (=g¢,) for normal attack.
Considering first the case of normal attack (6 = 0) the function ¢ becomes a function

of 1 d only :—
¢ (t/d, 0)=4¢ (t/d).
Various assumptions may be made as to the resistance offered by the plate to the passage
of the shot ; each assumption leads in general to a different form of the function ¢,.
2.21. Constant resistive pressure.
Bobins and Euler (A3), about 1742—43, assumed that the resistive pressure p against

the shot was constant, equal to p,. The total resistance is then p,4 =Z d*p, (A =projected
area of shot) and the energy absorbed in perforation ;d%po whence Wov?/2¢= E d*tp, or
wwd==’12’i‘l (¢/d) PR ¢

s0 that K=’-'2-9 Doy B0 (t/d)=1/d".

a
1: may be noted that if p is not constant, p,= "Eg Wd;;; is its mean value. This is an

inéex of plate performance which has been used to a considerable extent in T.8.A. Its
vaile is of the same order as the Brinell or diamond pyramid hardness (expressed in the
sace unitst) of the plate, but the ratio of p, to bardness rises with ¢/d and falls with

increase of B or H (B=Brinell, H=D.P. hardness number). The former fact shows that
v iz not constant.

2.22. Poncelet theory.

Poncelet (1829) (A5) assumed that p=a+bu® where a, U are constants and u is the
instantaneous velocity of the shot. If a is put equal to p, and b in the form ypt/2¢ (p?

1,2
=density of plate material) § so that p=p, + YFO—;’ this is equivalent to taking an addi-

tional drag term, with ¥ as ‘' drag coefficient.” This theory has been elaborated, and
recent treatment on similar lines may be found in Refs. A 18, 42 and 264.

* Care 18 necessary with regard to units,

If, as is usual, W is expressed in lb., ¢ in f.8., t/d in inches and

Pp. A tons per 'square inch, g must be taken as 322 (f.8.”) x 2240 (lb./ton)x1/12 (ft./in.)=6020, giving 1;_9
=’D‘rw-

= 3oth Brinell and diamond pyramid hardnesses are expressed in kg./mm.* (1 kg./mm.>=0-635 ton/in.?).
£ 7 18 inserted to convert the stresses to practical units of weight per unit area.

i3



The egzation of motion of the shot is :—

Wu=Wu du_ —4 (a+but)g

dz

where A =projected area of part of shot inside plate.
z=penetration of nose.

2, t
—M( wudu _ { Adr=volume of plate material displaced.
Hence == 2=
0, o ’
“+“ﬁ_% T =y WY W

where W' = weight displaced =£ ditpt

For exact perforation v,=0, v,=v, hence :—

a+bvt atbvd o
log, aTbos =log, 2 =yW!/W=log,s say ... (3)
This gives .the following relafion between the striking and residual velocities : —
v, =0+ 80! €}

The vaiidity of this relation has been firmly established in the course of a considerable
nuwmber ¢ residual velocity firing trials both in this country and the U.8.A. (A45, 152,
133, 264 :nd 361). It forms the basis of the residual velocity method of determining
critical v:iocities (A30, 150. 197 and 341), in which the residual velocity is obtained for
two or m:¢re values of striking velocity and v,* plotted against v,?, a straight line through
the pointr giving ¢° at v,*=0.

1 1

The ene~gy required for perforation is % (0,2 — 1) = MTv+(s—1) ‘%

Mp? s—1 M
5 = oz %
representiag the energy imparted to the plate, partly in moving the plate material later-
ally and rartly in accelerating any petals, discs, flakes, etc., forced off the back. It would
thus be expected that y would increase with increasing amounts of back damage; this
has been inown to be the case (362).

Equatiza (3) gives :—

at+b? _ , 8% 83
a _e.l—1+81+_2T+ﬁ““

w
where 8, = log, 8=%

This in-reases with v, and so with v,, the term (¢—1)

2
or v:=a%l(1+%_l!+-;l!+ I |

i = W YT o o ypt
Bince 3,= yWl/W = Wi d¥; a=p,; b_2_g_

220207 [ ¢ %( t)' ]
v_W4d"¢ 1-}-¢7d+3 c&
Finally : —
Wor_ng {
F_?pog(1+ca_....) e e e e (B)
= TYP__
where ¢c= SWiE

In _pra-zjce the termns in (¢/d)? and higher in the bracket may Dbe neglected. Thix
equation Ziffers from the constant pressure equation (2) in the introduction of the ¢ t/d
termas, givng '

t .
'¢°=E (1+cd1)’ K bemg"—;po as before.
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As mentioned above, the mean resistive pressure p is found in practice to incresee with
t/d and equation (5) can, by the correct selection of p, and ¢, be made to fit firing trial
resuits with considerable accuracy.- - -

Thus, the Poncelet theory accounts satisfactorily for the linear relation between strik-
 ing snd residual energy and suggests a reasonable form for the function ¢,. Unfortun.
atels. however, the values of ¥ (‘ drag coefficient ”’) derived from the slope ¢ in residual
velocity trials and from the variation of critical velocity with t/d [i.e., from ¢ in equation
(5)] are widely different ; those derived from c are of the order of five times those derived
from «. '

2.23. Shearing or punching.

Fuirbairn (1861) put forward the following formula, based on the arbitrary assump-
tions that failure occurred by the shearing out of a plug, and that the load required varied
linearly from a maximum on commencement of shearing to zero in a distance equal to the
thiciness of the plate. The maximum load is wdiq where g=shear strength of plate

material, and the energy absorbed is% xdtq, whence : —
Wol w7 .. Wol 3 )
292 g d#t or —d,——ngq(t/d) (6)

so that K =ngq, &, (t;d)=(t/d)3. .

It will be shown later that a formula of this type, with v varying as t/d holds for low
valres of ¢/d (less than 0-4). Failure does not, however, take place by the simple mechan-
irm assnmed, and little significance can be attached to the ‘ shear strength '’ q.

2.24. Plastic deformation theories.

Varijous attempts have beem made to derive penetration formul® from analysis of the
plastic deformation. These necessitate idealizing the conditions s0 as to render the
proslem tractable mathematically. Thus Ref. A20 gives a method in which, by consider-
ing :he radial expansion of a small hole, expressions whose form is identical with that
for constant resistive pressure [equation (2)] are derived. The values of p, obtained
were 1 —

For thin plates p,=2f,. Ref. 57 corrects this to 1-3f,,.

For thick plates po=§f~(1+1°g=(_5_2£) 7 )
v

=27to 32 f,*
where f ,=yield stress in compression
E =Young’'s modulus.

A calculation for thick plates of the value of p, required to enlarge radially a cylin-
drizal and a spherical hole, corresponding to limiting cases of very sharp and very blunt
sho is given in Ref. 243. For no strain-hardening the results are : —

1 J3E
Ay = — 1 —_— =3 . ]
For sharp shot p, V'3f'( +log,2(1+a)f') 3:3t039f,
=2 E_\_s G Fe
For blunt shot p°—3f,(1+10g¢ m) =39t 4 Gf'_, -

The paper gives formule for p, for any stress-strain curve: at the high rates of strain
ocrarring in armour plate penetration, however, the yield and the maximum stress will
prooably coincide so that no strain-bardening occurs and f, will be somewhat higher than
the (static) ultimate tensile stress. Thus the values of p, given above are of the order
of 3 to 4 times the ultimate tensile stress, i.e., of the same order as the Brinell or D.P.
hardness (in the appropriate units). This is not very surprising since the firing trial is,
ir effect, a high speed indentation hardness test carried to much greater depths than is
€rfomary. '

* In each case the lower value is for I'=90 tons/in.' and the higher for ]'=30 tons/in.%.
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A third theory of this type is developed in Chapter 1. This is the only theory so far

put forward which indicates the part played by the ductility of the plate material. It
leads to

= A A+l
- ‘ Po=0o# (/\tl log “—.-,—)

&

where go=shear stress at yield.
Ag, =shear stress at fracture.
¢ =shear strain at fracture. .

Plastic theory is not yet sufficiently advanced to enable values of A and ¢ applicable
to the complex stress system occurring in plate penetration to be obtained from
mechanical tests, e.g., tension or torsion.

The theories in this section. therefore, do not lead to a new penetration formula, bnt

to an explanation of the order of magnitude of the constant resistive pressure p, in
equation (2).

2.25. Pseudo-elastic deformation theory.
Refs. 88 axd 121 treat the problem as that of elastic perforation of a plate having a
reduced modzlus of elasticity to Le derived from cowparixon with firing trials. The
analvsis is ccmplex, but leads to a formula of the form,

%?’:K(é-{-k): e e e @

where K and L are to be derived frowm firing trial results, The theoretical values, how-
ever. way be expected to give some idea of their dependence on the properties of the

plate. These are K=i—g gE? and k=i—_0‘fi where : —

E'=reduced modulus of elasticity.

b=height of bulge to commencement of cracking.
l=length of ogive of shot.

2.26. T'ombinations of above thcories.

The above Jormule can be combined in various ways. Thus, Dalhlgren Proving Ground
(330, 353) have suggested that the early stuges of penetration may occur as in the cylin-
drical expansion solution above, the final stage (in ductile plate) occurring by the bending
back of a scries of sector-shaped petals. The analysis indicates that for thin plates the
energy varies as t°d; above a limiting thickness nd this applies to the last nd of the
thickness on ¥, the early solution applying to the front part of thickness (t - nd). Hence,
the total enz=gy is ad®(f - nd) + §(nd)*d where 2 and g are coustants, i.e.,

vg—:a=ad2(t—nd)+ﬁn2d3
Wot t
and d_:=H (3 - a) (8)

when H=2ga, a-’-; (a—Bn).

Ref. 152 cerives this formula by using constant resistance [equation (2)] followed by
punching “ezuation (6)]. Here again the energy in the front (¢ - nd) varies as *(f - nd)

and that in he rear nd as (nd)*d. In this case, n is obtained by equating the load "—fzpo

in penetratiin to that needed to shear the final nd, 1.c., =d.ndq, so that n=p,/4q. The
resulting pecetration formulu is, of course, the same as (8) above.
A method ziven in Ref. 139 has added to a constant resistance formula a term represent-

ing the enerzy absorbed in elastic vibration of the plate. The resulting equation is too
complex for normal use.
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3. EapiricaL I'oRMS FOR FUNCTION ¢4

Irstead of deriving the form of the function ¢, theoretically, many attempts have been
mage= to derive it empirically from firing trial results., These may be divided into two
classes—those giving a high degree of accuracy over a limited field and those giving a
moderate degree of accuracy over a wide range.

Of the former, the linear relation between critical velocity and thickness for a given
shot and type of plate—used for many years in this country by Fighting Vehicles (for-
meriv Tank) Design Department (49, 244) is a very convenient and accurate one. This
gives :— .

Wo? t s .

- K(d +k) {n
as for Refs. 88 and 121 above. Ref. 244 suggests a constant value of & of 0-6, but this
will ce shown later to be incorrect. ’

Tke second class of empirical formule, aiming only at giving a moderate accuracy
over a wide range of diameter of shot, and thickness and type of plate. usually express
firing trial results in the form of a coefficient which varies less with these variables than

Wol

does i The U.8. Navy uses a function F such that:—
’ . Wol t
F’= sz/dzt or T=FE ‘e (9)

As has been shown above, for constant resistive pressure, F would be constant. In
certain cases this is nearly true, and in any case F' varies much less than We2/d’.

De Marre. about 1870, introduced formule of the following type (expressed in the
form now under discussion) :—

Wo? te
a Cd"

This form has since that time been largely used, at first in de Marre's original form
with 2=14, =13, C being exprersed as the value for mild steel, viz., 1-044 x 10°. (W
in Ib.. v in f.8., ¢t, d in inches) multiplied by a coeflicient varying with type of armour.
More recently, Milne and Hinchlife (50, ¥6) hLave pointed out that for dimensional
correstness ¢ and b should be egnal and have modified the de Marre equation to :

%:0(:/:1)!-“ e e el Loy

In -his form the equation has been very extensively used during the lute war.

Tk: equations (9) and (1U) should be looked upon rather as convenient methods ot
expressing firing trial results by a single coefficient than of predicting accurately the
resuis of firing a particular shot at a particular plate, unless the appropriate coefhi-
cient Zor a very similar case is known. Thus, in the modified de Marre formula (10)
log,.* may vary from 55 to 6'5, corresponding to a wore than threefold variation in
criticzl velocity. For a more limited range. equations may be derived cmpirically for the
variadon of F or C with #/d. Thus. for major calibre Naval projectiles, the U.8. Navy
1931 -enetration formula (390) was given in the form (for normal attack) :—

t 3
F=c, (& —0-45) Fe
Agein, for 2-pr. shot, Milne and Hinchliffe (86) gave (for normal attack):
v x. 297 (1 —a B
log,,C =5"998 +0-227 (E—l)—°+3 (11)

The need for such expressions for the ‘“ constant ” F or C in equations (9) and (1)
shows that at leust two constants are necessary to represent adequately the results of
firing 'rials. One obvious possibility is to replace the exponent 1.43 in Milne and Hinch-
liffe’s Zormula by a disposable index, giving :

T}Z—,vz=01(t/d)"' e e e e e e (1)

_Thie form also has been used by muny investigators, e.y., O.C. Memo. B 23,108 (1931)
gives :n analysis of bomb firing trials leading to the approximate value m=1-7.
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Further empirical forms are suggested Ly the theoretical analyses in the previous
section (the constant pressure and shearing theories each contain only one constant
and so are not suitable) as follows :—

B _‘_Z_':_’=A }(14-%) el )
' =K(£- +k)' o
=H(di —a) s ®)

where now all constants 4, ¢, K, &k, H, a are to be derived from firing trial results. It
has been found (152, 3G4) that for a given series of results, i.e., for a given shot against
plate of a given type for values of ¢/d from, say, 0-5 to 2, any of the formule (5), (7),
(8), (11) and (12) can be fitted with a degree of accuracy comparable with the experi-
mental accuracy in the firing trials. Hence, the most useful type of penetration formula
will be that in which the constants can be best correlated with the properties of the plate.

3.1. Corvelation of constants with properties of plates.
The five formul® suggested above are : —

L;’= 5(1-{-0%) (5)
=K(di +k)' e D
- (5—4) B
=C(%)l'“wherelogmc=a+ﬁ5- . (11
=C, (tjd) (12)

In the first three, the derivation suggests that the constants A, K and /[ are likelj to
vary with the hardness or ultimate tensile stress of the plate, whilst ¢, & and a depend
=ather on the ductility of the material. A series of firing triitls on plates of Brinell hard-
nesses B of 230, 350 and 450 and t/d=0-73 to 1-S was reported in Ref. 152, where an
analysis of the results is given according to the albove five formule. It was found that
whilst equations (3), (8), (11) and (12) gave curves of 4, A, C and e showing a maximuin
within the range, with considerable doubt as to interpolation between the hardness values
ased. K was proportional to B. The=e trials, carried out with model 2-pr. shot of 0-29G
inch diameter (0'139 scale) were later repeated (Ref. 360) with shot 0-340 inch, 0-990
inch and 1565 inches diaweter (U-345, 0-633 and tull wcale 2-pr.) and with plate
of 300 Brinell. These confirmed the above conclusivns and indicated the presence of a
scale or gize effect, which will now be discuswed.

4. THE NaTIONAL PHYSICAL LABORATORY FORMULA FOR NOBMAL ATTACES
4+.1. Effect of size of shot. ’

Noue of the above formule indicates specifically the existence of a scale effect, i.c., they
suggest that geometrically similar shot would perforate plate of the same ratio t.d at
the same critical velocity . At the beginning of the late war it was not known whether
or not this was the case, no systematic trials on this issue having been carried ont in the
%0 years or so during which armour piercing shot had been used. The series of trials
described in the last section was consequently carried out at the National I’lLysical
Laboratory for the Ordnance Board. for the dual purpose of clearing up this point (scale
effect) and ascertaining the effect of plate hardness. :

The resuits of the trials indicated a detinite scale effect, the critical velocity ¢ for a given
¢ ‘d decreasing with increase of diameter d. For two given diameters of shot the ditference.
in ¢ increased with lurdness B, Lut was independent of f/d. Analysing the results,
Sopwith (361) found that they could be represented with a probable error of 21 f.s. or
1-3 per cent. by the following formula :—

Wod 1 54000 \3
— 4 —_ —
e (43 VBg + 747 B,,—B)
3 o, 1240 7
_16303[d +172 B,,—B] e e @)
~'B
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The symbol B, in equation (13) denotes a limiting hardness depending on the diameter
d of the shot. For the sizes investigated (0-189, 0-343, 0-633 and full scale 2-pr. shot)
it was found that it could be represented by the empirical equation :—

B,=500 - 160 log,, d/d, (14) .
where d,=1565 inch =diameter of 2-pr. shot.

2 ] .
Equation (13) is of the form ‘%’=K ((—;— +k) ; as stated in the last section K is pro-
portional to B. k, as also stated above, is likely to be dependent on the ductility of the
plate material. For a given plate quality, however; the ductility will itself be a function
of hardness B, as equation (13) shows; for other qualities of plate, the relation between
X and B might be different. It was found, however, that this equation, derived from trials
on 3 per cent. chrome-molybdenum steel plate of 230 to 450 Brinell, applied also to mild
steel 1364) of 110 Brinell, so that the relation between k and B did not appear to depend
on composition of plate. .

For two shot of the same 17/d? fired at plates of the same bardness B and thickness
ratio t/d the difference in critical velocity due to difference in scale is given by :—
0" —p' = 54000 B,y —B,’
JW[d® (By—B)(By"—B)
where " and ” refer to the respective sizes of the two shot.

In practice, two shot of different diameters will usually differ somewhat in 1W/d* and
the dference in v will consequently vary slightly with t/d, the difference being only in
part due to scale effect. The following tuble shows the predicted difference in v due to
scale effect for various sizes of shot, all of W/d>=0'603, as used in the trials dis-
cussed. In the case of the scale model two pounders the experimental values are given
in brackets ; those for the G-pr., 17-pr. and 3-7-inch guns are illustrative of that part of the
difference due to scale effect only, the values in brackets being derived from trials referred
to laier.

(15)

Difference in critical velocity (f.s.) due to scale effect between
rarious sizes of shot and 2-pr.

Brinell hardneas of plate B

Shot II Diax‘xileter l P
i | 300 | 350
! ins. | | |
:+180 scale 2.pr. 028 | — +88(90) P41200145) 0 +202(110)
2345 scale 2-pr. . o050 | — +63(60) I+ 94105 +133(150)
:-333 scale 2-pr. . 09% - +31(30) | + 48(70) +81(105)
2.pr. L1565 ! 0 0 ; 0 0
6-pr. gm0 -2l —3-10) ' = —5-20) 93
17-pr. | 298 —41 —81{—60) . —101(—90) | —199
37-inch - 3-685 -53 —80(—40) |  —135(—100) —276

Tkis table shows clearly the danger of using scale model results scaled up without
correction.

4.2. Effect of hardness of plate : Optimum hardness.

Verious trials carried out during the late war (e.g., Refs.’ 256, 343) have indicated the
fact that, in general, there is an optimum hardness of plate to resist a particular attack,
due o the fact that increasing hardnese is associated with decreasing ductility. Of the
penciration formul® discussed above, equation (13) is the only one which takes this into
acccennt.  For maximum v, differentiating the R.H.S. of equation (13) and equating to
zero. we have :—

t_ 2490 /B
i~ B.—Bp (16)



Values of optimum hardness calculated from equations (14) and (16) for values of t/d
from 0-5 to 2 and for shot of the calibres considered above are shown in Fig. 28. It will
be seen that the optimum hardness decreases with increasing diameter of shot and in-
creases with t/d. The fact that the optimum hardness varies with t/d means that the
best hardness for a plate of given thickness cannot be settled without reference to the
type of attack. Thus, a 3-inch plate to give maximum resistance against 6-pr. attack
will be 100 hard for maximum resistance to 3-7-inch shot; to illustrate this point lines of
constant thickness of plate have been included in Fig. 28.

Fig. 29 ghows for t/d=0-3, 1, 1'5 and 2, the values of v¥W/d* for hardness B=200 to
450 for 0-189, 0-343, 0-633 and full scale 2-pr. and for 6-pr., 17-pr. and 3-7-inch; on each
curve the optimum hardness is indicated by a circle. “ It will be seen that the curves
are fairly flat, especially below the optimum hardness. Increased resistance to small-
calibre shot—say less than d=t/2—is of little importance, since these shot are unlikely
ever to perforate the plate; again, increased resistance to large shot—say over d=t—
will in general result only in decreasing the residual energy of the shot which will per-
forate 12e plate in any case. Hence, it is best to base the hardness of plate on a t/d of
say 1-5. This gives an optimum hardmess of about 325 for 60 mm. plate/2-pr. and 285
for 41-inch plate/17-pr. ; these may be taken as typical conditions both as regards thiek-
ness, diameter and hardness at the beginning and end of the war of 1939—45.

4.3. Limits of applicability and asccuracy of equations. 7

Equsdon (13), the auxiliary equation (14) for B, and the derived equations (15) and
(16) thus reproduce the main features observed in actual firing trials at normal, viz.,
the relztion between thickness of plate aund critical velocity for a given shot [equations
(13) and (14)], the effect of size of shot [equation (15)] and the optimam hardness
{equation (16G)]. They were derived, as stated above, from firing trials with shot 0-296
to 1:365-inch diameter against 3 per cent. Cr.Mo. steel plates from 0'5 to 2 diameters thick
and of Brinell harduess 250 to 430; the corresponding critical velocities were from 1000
to 3000 i.s. Suobsequent trials with 0-296 inch shot against mild steel showed that the
equations also applied to a Brinell harduess of 110 for ¢/d up to 3-4. In all these trials, -
the probable error of the critical velocity derived from equations (13) and (14) was 21 {.s.
or 1-3 per cent.

The value of 1 /d* in the above trials was 0-G03; various trials have shown that the
assumpiion that, for perforatiun of a given plate, W¢? is constant is accurate enough for
all practical purposes, at any rate for normal values of W/d?. The generalization of
the eguation (13) to a general value of W/d? is thus justified. The trials now to be
describ=d contirm this.

A very comprehensive series of firing trials bhas since been carried out by Fighting
Vehicles Design Department. Tlese were carried out with ¢-pr., 17-pr. and 3-7-inch
shot against 3, 3%, 4} and G-inch plate of twelve different types (cowpositions and steel
makere) of ultimate tensile stress fromr about 43 to 70 tons/in.* (about 220 to 330
Brinell—about 1000 critical velocity determinations in all. Equations (13) and (14)
have been applied to the analysis of these results, using a ratio of ultimate stress to
Brinell of 0-21. Tor 3 per cent. chrome-molybdenuin steel from three makers the
deviation from the formula was rarely greater than 2 per cent.-in +. For other types
of steel. the deviation on the high side was up to about 60 f.s. over the whole range
of ultimate stress and on the low side from GO f.s. (for 43 tons/in.?) to 100 f.s. (for
70 tope in.?) with an occasional value down to 150 f.s. low at the higher ultimate.

One limijtation, as wentioned above, is the lower limit of ¢/d of about $. Later trials
show that the formula holds down to t/d=0-4, below which v is proportional to t/d as
in Beciion 2.23. The question of thin plites is cousidered more fully in Section 6.

5. EFFECT OF ANGLE OF ATTACE.

The éescription in Chapter 1 of the very cowmplex mode of perforation of a plate by a
projectiie striking obliquely suggests that it will be extremely difficult if not impossible
to obtain a penetration formula for oblique attack at ouce accurate and simple. Never-
theless. formule have been obtained which give a general idea of the effect of angle.

As a first approximation, the effect of obliguity may be considered as being equivalent
to increaqing the thickness of the plate from ¢ to t sec. @, i.e., the thickness in the line
of fligkr: this method has been used by Naval Research Laboratory, U.S.A. (A 13).
Alternadvely, the velocity v may be resolved into v cos. 8 perpendicular and v sin. 4
perallel to the plate, the latter component being neglected. This method is used in the
modifiel de Marre formula of Milne and Hinchliffe, equation (10), (Refs. 50, 86) and

and in the C.8. Navy F-function, equation (4), (Ref. 390); in both cases the general
form replaces v by v cos. 6.
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Both these methods are approximate only and tend to give too low a critical velocity
for angies over say 20 degrees. This fact is realized in the two formule just mentioned
(Milne and Hinchliffe and U.8. Navy), where the substitution of v cos. 6 for v in the
formuis is not sufficient to express the full variation with. angle. Thus, Milne and
Hinchi:fe’s full expression for C for the 2-pr. shot (Ref. 86) is:—

log,, C=5998+0227 (‘% —1) +0947 (1 - cos. 8) (11a)
Various modifications have been tried in order to improve these approximations, e.g.,
v cos® 6 (Ref. 164); -

t (sec 8 +tan 6) (Ref. 148). . )
These forms have only a limited range of application. It may be noted that if
% = C, (t/d) » [equation (12)] the use of v cos § corresponds to that of ¢ (sec §) *'™ &
t (sec sp-¢ for the modified de Marre formula. .
The constants in penetration formule for normal attack may be regarded as fun_ctlons
of angie in the general case and these functions may be plotted or tabulated, with no
attemp: to represent the variation with 6 analytically. This procedure has been
adoptei in Refs. 69 and 244, where it is stated that no general formula is possible, and
in Ref. 366.
Finaily, these functions of angle obtained experiinentally may be represented by
formuie frankly empirical. Thus, the F' function of Section 5 has been expressed (Ref.
389) as F'=a+b cos 6, where a is a function of t/d and both a and b change their
values at 6 =44 degrees. Alternatively, F=a+b 6% has been used (Ref. 390). A
formuia of this type, derived from an extension to angle attack of the firing trials
descrited in Section 6 of this Chapter, is given in Ref. 437, this is as follows : —
1
—— Wot_ [43,4@- tse; 26 . 916 — :;;eog _ 5400(1;] (13a)
- ~ ﬂ\laﬁ — o—
'Yfa, ’ N
I,ff ) For aormal atm { § =U), equation (13a) reduces to equation (13) except that the
[ 799 | middle term becomes 734 instead of 747; this corresponds to a constant difference of

T A 16 f.5. between the batches of plate used in the two series of trials.
“\_/ The optimum hardness condition becomes :— _
t 3 2490./B
- S0= "N
d sec 3 B,—B) (16a)

The optimum hardness curves (Fig. 28) are still applicable provided the abcissa is

taken &4 gsec. % 8. The optimum hardness is found to rise with angle of attack.

Angies of attack exceeding 45 degrees will be considered in Bection 6. -

6. THIN PLATFES é sec. § <0-4.

There are comparatively little systematic data on the perforation of thin plates (¢/d
less than about {); such data are mainly for isolated cases of capped shell against face-
hardered plate. If a single formula is to cover all values of t/d it is obviously necessary
that ¢ should be zero for t/d zero, i.e., ¢ (0)=0. Some of the formule discussed in the
previots sections do not fulfill this condition and so cannot be applied to thin plates;
The ecaations necessarily represent an analytical approximation to the correct value and
some cisagreement outside the fitted range is to be expected. It is, however, possible that
there iz a change in mechanism of failore at some critical thickness, necessitating a change
of forzula. Firing trials against mild steel of low t/d at Road Research Laboratory (82),
Princeson University and N.P.L. {A45, 364) indicated that least for this material v
was proportional to t/d (for t/d less than about 1); the Princeton trials (A435) and some
at N.P.L. (364) showed that this was far from being the case at higher t/d, equation (13)
being zpplicable to the latter. In order to obtain further data, the firing trials at N.P.L.
referre1 to in sections 4 and 5 were extended to as low a value of t/d as was practicable,
viz., atout 0-2, corresponding to a critical velocity v of 400 to 500 f.s. The results (Ref.
437) oz 3 per cent. Cr.Mo. steel plate (Brinell 250 to 350), confirmed the indications on
mild reel. At low values of t/d plugging occurred. and v was proportional to t/d, equa-
tion i3a) holding for higher ¢/d ; the intersection of the two lines was found to occur at
tsec. 6 , o

T = 0-4.
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Thus. if equation (13a) is expressed in the form :—

t
o=az +B e e e e .. (13B)
this holds for é >04 cos 6, below which :—
' .9=(a+2-5ﬂsec.0% O 0

The accuracy of equation (17) is not as great as that of equation (13a); near the critical
thickness t/d =04 cos 6 there is a slight * rounding off ”’ of the transition from one line
to the other.

As the angle of attack increases, the intercept term g in equation (13b) decreases, until
at about 45 degrees (the probable limit of application of the formula) it vanishes.®* In
this case equations (13a) and (17) coincide ; at GO degrees the whole of the relation between
¢ and t d was found to be of the form v=c t/d, the value of ¢ being about twice that for
normal attack.

7. Face-HARDENED PLATE AND CaAPPED PROJECTILES.

The above discussion of penetration formuli: relates almost entirely to homogeneous
plates aittacked by mouobloc projectiles. In Service, face-hardened plate is used
occasionally in armoured fighting vehicles and more frequently in ship armour. In order
to counteract the shattering effect on the projectile, the latter is provided with a piercing
cap. Detailed designs of cap and hardness lay-outs of plate differ so much that few
detailed conclusions can be drawn. -In general, it may be said that to a first approxi-

_mation the cap and the face cancel each other, and the case can be treated as monobloc
.ahot ¢. homogeneous plate of the hardness of the main (back) portion of the plate.

Bhot frted with a piercing cap may encounter homogeneous plate; in such cases the
critical velocity is increased. Thus, in Ref. 3G6, it was found that at normal the critical
velocity against 2-.pr. A.P.C.B.C. was abont 100 f.s. higher (for t/d=0'7 to 2) although
the capyed shot were 15 per cent. beavier; thic difference represents the combined effect
of the piercing and ballistic caps. . .

The case of capped shell is of even greater complexjty since. owing to the presence of
the caviiy. the strength of the shell becomes of great importance. Some typical values
of log,,C in the wodified de Marre formula [equation (10)] are given below ;T these all

apply to A.P.C. shell against C plate, :

d t | 1/d 6 log,C T Remarks
ins. ins. I degs.

15 12 ]' 080 | 30 <605

5 | 12 080 40 621

15 12 | 08 45 >6-24

92 8 " osr 40 624

92 l 0-65 0 | 606

pe 6 [ 0-65 45 608 Low cx.b. (0-57 and 0-7).
62 | 6 | e | 80 >6:25

6 2| 20 0 6-004-0-07 |

525 45 086 30 6134006  Small scale trials.
525 45 086 . 40 6-22+0-05, Small sale trials.
625 4 0-76 ' 40 6-18+-001, | Small scale trisls.
595 | 4 076 | 45 625+001, Small scale trials.
525 - 036 to 081 | 45 to 65 6-11+0-¢44/d Small scale trials.

' —0-30 oos §

* The v& ze of § at which B vanishes may be seen from formula (13a) to depend to some extent on scale of
sttack anc plate hardness, but §=45 degrees is a representative value for most practical conditions.
t Informazion supplied by Ordnsnce Board.
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In the absence of a value of log,, C for a case reasonably similar to the one required,
it wiil be found that the above values for angles from 30 degrees to 45 degrees cam be
represented by :—

log,, C=G-5G+}E‘ -co8 f.

with sn error of +0-04 (i.e., +5 per cent. in v) ; the error in the case of low c.r.h. is larger.

8. PRACTICAL APPLICATIONS OF JFURMULAS.

8.1. Formulaz and tables for A.P. shot up to G-inch against ‘lm:wycue-oux armo.r of
. 200 to 400 Brineli.
The basic formula recommended is equation (13a) with the constant 916 adjusted to
929 to agree with the normal attack results on the first batch of plates, which have been
taken a8 standard. That is:—

Wor [0, mt . 3 _ 54000 _ 1826 ]?
T"[“" 4B sec. 304747 1000 2800
1826 11800
(N.B. 7472820 929 __65_0)

This equation has too mmany variables for plotting to be ureful except in particelar
cases, e.g., particular shot against particular plate or al particulur angle (ie, o
function of t and 6 or B respectively). The formula and that derived from it for thin
plate may be expressed for ease of computation thus:—

0=K(a5+b) (8)45°,i>h)

d
where a=a, @,
b=b,-b,
c=a+b/h ¢ ;
h=0-4 cos ¢

K= J(W[@)/(W|d)

s [o3),
b= (747 - %)/J(g)o

3
a,:sec.§0

b, =1826 /(65 - o)J(%)

Valug:'.- of K a,, by, @,, b, and k are tabulated in Table 1. K is a function of W/é,
(W/d*, being standard W/d* taken as 6-6, K thus being a correction factor for other
values of W/d*. a, is a function of B only, b, of B and B, G.e., of d) and a,, b, and h
are fractions of 6.

In some extreme caees (high angle, hardness and/or calibre) b will be found to be
negatve; in such cases it will probably be best to take b as zero.

=Kol (0»45°.5<h)

82. Formul® and tadbles for other cases.

I-‘O{ other cases, the modified de Marre formula (10) may be used, provided a value of
C or g, C for a reasonably similar case is known. Rome values are given in Bection 7.
For c:mputation purposes the formula may be expressed : —

w
log,, o=} log,,C - } log,, 5 +6°T15 log,, 5 -1log,, cos 6.
w
Values of -4 log,, o log,, ocos @ and 0-T15log,, a‘- are tabulated in Table 2.
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Table 1.
Values of constants in perforation formula for A.P. shot v. homogeneous plate.

3 . by (£.)
(ig.mmt) (L) | d=linch  I-Siach| 2iach |25inch 3-4i5n5I‘3-5.£ch +inch |4-li-i27nch! Binch [ 55inch’ 6-inch
(] | | H i
200 1| ) 754 734 I 718 | 704 | 601 | 680 | €67 | 657 | 648 | 638 | 627
20 | s w1 | 12 | 700 | ess | eso | eer, | ess | eas | e | e ‘ 810
220 | 83 740 718 | 700 | esx | 667 | 655 | 640 | 627 | €15 | 603 | 591
230 850 733 700 | 689 | 610 | 655 | o400 | @625 | 610 | se5 | 584 | 571
240 868 724 200 | o8 | 657 | e0 | 65 | wr | so0 | s | sz | si0
250 88 77 630 | 664 | 643 | 625 | 607 | 587 | 611 | 85l | 6537 | 520
260 ] n &8 652 eg7 o7 587 565 540 525 507 491
zo | em 67 | 664 | 636 | 610 | 587 | 585 | 542 | 520 | 497 | 478 456
280 g7 687 852 | 621 | 691 | 585 | o542 | 515 | 491 463 | 440 ' 4l
290 4 675 638 ! 603 571 542 515 484 456 | 423 l 398 368
0 w0 @62 ' 621 | 584 | 540 | 5156 | 484 | 448 | 416 || 7 | W I| 312
310 | W 849 603 562 520 484 | M8 . 407 368 325 | 288 | 232
220 ‘ 102 634 584 | 537 | 491 . 368 | 312 || 261 | 218 , 163
330 1018 817 | s62 | 507 | 456 358 | 301 | 262 , 181 ., 125 59
u0 | 10 590 637 | 478 | 4l6 01 | 231 | 183 81 | o \ -
350 | 104 580 | 507 1 440 | 38 [ 301 | 2w |1 | s ! — | — '
360 | 1053 556 418 | 398 | 312 | 231 . 145 35 -~ : - j - =
0 | 1rs 832 w | w1 | w2 | us | 3 | - - = i - -~
380 1 2 502 398 | 288 | 163 B | — ' = S -
30 ! LA 470 37 216 59 - - —_ - — ] — —
400 121 €2 288 125 - — — ‘ - — - - -
widy K e | b h
7./inch? . f.a i fa
050 1005 0 1 ' 0 0-400
055 1044 5 1009 20 0-398
0-60 1-000 10 1035 | 43 0-394
085 0-060 15 1082 i 71 0-386
070 0928 20 1155 105 0378
25 | 1280 | 147 0-362
30 | 144 | om 0346
B 164 . T 0328
0 | 2000 3 0-306
s 2613 . 5% 0-283
o | 9= i - 0257
s = - 0229
60 - - 0-200




Tabdle 2.
Values of functions in modified de Marre formula.

Fip ' —tlog,

yd 0-715 log,, Diff. _ | w i Dif.
vd . . &
02 1-500 , 126 050 . 0151 I 21
o3 1626 90 o8 | 0130 19
04 1716 69 060 1 0111 17
(V1.3 1785 57 085 0094 17
0-8 1842 l 47 0-20 ] 0077 ! —
07 189 @ - | - -
08 1-931 38 | - i - -
0® 1067 33 | @  —lgecsf Diff
10 0 30 — - —
11 0-030 27 0 ‘ 0 2
12 0057 ! 24 5 Y0002 5
13 08l | 23 10 | 0007 8
14 o106 2 | 15 | 045 12
15 o126 , 2 | 2 0-027 ‘ 18
16 0148 | 19 I 25 ’ 0043 | 2
17 o185 | 18 ’ 30 ’ 0063 | 24
18 o183 | 16 | 35 0-087 ‘ 20
19 0-199 16 90 | ols ' 35
20 0215 15 e ] 0151 41
21 0230 15 50 ! 0192 ! 49
22 0245 | 14 8 | 0241 | 60
23 0250 13 60 0301 —
24 o212 12 — : - -
26 0284 | — - = l —
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CHAPTER 3.

THE STRESSES IN PROJLECTILES WHEN PENETRATING STELL.
By C. A. Adams. ,

1. INTRODUCTION.

From Chapters 1 and 2 it is clear that while penetration formule give a value for the
minimzm energy required for penetration of a given armour plate, the success of the
projecztle depends not only on its possession of the required energy, but also on its ability
to witzstand the stresses generated by the impact. For normal attack an estimate of
the oréer of the stress can be obtained from indirect experimental evidence and some
indications are available from theoretical considerations. For oblique attack, informa-
tion frm either source is very scanty. In practice, more difficulties arise in designing
a projectile capable of withstanding the combined stresses arising in oblique attack, thun
in enstring that there is sufficient strengib to prevent set-up or fracture from the axial
compression due to normal attack. The knowledge so far obtained on the stresses to
which >rojectiles are subjected on penetrating armour therefore falls very short of that
requir«d. Nevertheless it has a use, since to some extent increase in strength under
cowprs=sion is obtained at the expense of resistance under bending stress. Since it is
certair v necessary to ensure that sufficient compressive strength exists, a working know-
ledge < the limits set by this consideration enables the design to give no more compressive
streng-i than is essential, and 8o to increase resistance to failure under transverse stresses.

2. DEPENDENCE OF PROJECTILE STRESSES ON HEAD RESISTANCE.

The state of stress in a projectile which is penetrating an armour plate can easily be
found "o a first approximation, once the magnitude of the reaction at the head is known.
Negler-ing elastic effects, the instantaneous retardation at any part is the same through-
out the projectile. The total force over any cross rection is therefore proportional to the
produc: of the reaction at the head and the mass behind the cross section. With the
assum:tion of a perfectly rigid shot the important facts to determine are therefore the
magnitides of the reactions at the head and their dependence on plate thickness and
qualitr. and projectile shape and velocity.

2.1. Zitimate of head resistance from plate hardness. -

An :oproximate idea of the order of the pressure at the head can be obtained from the
follow==g simple considerations. The Brinell hardness number gives a measure of the
presstre with which the material resists a surface deformation which is small in relation
to its -atal thickness. If it is assumed that approximately the same pressure would be
obtainsi whatever the size or shape of the indenter, then neglecting any dynamic effect,
this i¢ *he pressure which would act on the head of a projectile until deformation of the
rear of the plate provided a relief of stress. This is certainly an over simplification. but,
if the assumption is made, it would imply that the stress until back yielding occurs, i.c.,
the meximum stress approached in very thick plates, would equal the Brinell number.
The fe:t that the Brinell measurement is obtained by dividing the resisting force by a
curved area introduces a small correction which need not be taken into account in the
presen; approximation. B8ince the units for Brinell numbers are kgs. per rquare mm.
and 1 iz. per square mm.=0-633 ton per square inch the maximum pressures thus calcu-
lated {:r the range of hardness levels likely to occur in armour plate are as follows : —

3.H.N. (kgs. per square mm.) ... 200 300 100
orresponding pressure in semi-infinite plate,
tons per square inch ... . 127 190 254

Alternatively, since the relation between Brinell number B and ultimate tensile strength

f, is. 7ery approximately, B=4'7T f , over this range of hardness, the maximum pressure
P anu:pated in a very thick plate on this argument would be : —

P=30f, .. . o e Q8
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Pressures of this order may be expected to act over the tip of the projectile in the
initial stages of penetration, and to be augmented by auny dynamic term in the resistance.
It follows that if the tip of the projectile is to withstand these pressures its vield strength
must be at least three times the ultimate strengtt of the -arget. The calculation, how-
ever gives little guide to the waximum pressures likely to ve reached in any cross section
of the parallel body of the shot. In the first place, the indentation test allows some back-
ward dow of the material towards the surface, and therefore measures a pressure which
is lers than that encountered deep in the material (see p. 41). Secondly, the stress gradient
in general reduces the stress towards the rear of the projectile. Thirdly, in most practical
applications the thickness of the plate will not be sufficiently great to justify the assump-
tion that, at the stage at which the head is complefely immersed in the plate, the latter
is still offering a resistance unwodified by distortion of the rear face.

2.2. Estimate of head resistance from penetration formule.

The mean resistance otfered by a finite plate can be estimated very roughly by making
use of the formul® discussed in Chapter 2. These formul®e give the energy E. in ft.
pndls. required by a projectile of diameter d for the penetration of a plate of thickness .
If the reaction is regarded as starting when the projectile tip meets the plate and
ending when the shoulder emerges, then neglecting bulging, the mean force # (poundals)
acting over the distance ¢+1! (inches), where ! is the length of the head of the shot, is
given by :— B

Fet+10) _
- L

The mean pressure p in tons per square inch over a section of diawmeter d inches is
thus : —

-__F 4 _ _ 48E
P =72240g * =d®  2240g. nd® (t+1)

3
ot since E, = § Mv* = }d° (43-4,/3_;_1- 47 — Bf’:‘i’oB) (Chapter 2, page 23)

(43.4,/3 % + 747 —

- _ 1 d 54000 )‘
P T 933gn T+ 1 B,—B )
This equation embodies the *‘ scale effect ** as discussed in Chapter 2. For the present
approximate purposes it is sufficient to nse the value of B, appropriate to the 2-pr.
scale. i.e., B;=500. The equation then becomes :—

- _ . » 1 {4aamt ,,,_54000)z
p = 1064.10 T (43 4yB 3+ T4T — o e 19)
0-20B t 3
_t/d—+l/—d [2 + k] where & depends on B.

It is obvious that this equation can be written in the form : —
- ¢ l ¢
P “(d"‘ d) tot T
where g, b and c are independent of t/d. Over the range of ¢/d of practical importance
the eFect of the last term, which is negative, is small. p is therefore approximately
linear in 1/d, but the curve bends upwards slightly as t/d increases. TFig. 30 shows p
plotted against t/d for the values of B of 200, 300 and 400 and with !/d=1-07 (corres-
ponding with a 1'4 c.r.h. projectile). It is noticeable that on the basis of this formula
the mean pressure at low values of t/d (<065 approximately) is highest for the softest
plate {B=200) and lowest for the hardest (B=400). Further, the hardest plate (B =400)
beginis to give a larger value for p than the intermediate plate (B=300) ouly at the
comparatively high value of t/d+x2-3. Rewembering that formula (19) uses total energy
of perforation, and that examination of fired plates shows that the extent of petalling
or plagging is greatly dependent on hardness, it would be unjustifiable to assume that
the ratio of maxzimum load to p is the same for hard and soft plates. A higher ratio
will clearly exist in a harder plate where the reaction is spread over a shorter distance
than t+1 and a lower in softer plates where the bulge may give a total distance con-
siderably in excess of t+7. The relation of peak pressure to mean pressure is so far a
matter of speculation, but on the assumption that the factor is not greatly different
from 2 (as would be the case in a triangular force-penetration curve) when the plate is
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moderately bard (B=300), the value of 190 tons per square inch for the peak pressure
woald be estimated to correspond with a value of ¢/d of about 1-3. The stress estimated
directly from the Brinell number was 190 tons per square inch for a semi-infinite plate.
The calculazon therefore jives -:iother indication that the Brinell pressure under-
estimates the resistance of a thick plate. 1t is not to be expected that estimates of
maximum . pressure as 2 p, when p is taken from these curves, will have much signifi-
capce at high values of t/d, (a) because formula (1Y) has not been shown to apply to
values of t;d much in excess of 2 and (V) becaure p max. will obviously tend to approach
p when t/d is large. Nevertheless, in the region of {,'d == 1:0 to 1-5, where maximum
pressure may be expected fairly near the mid-point of the penetration, the estimate is
likely to be of the correct order. For this region it indicates maximnm pressures from
about 120 tons per square inch to 210 tons per square inch.

3. MEASUBBMENTS OF PLATE RESISTANCE IN STATIC PUNCHING EXPERIMENTS.

For closer estimates of the resistaunce of a plate to penetration it is necessary to
consider more direct experimental measurements. The information on which wost
reliance can de placed is obtained from static experiments in which a punch to the
coGtour of &n arwnour piercing shot is pressed through armour plate, the load and
pemetration Leing measured throughout the process. The extent to which load-penetra-
tion curves, iis obtained under static conditions, represent the corresponding relation
un<er dynamic conditions cannot be fully known until reliable measurements have been
mawie Of the forces acting on a shot when fired through a plate. Attempts at such
wme=strements bave been wade (see page 3Y9), but the results are not yet sufficiently
substantiated to enable them to be used as a check against the static method. The
striking fact about the results of the latter method is that measurements of the total
energy required for penetration under static conditions agree within the limits of
exrerimental error with measurements of tlhe energy as obtained in firing trials.
Alzhough this agreement dues not preclude the possibility that differeuces in the shape
of the load-[<netration curves may exist in the two cases, it gives some justification for
the use of the static curves as working hypotheses until further evidence becomes
available.

3.1. Generai results estublished by static punching experiments.

The resuliz of static punching experiments on arwmour plate and uther steels, with
discussions ¢! their significance in relation to arwmour plate penetration in general, are
wainly giver m References 20, G4, 101, 123, 136, 138, 190, 203, 297, 325, 330, 376, 377,
13 and 439. I'rom the present aspect, namely that of the stresses induced in the pro-
jeccile, the i:terest is primarily in the peak loads found by this wmethod.  Befure
queciing and discussing these results sowme general tucts established by the investigation
are presented :—

(1). 1f the punch is not lubricated a significant proportien of the work perforwed
ia static punching is expended in overcoming friction. This frictional
«Iect is relatively unimportant in the early stages of penetration but
increases the maximum load by 10 per cent. to 45 per ceut. and may
iscrease the folul work Dy an awouut up to 30 per cent. The lubricant used
vas a thin filin of soft solder (40 Sn, 40 I’b, 20 Bi). The agreement between
exergies for cowplete perforation in static and firing trials refers to the
£:atic results in which the lubricant was used. The inference is that friction
probably plays only a small part in dynamic penetration. This deduction
cannot be made with certainty : («¢) Lecause the value of the residual friction
¥hen the lubricant is used in i1be staric experiments is not known; and
15) because the agreement between static and dynamic results, though highly
sigyestive, does not prove identity in the processes. Nevertheless the
<onclusion is consistent with the following facts : (i). Firings with lubricated
saot (Refs. A 38, 240) bave failed to show any reduction in critical velocity
Ly lubrication®. (ii). Friction of steel on steel decreases as the speed of
Ce moviug parts increases. The empirical formula p =027 (1+0-00447
tas been given (Ref. £10) for the variation of the coefficient of friction x in
e dry slidiug of steel on steel where V is the relative velocity in metres

“n Ref. 161 a reduction of about 12 per cent. caused in critical velocity by lubrication was reported,
but zhe firings wsre in the low velocity range 200 to 300 {.s.
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per second. (iii). Metallurgical examination of Loles made in armour
plate, by firing, show the presence of a thin surface film of wetal which
has been raised to at least 550° C. and which has probubly acted as a
lubricant during penetration. (Ref. 74) (iv). Experimeuts designed to
determine the loss of spin of u projectile atter its passage through arwour
indicated that frictional effects were relatively small (Ref. 63).

(2). The qualitative behaviour of the plate is very similar in static and dynamic
penetration for a given head shape and calibre. Wheun back petalling occurs
under firing conditions, back petals of identical type occur in the static
case. Similarly plugging occurs in the same circumstances in the two cases.
Limited results on the 2-pr. scale also show that plates which fail by discing
under firing conditions, fail ~imilarly under static test. The coronet form
of a large number of front petals characteristic of ** fired ”’ holes is not
reproduced in static trials, but with good lubrication a ridge is raised
which approximates to the height and ~hape of the boundary of the front
petals. Another difference between the two cases exists in the volume of
metal undergoing plastic strain in the two cares. (Ref. 53). Although the
volume affected is much larger in the static case it appears from calculation
that the excess work thus expended is relatively small.

(3). The representation of the resistance as a coustant pressure equivalent to that
given by a Brinell number, for sewi-infinite plates or for small penetrations
into finite plates, is not valid. For conical punches up to shoulder
penetration it is a good approximation. For ogival headed punches the
pressure increases with increasing penetration. In any case the equivalence
would not apply over a large part of the penetration, since bulging of the
rear face causes a departure from semi infinite conditions when the point of
the punch reaches a distance of the order of } calibre from the rear face.

(4). The position of maximum load varies according to the shape of the punch.
For sharp punches it occurs when the point breaks through the rear bulge.
This condition corresponds with petalling failure and penetration is not
complete until the shoulder has emerged from .the bulge. For blunt punches,
which cause plugging, maximum resistance occurs very shortly before the
plug shears. Shearing commonly occurs in the range investigated. 1.e.,
0-75<t/d<2-0, when the point of the punch is a little over half-way
through the plate. Variation of maximum load for a given head shape and
plate quality is approximately linear with plate thickness.

(5). A small difference in the work performed at different stages, between the static
and dynamic cases, is found by comparisous of the energies required for
partial penetrations in the two cuses. These cowparisons show that more
energy is used in the dynamic case in the early stages and less in the later.
The differences are not large but are probably bevond the range of experi-
mental error and thus indicate the existence of a dynamic term in the
registance®.

(6). As in firing trials, scale effect is found to be small. . Nevertheless it was
observable and agreed as regards total work. and mode of failure, with
the results found in the N.P.L. firing trials, when the plates used in these
trials were penetrated statically.

3.2. Dewiled results of static punching experiments.

Bince :he frictional resistance to an unlubricated punch has been found to account
for a significant proportion of the energy absorbed in perforation, the numerical results
quoted Lzre have been taken only from the observations on lubricated punches. A sum-
mary of ‘hese results is given in Table 3. The masximum stresses to which the projectile
is subjecied are largely governed by the maximum load, although the rate at which this
maximex is reached must have a secondary effect on the stress distribution. In Table 3,
therefore. the values of the maximum load are quoted. The close agreement in nearly

¢ The enstence of s dynamic term is shown independently of static experiments by the fact that in
the linear relation o,’=v'+3v,” between the squares of the striking, remaining and critical velocities
', v, r. the constant s departs in general from unity. The partial penetration experiments show that
whether or not s=1 there is a difference between the static and dynamic foroes at corresponding penetrations,
but they aso indicate that the difference is small.
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all cases =tween euergies for perforation in the static and dynamic cases is shown in the
coluwns 1o which the critical velocity, deduced from the static energy, is compared with
the critic={ velocity determined by firing trials. From the observed maximum load F,
a stress F is obtained by dividing by the cross-sectional area of a body of the projectile
.m-d*/4). This value is quoted in the table, but it is not necessarily the value of any
stress existing in the shot during dynamic penetration. XNeglecting any fundamental
differences in the load-penetration curve which may exist between the static and dynamic
cases, and also the stress gradient in the latter cuse, maximum load may be reached
before the shoulder of the shot has penetrated the front surface of the plate. In these
conditions. which will arise when the plate is thin or the head of the projectile is long,
the load will be distribnted over a smaller area and the stress at the head will be greater
than the quoted value. Presentation of the results in the form of stresses which the
load woud cause if acting over the full cross-section of the projectile is adopted for
TWO reascs :—

(a1. It illustrates that the dependence of the stress on scale is very small.

{bi. Because this dependence is small it is convenient in applications to calculate
from the stress rather than from a load which varies according to the
scale.

Tabdle 8.

R:atic observations referring to lubricated punches, with comparisons of
calculated and observed critical velocities..

F=Maximum load (tons). P= 4717"_ (tons per square inch).
i

In most cases the quoted figures are means from several observations.

i | i I' p l Critical velocity
Head shape é 4 B.HN. F P -

i | : B | Static Firing

ins, | ; ./8q. mm.. tons tons;sq. in. | | f.s. {.s.

14 crh 0-285 0787 338 . 904 1417 0380 ' 1523 | 1528
. . 0825 38, 860 1348 0424 1548 1552

. . 0867 7 813 | 1369 o448 | NR. NR

. . 0877 109 3-08 624 0572 | 1lls* ' 1225

" . 1024 263 . 902 141+ . 053 | 1702 | 1693
. . 1:028 B 1088 4 103 ! 0483 | a8 C
. . 1048 | 302 | es l| 1350 | o513 | 1761 1757

. . 1344 20 1095 | 1717 ‘ o660 | 2034 | 2015

. . 1491 2 1213 | 1902 | o630 | 2237 1 2180

" S 1as b 109 617 967 ! 0887 . 145 1718
. . 1996 208 1334 . 2123 |- 0717 | 2680 2643
. . 2011 323 | 1455 \ 2261 | 0706 | 2696 | 2620

. " 2.102 2 . 822 ‘ 1289 1151 NR. | NR.
14 cri 0285 ' 2632 100 | 704 I 104 1013 2201 || 2M5
" " - as05 1 109 834 1307 1-109 2150 | 2816

- 0785 0720 . 295 5103 1054 0-357 1391 1379

. " T o102 288 8960 1438 0499 -+ 1675 ' 1683

. . 1419 24 o oTem | 1647 0-801 1982 | 2015

. " 1419 288 | e73 . 1751 0612 | 2035 2038

. . 1428 2001 | 8458 ll 1747 ;. 0600 | 2043 2051

. 1565 0714 71 l 1809 ; 940 II 0347 1248 1314

* Bending and dishing oocurred in the static penetration.
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Tabie 8 (contd.)

- , | ! . P | Critical welocity
- Head shape é ud B.H.N. F . P | = . —

! ! ! B ’ Static Firing

ins. ‘ ’ kgs./8q. mm. -tons tons/sq. in. { is. | {a

4 crh 1586 | 0716 289 1075 1027 | 0385 - 1290 | 131
- .| ot 263 2000 |, 1040 | 0397 . 1218 : 116

- 0 . | omm 28 2322 1207 | o487 1408 1440

. e | o 287 0485 182 | 0w . 145 . 140

. ' - | o u | o215 ! 1258 S 08Il | M8l . 1453

< i . oms | m g2 1368 ‘ 0487 ML 140

. - | 101 284 2549 1325 0487 - 1604 1 1581
.l . 19 273 2164 437 | o6 - 147 | 1708

. Com | 1388 292 3218 1673 . 0573 142 1847

- . 12 | 20 3464 | 1801 0855 204 - 2053
L. e %2 . 444 . 208 0730 NR  NR
¢oerh | 020 | o788 M2 558 137 | 0332 M54 i 1418
<1 . esw | m &2 | 047 1312 | 1330

. : n | oues 307 f 585 ez | 0388 BRUCES L

. | ~ 1882 } 260 i 702 30 080 lsos 1982

- 0.1 uz 1 478 70 . o6 16 w2

- - vos I ] 1636 . OmM2 1872 1882
.. 2220 I 1 | 8% m0e | o788 | 2m2 | 2249

. " 228 | 32 | 11-82 ! 240-8 i 0750 , 2608 E 2584

- . 2404 | 112 682 | 188 | 1080 2013 1088
06:rh : 13565 102 209 ' 313 1683, 0806 . — —
10 . - . | . M 14 083 - -
20 . . . { oo e e ‘| 18 . osl2 - | -
0s ., - | 1269 ] 773 ‘. 323 l 168 0815 ' — : -
10 . e 38 . 160 - 0ses - -
20 ., . b0, 1 276 ; 144 . 0526 ' — | —
o6 . . 1-518 { 290 3% 15 ! oen - =

10 . .. | " " i

356 185 ' 0838 — —_

4. DEPENDENCE OF STATIC RESISTANCE ON PLAoTE HARDNESS AND THICENESS.

If maximom load were entirely determined by the thickness ¢ of the plate, the
diam:ter d of the punch, and & single stress characteristic of the plate quality, and if
furtzer the Brinell number B were a direct measure of this characteristic stress, then it
is ezsily seen from dimensional arguments that P/B would be a function of t/d only.

The values of % have therefore been tabulated and a plot of P/B against t/d is shown in
Figs. 31 and 32.
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In Fig. 31, which refers to a punch of 4 ¢.r.h., 0-250 inch diameter, the Brinell numbers
of the plate concerned are given against each plotted point. It is clear from this diagram
that P/B is not a function of i/d only. The points obtained from observation on mild
steel (B.H.N. 112) lie well above those for harder plates. A similar result is observable
in Fig. 32. To avoid confusion the Brinell numbers are given in this diagram only for
the wild steel results, but it is again clear that for a given value of ¢/d the corresponding
value of P/B is greater for wild steel than for the considerably harder armour steels to
which the other results refer. It is further apparent that although there is a tendency
for the points referring to arwour plate to group about a comwwon curve it would only
be an approximation, even in these cases, to regard £/ as determined entirely by t/d.
Several possibilities arise from these observations : —

{(e). It may still be true that P is a function only of ¢/d and some single stress f
characteristic of plate resistance, which would again imply that P/f is a
function of t/d but f is not proportional to B. In this care, if B is a function
of f only, it should be possible to find u function F(8) of I such that P/F(B)
plotted against t/d would give a uniform curve.

(b). P may depend not only on the stress given by the Brinell reading B but also on
some additional stress characteristic of the plate. If the additivual stress
is capable of variation independently of B, no method of plotting will give
the regular carve required. since the plate properties would be insufliciently
specified.

(c). tand d may not be the only distunces concerned in the determination of . For
example, the bulge height may enter and may vary with the quality of the
plate [this possibility is siwmilar to those of (¢) or () since height rutio can
depend on a stress only if the co-etficients in the relation have the dimensions
of a stress], or the dimensions concerned in the plate structure way in-
fluence its bebhaviour.

Case (1. namely, the possibility that some properiy of the plate in addition to its thick-
ness and hardness enters into the determination of the maximum loud, is almost certainly
true. For example, the maximum resistance might depend on the extent of shear
deformation which can occur between vield and fracture. (See Chapter 1, pp. ¥ and 9.)
At best. the Brinell number can give only an average measure of the stress strain curve,
and this average refers tv only one type of deformation. In the present counection the
possibility that some other ‘* strength '’ constunts influence the results cannot be ana-
Iysed and the working assuwption must be that unspecided plate qualities have only a
secondary effect on the phenomena. This assumption is equivalent to supposing that
if the resnlts were plotted in three dimensions with P, I3, and t/d as ordinates they would
all fall on some unigue surface. Alternatively, P plotted against t;d or B when the other
quality is constant would yield a unique curve. The experimental points do not provide
sufficient results at constant t/d or constant B to enable a sutisfactory analysis to be
made on these lines. A fairly large nuwber of results are available in the region t/d==1
and it i thus possible, as an approximation. 1o correct them to t/d=1, the correction
being obtained trom the general trend of the results shown, say, in I'ig. 32. Table 4 gives
the resul: of such a calculation, but beyond showing that the mild steel results fall well
outside tke group for armour plate it gives no indication of the precise relation between
P and B. Another presentation of the results is given in Fig. 33 in which P has been
plotted azainst t/d and the DBrinell number associated with eaclh result has been given
against the plotted point. Although this diagram provides evidence that P tends to in-
crease with B it does not suggest any definite contours for constant B such as would be
expected from the assuwmption P=f(¢/d, B). In view of these observations it is not
profitable to attempt to obrain an approximate analytical relation between the variables.
From theoretical considerations it is to be expected that when t/d is large the value of
P will approximate to a constant value of k f, where &k is about 4:6 and f, is the yield
stress material (see p. 41). It is also obvious that P is zero when t/d=0. A function such
ag P=kf, (1-e -alid) where a is a function of head shape and Brinell number might
give an approximate representation, but, in view ot the scatter of the results there is no
advantage in presenting thewm in this form. Comparison of Figs. 32 and 33, however,
shows that some gain is made by plotting P/B instead of P against t/d. The curve shown
in Fig. 22 is drawn freely with no attempt to fit to an equation. It will be seen that as

far as armour plate is concerned the error introduced by using this curve would never
be large.
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Table 4.

Estimated values of P/B at t/d=1, obtained by correcting values observed
in the neighbourhood of t/d=1.

: Sy ! _P Y
d ya = | 038(-yd | VB =y+8y B
0285 | 0825 0-083 ‘ 0-422 0-485 321
0828 0062 , 0450 0512 315
1025 | —0009 ‘ 0-543 0534 264
1011 —0004 | 0652 o648 | 261
1-042 —o015 | o317 | os32 300 -
1046 —0-017 0508 0480 303
P 1082 —0012 0483 0471 357
1-032 —0012 | 0470 0458 | 348
1.035 —o013 ‘ 0-536 0528 481
Io1032 | —0012 | 0518 0508 . 482
0-785 1043 i —0015 | 0504 0489 | 28
1041 | —ools | o405 o480 | 201
1565 1013 || —0005 ' 0471 0468 | 283
1008 | —0003 ! 0463 0460 | 285
1022 —0015 ‘ 0532 0517 269
0944 0020 | 0495 | 0515 257
0897 0037 . 0483 0520 248
1065 | —0023 0534 0-511 318
1068 | —0024 I 0552 058 ' 316
1061 | —002 | 050 0481 311
003z | 0024 | o438 0-481 247
0-933 l 0024 ' 0-433 0-457 ‘ 257
0-285 0877 | 004 | 0385 0620 | 109
0871 oot | o338 0602 ‘ 109

Tie curve of Fig. 32 'will give a fairly good estimate of the maximum ‘resistance
enco-ntered by a punch of 1-4 c.r.h. in the range 0-7<t/d<<2-0. Despite the scatter of
the toints the diagramn shows some evidence of a swall * scale effect ”’ in the direction
whic2 would be expected from the similar effect in energies for perforation. Maximum
pres@ires tend to decrease as calibre increases. This tendency is illustrated in Fig. 33,
in wiich the points corresponding with the plates used in the N.P.L. trials are shown in
heavier printing.

Although the tendency can be seen, the variations apparent in Fig. 32 show that no
usef<l purpose would be served by an attempt to express the relation by different curves
for zach scale. Extrapolation of the curve beyond the range 0-7<t/d<<2'0 is probably
justiZable, if it is guided by the following considerations :—

‘i).  There may be a discontinuity in the slope of the curve in the region t/d=04
or 0-5 (see Chapter 2, page 26) but there is no reason to suppose that any
large curvature exists from the origin to this value.

). Since increase of thickness must increase maximum load except possibly at
great thicknesses, the slope is always positive.
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(iii.. The limiting value of the pressure, probably approached very closely at
t/d =~ 5, is likely to be about p ~ 46 f,.*

A ter:ative curve for hardness in the region of that of mild steel (F .: 100; is included.
Information on the effecis of variation in head shape is very scanty, but the available
resnits referring to head shapes other than 1-4 and 40 c.r.h. are plotted in Fig. 34.
The arprozimate curves for 1-4 and 40 c.r.h. are repeated in this diagram. In the
small range of thicknesses in which the additional results lie (approximately
1-0<t S<1'5) the departures of the results for 0-G. 1-0 and 2-0 c.r.h. from those for 1-4
c.r.h. zre not large. Nevertheless. they indicate. as is,to be expected, that a blunter
head gives a higher maximum pressure. The differences are likely to be greater when
0<t/d<1 and smaller when t/d>1-5.

The valnes of p/B as calculated from the N.P.L. formula have been included in Fig. 34.
It is apparent that the approximate estimate of 2p for maximum stress obtained from
the formula was not greatly in error for the wmiddle hardness (B=300) but that, as was
to be expected, the estimate is not good for the other hardnesses.

5. DyNaAMIC MEASUREMENT OF PLATE RENSISTANCE.

The zxperimental evidence on the maguitude of the forces to which a projectile is
subjecizd on penetrating arwmour plate is almost entirely contined to the static puuching
results which have just been described. LEfforts to deduce the retardation (and heuce
the rewzrding force) by obtaining space-time records of a shot in the course of norwal
penetrziion of arwour bave been wade in England, Awerica and Germany. In the
latter country the experimental niethod used was that of multiple spark photography
giving :t most a series of 24 associated values of space and time. This wethod had
alreadr been tried in England (Ref. (7) but discontinued because of its insufficient
accuracy. The German results (Ref. 441) are also insufficiently accurate to give more than
the orcsr of the force which, as shown by I'ig. 30 is readily calculable from critical
energy. The difficulties associated with the wmeasurement arise primarily from the
extreme brevity of the period during which the retardation acts. The order of this time
for a pmjectile of diameter d inches and a head length equal to its calibre when attacking
a onc calibre plate may be taken at d/tv seconds, where v is the mean velocity in f.s.
over thb= travel of 2d inches. At a mean velocity of 1000 f.s. the total time for a 1-inch
projectie is thus of the order ! millisecond. Within this peried a space-timme curve is
require: of sufficient accuracy to give a representation. on a time basis, of the second
derivat:7e. The experimental arrangement first used by the Nuval Research Laboratory,
Washiz zton (Refs. A12a, 347, 34¥) is shown in Fig. 35.

The ;-inciple of the method was to obtain a record on moving tilm of the motion of (he
base o! the projectile as it uncovered a narrow ~lit, which was intensely illuminated
by a s;ark of sufficiently long duration to cuver the whole time interval concerned.
The tarzet plate was so positioned relative to the slit that the wotion recorded would
occur wnile the plate was being penetrated. The image motion and il motion being
perpencicular. the slope of the trace at any point was proportional to the instantaneous
velocitr of the base of the projectile, und hence the rate of change of the slope gwuve the
retardazion of the base. The possibility of olitaining a measure of this rate of change
depends on obtaining a very high film ~peed. By using an air turbine as illustrated in
Fig. 3. the film being mounted on the inside of the cylindrical portion of tbe turbine,
a film speed of about 560 f.s. was obtained. The turbine was small. about 09 inch
diameter. but capable of a rotational speed of about 2400 revolutions per second.

From analysis of records taken with this apparatus for impacts of 0-2633 inch
diameter projecfiles against arwmour steel (S.T.8.) and mild steel the results given in
Table  xere obtained. (Results, not reproduced here, were also obtained in Ref. 348 for
face hariened plate and showed a double peak in the force curve).

® A cuve, derived from firing trials, showing estimated mean pressure for values of #/d from 3 to 8,
and refermng to plate in the range 230 to 280 B.H.N. is given in Ref. 444. It is roughly consistent as an

extension of the appropriate curve of Fig. 30, but shows mean pressure continuing to increase slightly
with ¢/¢ 1p to t/d=8.
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Table 5.

Frojectile dimensions.—Diaweter 0:2635 inch +0-0U01 inch; length 1-040 inch +0:005
— inci: ogival radius 0-910 inch.

Tcrget properties : —

(a). S.T.S. 2ins. x2ins. x{ in. Hard- (b). Mild steel 2ins.x2ins.x}in,
ness 240 Brinell; ultimate ten- , Hardness 103 Brinell; ulti-
sile strength 125,000 Ib. per mate tensile strength 50,000 1L
square inch. per equare inch.

S.T.8. Armour Mild steel
Striking ' Remaining | Maximam Striking Remaining l Maximum
velocity | velodity force velocity velocity |  force
fa. l fa. b, wt. fa. fa. ' b wt
1543 765 13,430 1222 476 | 9,440
1440 ‘ 490 14,820 1127 49 | 8360
1318 0 14,590 1108 0 | 8860
1387 i 0 14,500 :

Tie mean figures obtained from these results are : —

! Max. foree Msx. pressure i

tons p, tons/sq. inch | p/B t/d
8.TS. ... .. I 640 1156 ' o482 ! 0042
| .

Mild steel we | 385 : 714 0693 0-942

fizce the ogive used was 3-43 c.r.h., these rexults are not directly comparable with
any :i those obtained by static punching. The curves of Fig. 34 or Fig. 31 wonld forecast
lower values. It is not, however, to be concluded on these results alone that there is a
dyn: aic effect increasing the maximuin forves found by statie experiments. It has been
poinied out by several authors (Refs. 291, 205, 248, 308) that rhe assumption of a per-
fectr rigid shot leads to signiticant errors in this method of estimating the retarding
force. Simple calculation shows that the time duration of the force acting on the pro-
jectiz is only a fairly small multiple of its period of longitudinal vibration. Such vibra-
tionk. which have been recorded after impact (Ref. 3G3) have, therefore. a considerable
effec: on the motion of the base in the period under measurement. The head reaction is
propizated elastically to the base and its motion is the resultant of a series of warves
reflee-ed up and down the shot. .Allowance was made for this effect in the later report
(Ref. 347) where results are given for 8.T.8. armour, mild steel and 24 S.T. aluminium.
Thet results are given in Table 6.

Table 6.

Projectile diameter, d =0'1693 inch. Ogive shape, 2-5 c.r.h.

' . . 24 S.T.
Merial . S.T.S. Armour B=268 Mild steel B=99 Aluminium
. | - )
'I('l_:lcl;nﬂsl 0-500 i 0-360 0-250 0-1875 © 0500 0-350 0-250 I 0-1875 0-281
incha; :

Max. itece (Ib.) 22,800 @ 20,600 14,400

Max. pm
i
»/B

r,
(tons nch?)
d .

| 10,400 12,600 | 11,200 | 8600 . 6300 8,000

1784 1612 1127 ‘ Bl4 . 986 877 | 673 ‘ 493 . 626
1 !

|

3

1-8556 ! 1-336 0-928 0-696 1855 1-299 0-928 0-696 -
i :
0-671 : 0-606 0-424 0-308 | 0996 0-886 0-680 | 0498 . -

i |
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An essentially similar method has been used by the Road Research Laboratory (RRefs.
23, 235, 406, on the 2-pr. scale. Results are available for only one plate, whose thickness
was 41 mm. :nd hardness 293 Brinell. The peak retardation found when allowance w. s
made for el stic motion was approximately 8.10° f.s.? Axsuming a shot mass of 2-37 1b.,
this figure @ould give p/B=0'467 at t/d=1-031. Tlese latter values correspond fairly
clo=ely with the static results shown in Figz. 32. The American results give pressures
wiich are somewhat higher than those of the nearest head shape used in the static tests,
The accuracy of the experimental results needs 10 be extremely high in order to give even
& rongh estimate of the variation of the force on the ]l!‘u]ectlle While, therefore, the
results of this experimental technique way be regarded as confirming that there is no
change in the order of the peak force between static and dynamic penetratious, it cannot
a4t present te concluded that the small ditferences found either in the type of force-
penetration ¢arve (Refs. 209, 4(4), or the peak lcadx are rignificant.

Other metzods of determining the forces exerted during impact have been attempted.
The surface markings on sbot which rehounded from a normal target were analy~ed in
Ref. (5. and an estimate of the retardation obtained on the assumptions that the spin
remained corstant and that the marks were chused by material which remained in a plane
parallel to tte plate surface. Estimates have also been made by housing a free indenter
in contact with a copper *‘ target ’’ within a shell and measuring the depth of indenta-
tion caused vhen the shell penetrated an armour plate., An extension of this me.hod is
described in Ref. 412. Several steel Lalls were used ax indenters and were located at
various initiil distances from the copper ** target.”” They thus struck the copper at
various times after impact and at various velocities which could be estimated from the
denthe of inientation. From these velocities a series of mean accelerations was deduced.
Tte difficultizs of interpretation in all these experimental methods are considerable and

in consequen‘e, they bave o far done no more than to vonfirm the probable order of the
peik forve rvolved.

6. THBOBETICAL WURK ON THE RESISTANCE TO PENETRATION.
G.1. Pressu:v required to erpand a hole in an infinite nedium,

The experiztental evidence on the force to which the projectile ix subjected has now
bes=n consider=d and it remaink to examine the invextigations which have been made from
a theoretical aspect. An estimate of the limiting pressure which would be reiched in
an infinitely -hick medinm bas been given in Ref. A.20 and extended in Ref. 243. In the
former case in analysis was made of the work necessary to expand a eylindrical hole
in a plastic —edium and in the Lirter the method was extended to a spherical hole. If
strain barde:ing is neglected the firxt and second methods give respectively the following
approximate relations (see Chupter 2, p. 20) :—

(i)- p=386f, (). p=43f,
where f, is -ae yield strength of the material. Strain hardening will have the effect of
imcreasing ks value of f,.  Using results obtained for large strains ander high pressure
(B=fs. A.42. [7¥) it is estimuted that the value of p will be increased by about 2 per cent.
for armour & -elx and 30 per cent. for mild ~teel. Hence, for a fairly blunt punch pene-
trating arwair the estimated order of the pressure is aboat

p=46f,
Lf the ratic of Brinell number B to yield strength jf, is k
p/B =46k
or. since B+ 47 f, for armour steels, and f, slightly excecds f,.
p/B=~09.
This is the . 1m1tmg ratio of p/B which would be expected for high values of t/d. The
curve of Fiz 312 is conwistent with a limit of about thix valne. In “the care of mild steel

the approximste relation between p and f, will be

p = 5f, or p/B=5/k.

Since k i# :n the neighbourhood of 2-5 for mild steel the limiting value for p/B in
this cuse is

p/B~2.
This resuit is again consistent with Fig. 32.

Although -i1e sratic punching results are consistent with the existence of limiting
pressures of :dnut the above value, the range of t/d for which observations on lubricated
purches are tvailable is not sufficiently. lar_fm to give direct confirmation of the existence
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and wagnitude of the limit. Experiments vn punching in copper, both hardened and
annealed, are described in ref. 40y 1n which w uiscussion 1s a1so given ot the sighidcance
narqness tests. Contirmation is obtained or the existelice ot a limit or the predicted
magnitude uud it is found that a penetration depth ot about 3 diawneters is necessary

—berore the lumnit is reached. It is, however, pointed out that independently of strdin
barvening tbe Brinell or other indentation haruness is i1kely to be less than the pressure
at great gepths because the construint on the 1naterial is less near the surface. Flow
mio a Lp can, therefore, occur and this provides a retief which is not available deep in
the nuaterial. This effect has some importance in any attempts to deduce the value of the
harcness trom the yield strength of the waterial, but’does not aftect the arguments given
avove in which it is discounted by the use ot an ewmpirical value for 4.

G.2. AdAnalyses involving the theory of elastivity.

Uther estimates of the resistance and state of stress during penetration have been made
by toe use of the mnethods of the theory of elasticity. In Ref. 66 an upper limit is found
to tbe resistance by using the von Mises plasticity condition and considering the resolved
forces on conical surtaces axial with the punch. The limits thus found increase
us penetration increases and, therefore, give no infornation on any constant resistance
at great depths. The same method applied to finite plates gives results of the order
of the static observations. In Refs. 88 and 121 the analytical problem is treated entirely
on tte basis of elasticity theory. Although the solution is rigorous for the very complex
problem of elastic indentation of a solid by a budy of revolution its application as an
approximution to penetration problems requires an empirical estimate for the appro-
priare change in ** modulus of elasticity > applicable to plastic changes. It does not,
therefore, provide an independent estimate for resistance. An investigation of the
distribution of stress in a semi-infinite elastic body subjected to a uniform pressure over
an internal circular area is given in Ref. 373. The practical application of this analysis
is concerned with discing. Again no direct estimate of plate resistance is provided, but
the assumption of a pressure equal to 4 or 5 times the yield strength gives consistent
vialues for the stresses under which back failure occurs. The case of wedge indentation
into a plastic solid, reducing the problem to two dimensions instead of three. has been
considered in Ref. 408. The predicted type of flow was observed when the deformation
was made on a lead block scribed with a grid of squares.

7. MODIFICATIONS TO THE FORCEs ACTING ON THE I'ROJBCTILE DUE TO
DynaMmic EFrFecTS.

Theoretical investigations may be regarded as giving justification for assuming that
the eiatic curves shown in Fig. 32 will tend to approach a coustant pressure at
t/d=4% or 5 und they predict a value for this pressure. They also give an explanation
in terms of strain hardening of the divergence of the values of p/B for mild steel com-
pared with armour steel. No very close estilmnates have vet been given from theoretical
considerations of the maximum resistance offered by a finite plate although the total
work can be estimated by the methods discussed in Chapter 2.  Nevertheless, some
indications can be provided from theory of the cunditions in which the force is likely
to exceed that measured by static wethods.

7.1. Kinetic energy of the target.

Sume increase in resistance in dynamic penetration compared with static might be
expecied from the necessity in the former cuse to accelerate the material away from the
surface of the advancing projectile. Tle overall increase in resistance from this cause
is known to be small from the fact that, at leust up to velocitiex of about 2300 f.s., the
energy required to perforate a plate ix not greatly dependent on velocity (see footnote
page 34) and that it agrees with the static work. A minimmum value of the kinetic
energy imparted to the plate is easily calculable from considerations of momentum.
If the mass of the projectile is M. and of the plate kM and if the projectile approaches the
plate with velocity v, and leavex it with velocity v,, the centre of gravity of the plate
must have acquired a velocity (1/k) (p,-v,). The ratio of the energy of translation E
of the plate to the energy & lost by the projectile is thus given by ?

E, _1{v,—n )’_1 vo—ol)

% _E(vo,__'? _Tc(vo—-g-é,’ e e e 0)
For rr:loci'ties of attack near the critical velocity, v, will be small compared with v, and
the term in brackets will be near unity. Recarding the target as a disc N times the
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diameter of the projeciile, and the latter as equivalent in volume to a cylinder of
diameier d and length 3d the value of k is given by
k=N%/3.t/d.

In the case of a one calibre plate for example the rutio E, /£ could thus be made as great
as o per cent. only by making the plate less than eight calibres in diameter. The
calcuistion assumes a treely supported target and the eifect of constraints on an actual
targer will clearly be to increase the effective mass and so to decrease the ratio. It is
not, towever, true that the energy impuarted to the plate continues to decrease as its
size increases. [Equation (20) is correct for translational energy but neglects energy
of vibration, and the distribution of energy between vibrdtion and translation depends
on the size of the plate. It is obvious that the energy given to the target cannot depend
on ite size if the tiwne for transmission of waves from the impact position to the boundaries
of the plate and back again is greater than the duration of impact. If the velocity of
wave propagation is ¢ and the duration of impact 7', the energy given to the plate must
thus b= at least ax great as the energy of translation given to a plate of radius approx-
imateiy ¢T/2. For head length of one calibre T may be taken approximately as

(t+d) leading to

Do+ 0
o By 3ot—ot . 1
E & @  yaiteap

1
If now ¢, - v ? is taken as ¢, the square of the critical velocity, and the formula "L’; =

C (%}'"“(10 of Chapter 2) is used, the inequality becomes

E, _3d&C (e
- -} e bt S
- imad 1+ gap

With :ne approximations% m =12, ('=10° c¢=10,000 f.s. the formula becomes finally
’ E, 12 -
2P~ 22 (t)d)s (1+1/d)-3
> 10 - Hare (1+v/d)

A oue calibre plate of large area relative to the cross section of the projectile thns
absorts at least 0-3 per cent. of the energy as kinetic energy. Its total kinetic energy
incluging the vibrational component. omitted from this calculation, may be much
larger. An attempt to calculate the total energy is given in Ref. 163. By approximating
for the elasticity of the plate the velocity U of the centre of a large thin plate under the
action »f a normal force /' ix obtained as

U=aF

This r:iation leads to the following value for the ratio E,/E where E is now the total
kineti¢ energy communicated to the plate :—

E | P
2

_p = —
E = (J’th)’
: L [ Fady 1 : . L
Makirg the further approximation Faip =7 where ¢ is the duration of iwpact
d
E, 3= 4 (t_i)’
E 8 "er' \1
For a .ne calibre plate. with the same assumptions as above,
- 44 E, 37 1vy+7

~ — pgiving 2= _—

v,,-*-v,g1 S ETR" o
where. with the numerical values assumed [r=vY(10°.1:G), ¢=10']. the ratio at the
critica. velocity becomes



(In Ref. 163, in which the method of analysis is given, an estimate of 18 per cent.
is obtained fur the energy of the plate. This figure is obtained by assuming a critical
velocity 2f 3000 f.s. for a one calibre plate, the force being assumed to act over the plate
thickness only). The rativ obtauined abuve corresponds to a plate energy of about 4 per
cent. of :he total and is consistent with the estimate of 3 per cent. for a plate eight
calibres in diameter. lb a plate as swall as this the waves will bave made about four
double joarneys to the boundary and back to the centre before the imupact is over. The
energy is. therefore, likely to have been very largely couverted into energy of trans-
lation and the proportion remaining as vibrationul energy will be relatively small. The
reaction tetween the plate and the projectile willy of course, be modifiecd by the plate
motion, tat the variation will be small in plates as large as, or larger, than eight
calibres in diameter.

It ther:fore appears that for plate thicknesses in the region of one calibre the kinetic
energy of the plate is not likely to exceed about 3 per cent. of the total. Higher pro-
portions may exist in conditions in which the duration of impact is very small, i.e., for
consideraply thinner plates, or with blunt headed projectiles, or with plates which plug
shortly aiter impact occurs. Analyses of the elastic motion of thin platex from which
estimates corresponding with these conditions would be calculable are given in Refs.
102, 139 =nd 339.

The ecsrgy abstracted from the projectile when attack is made at a velocity higher
than the =critical velocity usually exceeds the critical energy. This fact is sometimes
attributes to the energy given to the plug. It is true that the plug is ejected with a
velocity st least as great as the remaining velocity of the projectile and that the latter
must hare supplied the corresponding kinetic energy. As a very rough approximation
it is thus possible to attribute the deviation from unity of the coefficient s (pp. 19 and
o4) to p:1g energy. Nince, however, the plug musi have acquired some velocity to
enable tk> shear fracture strain to be reached, part of this energy is expended whether
or not th: process extends to fracture. Further, the determination of s must depend on
the total energy given to the plate, both vibrational and translational energy being
included. Even in the absence of plug formation these effects are reflected in the values
of s diffecing from unity found for petalling plates. From these considerations it is
apparent that it is only in a crude way that & can be regarded as calculable from plug
energy.

A convention has arisen of expressing trial results, on occasion, in terms of a
‘‘ Ponceie: coefficient’” v (see Chapter 2). It would be possible formally to give the
energy dze to dynamic effects in terms of v. The lack of any pbysical justification for
the Poncziet form of the resistance in steel would, however, prevent such calculations
from hav.ng any signiticance. The only conditions in which a formula for the resist-
ance of z type RR=k41 1+§yp£) can be given a fairly precise physival wmeaning

Po
occur wk:n the size of the hole made in the target increases with velocity. Such
conditions arise in steel only at very high velocities of attack and, as a normal conse-
quence, zzainst thick targets. The increase in resistance then occurring through the
high velocity is not primarily a result of energy retained in the target as kinetic energy
but as plsstic deformation in excess of that which would occur at lower velocities. The
conditiors in which such behaviour will occur are considered in the next section.

7.2. Caru:ation.

The hezd shape may be such that the radial velovity imparted to the target material causes
it to mov: away from the projectile axis at a rate which ix too high to allow it to be over-
taken by the advancing head. &uch behaviour is known as ‘¢ cavitation,” and its occur-
~ence is oiviously conditioned by the shape of the head. A discussion of the effect is given
in Refs. 572, 409. The qualitative effects to be expected are fairly obvious. In the caxse
»f a conic:i head, for example, the flow of the target material at shoulder entry must have
a radial c:mponent, and even at moderate velocitiex a displacement must occur in excess
of that from which elastic recovery is possible. For ogival heads which meet the parallel
body tang=ntially the existence of the etfect will depend on the velocity in relation to the
aead curviture. With a given heud shape there will be a critical velocity below which
uo cavitamon oceur.  As thix veloeity is exceeded the excess diameter of the hole over
“he projec-ile diameter will grow, and the region of separation of the target material
Zrom the -rojectile surface will shift rowards the nose. Since the projectile velocity
Jecreaser 3 penetration proceeds the excess diameter decreases from the front of the plate
and a tagering hole is therefore formed. The effect is well substantiated for duetile
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materials (Refs. 372, 109), but is within the range of practical importahce for armour
steels unly where very high velocity projectiles are concerned. A discussion of the prac-
tical significance in relation to the performance of high velocity tungsten-carbide cores is
viven in Ref. 372, In considering the iwmplications as regards stresses within the pro-
jectile the phase of the motion during which cavitation effects operate becomes important.
The largest contribution from the dynawmic term in the resistance, regarded as a pressure,
must clearly come at the initial stage when the velocity is higlhest. The local pressure
at the tip is therefore angmented even though the target material may not be leaving
contact with the head. Maximum pressure in the sense in which it has so far been inter-
preted will not. however, have been reached. At a penetration of about four or five
calibres, at which depth maximum static resistance may be expected, the velocity in most
practical cases will have fallen below the cavitation velocity. Where a finite plate is

. . 4 F . . .
concerned the maximum stress considered as ?’ where F' is the maximum resistance,
o .

is thus likely to be increased by cavitation effects only in those cases where the projectile
has a remaining velocity approaching the catitation velocity. Such cases will be rare,
and, in consequence, the practical importance of cavitation etfects lies in their concentra-
tion of the stress on the nose of the projectile, and the increase they require in total
energy rather than in the direct increase of maximum resistance. The caritation velocity
o, Tor an ogival head of n c.r.h. penetrating a material which offers a mean resistive
pressure p and has a density p is given in Ref. 409 as

0, = [2nP
kp .

where k is a constant depending on the target material. The approximate value of k for
steel iz 2-3. A discussion of the value of p as determined from firing trials against thick
plates is given in Ref. 444. Using the value =237 tons per square inch for plate in the
range 230—280 B.H.N. the critical cavitation velocity for a 1-4 c.r.h. projectile is thus
found as v, =24(5 f.s. Above this velocity an increase in critical energy may be expected
througzh cavitation. This increase is small within the velocity ranges ordinarily used
and further, as shown above, does not necessarily cause an increase in maximum resist-
ance. The increase in resistance in the initial stage of penetration is difficult to estimate,
because it is mitizated by the surface effect which allows the target material to flow into
a lip. If, however, it is taken to be in the samne proportion as the increase which wonld
occur ceep in the target, a velocity 50 per cent. in excess of the cavitation velocity (i.e.,
3700 f.~.) would cause an increase of nearly 20 per cent. in the stress, and a velocity equal
to twice the cavitation velocity would give an increare of more than 50 per cent. in the
stress. For very Ligh velocity attack a considerable reserve of head strength in the
projeciile is thus necessary over that which would be calculated from the static load-
penetration curves.

8. COMPRESSIVE STRENGTH RBQUIRED IN ARMOUR PIERCING PROJECTILES.
B.1. »trength required to withstand the retardation on impact.

1f D.ertia effects of the target muterial are neglected the maximum load »' encountered
during penetration can be closely estimated from Fig. 34, Treating the projectile as a
rigid tody which is subjected to a waximum retardution of F/UM, M being its wass, the
maxirrum stress &, at any section r not immersed in the plate is thus : —
M F .
8, = Fmg (21)

where U ; =wmass of the part of the projectile between z and the base
and 4, =cross-sectional area of the projectile at z.

On these hypotheses the maximum compressive stresses are thus easily calculable for
the normal attack of a giveu target when the dimensions of the projectile are knowu. As
Fegurds compressive stresses it is probable that little error is made in covering the case
of oblizue attack by taking the plate thickness as ¢ sec 6 where 8 is the angle of attack.
This assumption probably overestimates the effective thickness and therefore gives a
wargic of safety when used to estimate the strength required in the projectile. Calcula-
tiong on thewe lines of the stresses anticipated in various standard armour piercing pro-
jectiles are given in Ref. 325. In this paper attention is lurgely directed to the hardness
distril-ztion required in the projectile to give it just sufficient strength to withstand the
pressures. It is, of course, not necessary to give a hardness gradient to the projectile
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in order to prevent failure under compression. A uniformly hard shot with sufficient
compressive strength in its head would have a greater reserve of body strength under
pure compression than a similar shot with its burdness reduced towards the base. The
reduced hardness is desirable mainly as a means of conterring greater resistance to frac-

— ture uzder the transverse forces generated in oblique attack.” For a projectile with a
solid criindrical body the calculation will clearly give 4 hardness talling linearly to zero
at the -ase of the shot. The gradient required is one which ensures that the hardness
exceeds the calculated value at every point. A projectile with a cavity will lead to a
calculaied curve with a form depending on the cavity shupe. Again the hardness dis-
tributica actually used would not necessarily foliow this form, but would conform to
the nearest distribution practicable in ensuring that a reserve of hardness existed at every
point. In calculations of this type it is not necessary to take harduess distribution as
the unknown quantity. Assuming this to be fixed within limits, optimum values for other
design rarameters may be calculated from the static results. These parameters include
shell mass and length, volume and shape of the cavity and the dimensions and mass of
the bass plug. A discussion of the method by which optimum values of some of these
parameiers may be determined when the others are specified is given in Ref. 375. The
probler to which detailed consideration is given in thir paper is the determination of the
maximzm cavity permissible in a shell whose hardness gradient and proof conditions are
specifiel. . The numerical cases for the G-inch C.P.B.C. shell and the 3-25-inch A.P.C.
model ¢ the 15-inch A.P.C. shell are solved.

In th:se problems, which are soluble from the data of the static punching results the
conditicas considered are those in the body of the projectile. Tbhe load is distributed round
the heai and in this region equation (21) will therefore not apply. In the case of static
penetrs-ion, as has already been shown. the pressure deep in a very thick plate tends
to a vaize of about 0-Y B ton per square inch where 5 is the Brinell harduess in kg./mm.?,
At the surface. i.e., for the initial stages of static penetration. it must necessarily be
approxinately B kg./mm.? or 0635 B ton per square inch. The maximum pressure in
regions >f the head near the tip if dynamic effects are neglected mayv thus be taken us
kB whee

0:635 <k <09.

If H s the Vickers Diamond Hardness of the projectile head its static compressive
strengir & is approximately given (Ref. 97) by

S=HOIT+000012H) .. .. .. . 22

This Iormula was deduced from static compression tests on specimens, 03 inch dia-
meter a-d 4 inches in length, of two types of projectile steel (Cr.Mo. as used for the 2-pr.
and Nirr. as used for the 25-pr.). The range of harduess investigated was 500 to 900
V.D.H. 1nd equation (22) was fitted to the observed points, which showed a nearlty lineur
relatior. by imposing the condition thut the curve should pass through the origin. Within
the rang2 of validity of equation (22) the winimuw hardness /M required to prevent cow-
pressive “ailure near the tip of the projectile is thus given by

H(O17+00012H)=kB ... .. .. .. (23

where £ is the Briuell hardness of the target. Graphs of this relation for the two values
k=063 and k=09 are shown in Fig. 36. The danger of compressive failure if the pro-
jectile L:ad has inadequate hardness does not strictly apply to the immersed part. Except
for conZtions in which cavitation effects are significant the surface of the head within
the targit is, approximately, under hydrostatic pressure. Failure cannot occur under
such cozditions. The daugerous region is, therefore, in the close neighbourhood of the
section :nmediately outside the plate where full lateral support is not available. Even
in this r:zion the front petals of the plate will provide some support and hence, since the
cross seion of the head is increasing from tip to shoulder, the curves given ’in Fig. 36
over-estinate the hardness required in the head. The operative curve for most pracbtical
cases W be very much closer to that corresponding with %=0-633 than that for k=09
The latiss constant assuines a depth of penetration of four of five calibres. Not only wili
_such tarzet thicknesses be rare, but even when they are encountered the head will be
immerse:. and, except in cavitation conditions, will be receiving support from the plate.

* If impuwt conditious are such as to give a force of sufficiently short duration at the projectile head, warve
propagatim will transmit the pressure to the base, and on reflection a tension will be transmitted to the body
In these vunditions reduced hardness may prevent temsile failure.
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3.2. rictors other than retardation affecting strength and hardness requirements.

Thers are some factors which modify the conclusions reached above relative to the
strengia estimated from static results to be necessary in the projectile. These factors
are :—

—1:. The time occupied LYy penetration is so short that the assumption that the

projectile responds to impressed forces as a rigid body, instead of as au
elastic body, is only very approximately true.

(2.. The static and dynamic forces are not equal at all stages, ebpecmllv wlen
cavitation occurs.

(8. The compressive yield strength of the project‘ile material is not necessarily
the same in dynamic as in static conditions.

(4. The assuwmption that the force over any cross-section is pu1ely normal is only
an approsimate representation of the actual three dimensional state of stress
in the projectile.

3.21. Elastic propagation of stress in the projectile.

The efects to be expected as a consequence of (1) are considered in ref. 295. Treating
the provlem as one dimensional the force-time relation existing at the head will be
transrcitted down the shot and repeated in the same form at any section until the wave
has be:n reflected at the base and re-trunswmitted, with change of sign, to the section
concerzed. There can thus be no iminediate adjustment of the stress to the value given
by equzrion (21) and corresponding with ** rigid body ' treatment. Complete adjustment
will never occur, but the error involved in assuming it in comparatively slow penetrations
will be very small. Taking the velocity of sound in steel as 17.000 f.s. and the projectile
as thre calibres in length the head will not receive relief from the reflected wave,
i.e., vl not begin to receive the witigation in stress which occurs through its finite
length. until the wave has travelled the distance of six calibres from head to base and
back. ! the projectile velocity is v the penetration before relief arrives at the head is
thus 717,000 calibres. At velocities of the order 3000 f.s. more than one calibre pene-
tration will thus have occurred before the relief arrives at the head. The exact con-
sequen:e of these effects depends on the shape of the force-penetration curve. Qualitatively
the reszit must always be that a greater muximum stress occurs at any section than that
given ¥ equation (21). The increase is. however. xignificant only at moderately high
velocitizs and is more serious near the lead, where transmission times are relatively
longer. than near the base. Any factor additional to velocity which increases the rate
of rise of the force, such as bluntness of the head or hardness of the target will increase
the eff«:t. The estimate of requisite head-strength indicated by Fig. 3¢ is not affected
by the~ considerations since the graphx are bused on the assumption that the full head
pressure is operative. The body strength must, however, have some reserve over that
indicat+d by equation (21). The amount of this reserve caunot be quoted in general
terms. >ut if the force-penetration curve is known it can be calculated for any specified
velocitT of attack by the method given in Ref. 293.

2.22. Dynamic component of resistance.

The iacrease in stress due to non-equivalence of static and dynamic penetration has
in par: been considered (pp. 44, 45). As with the elastic effects in the projectile, the
dynam:: component of the plate resistance becomes serious only at high velocity. In
this case, however, the effect requires an increase in head strength over that shown by
Fig. 3t and, in general. no significant increase in body strength compared with that
defined by equation (21). The increase in head strength is required to counter the
concentalion of stress towards the tip as cavitation tends to be, or is established. The
smalln=ss of the effect on the body strength as calculated from equation (21) arises as
alreadr shown from the fact that when maximmum resistance occurs the projectile will
usually have lost sufficient velocity to bring the phenomena into the range where the
differexse between static and dvnamlc resistance is small.

1.23. Dependence of yield stress on rate of strain.

The Zependence of yield strength on rate of strain mentioned in (3) above has been
the suiect of many investigations. These show that there is a large dependence in
comparmvely koft materials, but that the ratio of dynamic to statlc yield, which is
alwaye rreater than unity, approaches nnity very cloeel\ when the material is hard. 1In
one me.hod of investigation (Ref. 1) the test is a tensile one, the specimen being suddenly
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pulled by the impact of a bullet against a yoke to wlich it is attached. In a second
method (Ref. 41) the specimen is compressed by being itvelf fired normally against a very
hard zarget. This method of gesting is frequently called the * Taylor test " since it,
_ like tze first, was originally developed by G. I. Taylor who proposed a simple method
of anaiysis for the problem. In the approximation in which the motion of the target
is neg. scted the two simplifying assumptions are :—
(a). As the plastic deformation, due to the stoppage of the projectile head travels
down the pro;ectlle the stress at the boundary of the region not yet plastically
deformed is Y, the yield stress which it is required to find:
(b1. The plastic boundary travels with a constant velocity ¢ which can be estimated
by assuming that the retardation of the rear of the projectile is constant®.

These assumptions are illustrated in Fig. 37.

Let t = time measured from instant of impact of head.
z = distance of base from target at time f.
p = density of projectile.
A = cross-sectional area of undefuormed projectile.
Witk assumptions (@) and (D) the equation of motion of the undeformed part of the
projectle is
Ap (z-ct)y=AY [d}, /dt? . 24)
If y=2-ct and 7 is the value of y when the base comes to rest, i.e., when z=0, the first

mteg'-cuon of (24) gives
(dy/dt)* —*=2Y/plog¥/,

If ie initial velocity is U and the initial length is L, insertion of these conditions

gives :—
02420, '
Y=g,,(_b%,_=) e ()

Herze, Y is known in terms of the measurable quantities p, U, L,  and the velocity
¢. TkLa value of the latter obtained from assumptlon (b) is

h— z) *
c= ( y—
where [, is the final length of the specimen.

More rigorous analyses of this problem are given in Refs. 181, 238, 242. The similar
problemn of the sudden propagation of large strains in wires has received considerable
attention (Refs. A.23, A.32, A.36, A.37, A.41, A.43, A.44, 113, 168, 173, 227, 357). Many
of theme papers are ooncerned with the consequences of the result derived in Ref. A.23

that puastic strains are propagated at a velocity c related to the stress s, strain e, and
densirr p by the equation

c’=;?;

* Assumption (b) is not consistent with equation (24), but is used only iu order to obtain an approximate
value for c. If the duration of impact is T, T=Il—Z,and if the retardation of the base is constant T=2L-!,).
U

c
Hence, :ae quoted value for ¢ is ebtained. The approximation tends to underestimate Y.
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An eiegant method of obtaining this result directly from the one-dimensivnal equation
is given in Ref. 155, and a review of work on the propagation of plastic waves in Ref. 154.
Desxcriptions of practical applications of the Taylor tecr to the determination of com-
pressive yield stresses are given in the papers from which the results in Table 7 below
bave been taken : —

Table 7.

Dynamic compressive yield stress, as measured in the Taylor test,
compared with static yield.

Yield ’
Reference Material tone/es. i Velocity range
| Statio Dynamio fs.
15 Mild steal 39 8 1300 to 2550
a | - 2% 68 '
Y B Med. C. 19 60 } 500 to 2450
4 Ni. Cr. 53 80
47 Vibrao 74 100 |
8 Armour plate 39 7|
T e
48 n om - 41 77
8 | . 33 77
el ' Mild steel (B.H.N. 120) | FE
l ’} 1100 to 2750

8l Amour plate (BEN.210) | 6 |
81 | Shellsteal | 20 | s
81 l Armour plate : 40 . 74 : 1500 to 2500
8l } . 60 ‘ I
8l : " " l 80 I 112 |
83 Shot steel ’ (V.D.H.218 t0 236)  67toB8S { 1600 to 2400
138 Mid stee ;' 18 s } .
136 ; Ni, Cr i 120 125 |

Althcagh the rate of strain in these tests is unknowun, it must be high. If the re_sults
are regarded as applicable to penetration conditious, they indicate that the ratio of
dynamic to static compressive yield decreases from about 3 at a siatic yield of 20 tons
to about 1-3 at 80 tons (Refs. 118 and 1335). Since the ratio probably continues to
approach unity as the static vield increases, and since the head hardness, as shown by
Fig. 36. will almost invariably be required to exceed 400 V.D.H. (37 tons per squure
inch yieid) the conclusions already reached relating to head strength do not require any
significant modification to allow for differences in the static and dynamic vield. As
regards body hardness, the fuctor will in many cases permit a degradation in bardness.
The amount of the reduction can readily be estimated in any particular case since equa-
tion (21, directly specifies the stress the projectile must withstand at any section, and
if this is interpreted as dynamic stress the necessary static strength and hence hardness
can be found approximately from the resnlts in Table 7.

8.24. Three-dimensional distribution of stress in the projectile.

An explicit solution for the complete stress distribution in a Lody moving under an
arbitrary force at one end has not yet been obtained. The approzimations so far con-
sidered either treat the projectilé as rigid or assume one-dimensional propagation of
stress a:ong the axis. A closer approximation for the case of a decelerating elastic
sphere iz given in Ref. 371. The problem considered in this paper is that of a sphere,
part of those surface is subjected to a hydrostatic pressure so that. if it were rigid, it
would move with a constant acceleration. The complication of wave effects in the elas-
tic sphere is avoided by assuming a body force acting on each element of mass in the
opposite senre to the pressure, thus reducing the problem to a semi-static case. To a
close approximation the contours of maximum stress differences in the region of the axis
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of svmmetry are planes perpendicular to the axis, although in their entirety they are

necessarily closed surfaces within the sphere. A comparison is given of the axial strem
differences thus calculated with the stress which would be calculated, as in equatiom
(4), for a rigid sphere under the same partial hydrostatic pressure. Considerable differ
ences in detail paturally exist and it appears that the ‘‘ rigid > assumption might some
times considerably under-estimate the stress. The divergence is, however. likely to be
less serious when the calculations are applied to a cylinder instead of a sphere. For
the sphere the contours of largest stress difference occur between the stressed area and
the centre and enclose a small volume with a neagly plane surface perpendicular to the
axis. The necessity for high internal hardness within the projectile head, and the
occagional fracture of heads across a plane normal to the axis are probably due to this
cause. These considerations will not, hbowever. lead to an estimated hardness require-
ment exceeding that shown in Fig. 3. since the calculation does not indicate stresses
exceeding the applied stress.

9. STRESSES GENERATED IN THE OBLIQUR ATTACK OF ARMOUR.

9.1. NMotion of the projectile through the plate.

In the field of oblique attack of armour there is at present little exact knowledge of
the stresses brought into play within the projectile, but from various experimental
observadons and simplitied theoretical investigations a qualitative idea of the phenomena
may be obtained. The initial penetration of an oblique plate by the symmetrical ogival
head of a projectile must cause a reaction- which is not axial with the projectile and
which produces a moment tending to turn the axis further away from the normal te
the plate. Further, if the projectile has sufficient energy to perforate, the earlier relief
of stress on the part of the head which first breaks the back surtace produces a couple
of opposite sense and so tends to rotate the projectile towarde the normal. The
forward progression of the projectile through the plate is thus accompanied by a see-saw
motion. This ig illustrated in Fig. 33, which shows multiple spark photographs of the
penetradon at a.striking velocity of about 2000 f.s. by a 2.pr. shot of a 17 mm. I.T.80
plate at 30 degrees attack. Other photographs showing the motion of 0-303 inch pro-
jectiles penetrating various targets may be seen in Refs. 140 and 442. The extent
of the wansverse rotational motion clearly depends, amongst other factors. on the
velocity of the projectile. At a sufficiently high velocity the time of penetration is so
reduced that only a very small angular displacement can develop before the projectile
travels ceyond the plate. At a velocity in the neizhbourhood of the critical velocity the
initial arn away from normal wmay be very large, causing the presentation of a large
surface of the projectile to the front face of the plate. At a velocity well below the critical
velocity the back surface will not be broken and the rotation due to the first couple will
continue. allowing the projectile to skid away from the impact position. Rince the
resultant magnitude and direction of the reaction in the shot is governed by its disposi-
tion relative to the plate there is thus a dependence of stress distribution on velocity of
a type which doese not occur in normal attack.

9.2. Bending moment and shearing stress in a rigid rod.

Although the magnitude of the forces on the head are thue dependent on several
factors which cannot easily be estimated it is possible from simple considerations to
determize the approzimate distribution of stress along the projectile. Let the latter
be regarded as a rigid rod subject to forces as illustrated in Fig. 39.

Length of rod=1.
Mass per unit length=3s.
Reaction at head O at time t=R at angle 8 to axis of rod.
Forces at section P distant z from O equivalent to : —
(1) a tension T'; (2) a shearing force §; (3) a couple Q.

The forces 2s shown in the larger diagram represent those exerted at P on the section
OP. Iz the inset the forces acting on an element with boundaries at £ and « +2z are
illustrated.- The equation for the rotation of this element gives directly the relation : —

8 = _iQ
Jz
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Fi16. 38.

Multiple spark photographs showing the turning of
a 2-pr. projectile during perforation of a thin plate.
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The equation for the rotation of the section OP is:—

LTt . .z _ 8z _
sz 1—20—Rsm9 5375 Q
and for the whole rod, 81.;--0' =Rsinb 71
Hence, 9% _ 29 = R si a(i’_ )
ence, r pe Q 8in 7 z
orQ=Rn‘n9.:c(1—i:)’ ’
The bending moment thus has a maximum at z=1/3 and since it is zero at =0
and z=1 its greatest value occurs at this point. The shearing stress S= - 8Q/6z, is
given by :— .

S= —Rs#in6(1— 42/l + 32/ 1)

and thus bas a maximum at £=21/3. Its value at this position is—R—ssm—iaud hence less

in absolate value than the corresponding stress at z=0. The variation in bending
moment and shearing stress along the rod are shown in Fig. 40.

9.3. Qualitative dislribution of stress in a projeclile attacking a platc obliquely end its
relation to prujectile design.

Although the assumptions that the projectile may be regarded as a uniforw rod, and
that the equations of a rigid body may be applied, are crude approximations, they are
sufficient to indicate that the hending mowment is highest in a region set back from the
head, and that the shearing stress is highest in the forward part of the projectile. In
addition to these forces there will be a compressive stress as already discussed in rela-
tion to normal attack. Assuming the projectile to possess suflicient strength to resist
failure from the latter stress, the most likely cause of failure arises in the bending
moments. To withstand these moments a high * bend strength *’ is necessary. The
bend swrength of steel is increased by increasing its ability to undergo plastic deforma-
tion after its vield strength has been reached. By giving a hardness gradient to the
projectile, dnetility is increased from front to rear, and bending moments which would
fracture a fully hardened projectile produce only a deforwation which still enables most
of the energy to Le used in perforating the plate. A discussion of the variation of the
bend strength of projectile steels wirth hardness is given in Refs. 416 and 443. Differ-
ential hardening provides only a means of increasing resistance to fracture under the
stress distribution likely to occur in obligue penetration. It causes no reduction in the
applied forces. The magnitude of the latter can, however, be meodified by projectile
design 15 a much greater extent in oblique than in normal attack. From the expression
for the bending moment it is clear that at a given value of /!, @ is proportional to 1.
Hence, the longer the shot the greater is the tendency to fail under the bending stress.
This tendency would occur if the reaction R were independent of length. In fact, R
will largely be determined by the projected area of the part of the head immersed in the
plate and hence by head shape and by the amount of rotation caused by the impact.

9.4. Theoretical and empirical investigations of oblique attack.

An esiimate from theoretical considerations of the reaction to oblique penetration by
a yawed wedge is given in Ref. +45. There is a considerable degree of approximation
involved in replacing the three-dimensional problein to one of plane strain by assuming
wedge-irdentation, but it appears from the solution that it is not legitiinate to regard
the reaction as a hydrostatic pressure over the immersed part of the head. Static
measurements of the reaction in oblique penetration present many experimental diffi-
culties. In any case, static measurements in these conditions would give less direct
inforwation than that obtainable in norwal penetration because of the modification in
mode of penetratiotr due to the transverse rotation of the projectile in actual firing.

In viev of the complexity of the conditions, information on the phenomena of oblique
penetration is derived almost entirely from ewpirical investigations. Many trials have
been Juade to determine the best design of projectile for various conditions of oblique
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attack. Some of these are described in Refs. 351, 352 and 354. In general, these investi-
gations show that blunt nosed projectiles give the better performance at high obliquily.
When tte conditions are moderately severe, because of hardness, thickness or obliquity
of the target, or high velocity of attack it becomes impossible to preserve a4 monobloc
projectiie in an integral condition. In these conditions armour piercing caps can greatly
improve the performance of the projectile (Ref. 356).

Empirical investigations into problems of oblique attack include those in which mul

tiple targets of special type are concerned. Some of these investigations are described
in Chapter 4.
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CHAPTER 4.

COMILEX TARGETS.
By C. A, Adams.

1. INTRODDCTION.

The evidence and conclusions presented in Chapters 1 to 3 relate almost entirely to the
effects which occur when gn unyawed projectile strikes a single plate. In the present
chapter consideration will be given to some of the effects which are introduced when
the armour is 8o situated that the projectile can arrive only after preliminary penetration
of strucrure or auxiliary armour. These conditions will frequently arise in practice.
Preliminary armoor may be deliberately introduced as part of the defence, as in the skirt-
ing plates of some land fighting vehicler and in spevial dispositions in aircraft. In
addition, structural members and ancillary equipment may ecreen the armour as in
armoured bulkheads in ships, submarines and aircraft. If the preliminary targets werely
retarded rhe projectile without causing vaw, deformation, or bregkage their effects would
in genera] cause little modification in the conditions of impact, and the effects on striking
velocity. and possibly angle of impact. could be estimated. The importance of prelim-
inary impacts arises when the latter modifications are not the only effects introduced.
Yuw can have a large effect on the performance of the projectile against armour, and
need not necessarily cause a deterioration. Deformation of the projecti

age a0
in a general sense as including removal of caps, distortion ol AlESI0S. 0 r W
aln_Dirav, Cdll dlsg produce a4 large edpct and 18 alwavs disadvantaregus to the pr
ectlle. hen ‘‘ spaced armour ' 18 used it 1s, thereioFe, usually 1ntended to deform or -

break Lhe projectile, although in special cases the introduction of yaw may be intended-
when it is known that yaw in the projectile will increase its critical veloeity against the
target concerned.

2. GENeRAL CONBIDERATIONS AFFBUTING THE UsE OF BPACED ARMOUR.

1f a given quantity of armour is available to protect a given area, and if yaw and
deformation are neglected, it would bLe anticipated that a loss of stopping power would
follow f=om using the armour as two separate plates instead of ore integral plate. In the
absence of precise information for the critical velocities of thin plates, and of any general
formula for the slopes of the lines relating striking and rexidual energy, no rigorous
proof of this etfect can be given. A wtrong indication ix, nevertheless, obtuinable as
follows : —

Consider two plates of thickneswex f,, t, and critical encrgies £, E, when under attack
by some apecified projectile. Let-E be the critical energy for a plate of the same waterial
of thick-ess t, +t,. If the critical velocities in each case can be expressed in a modified
de Marre type formula then : —

E—(E,+E)=C[( + )" —(H,* +1,")]
=Ct™M(1+a)*~1—a"]
where a =t,/t, and n=1-43.

Bince ' ix 8 positive constant this expression is positive if #>1, This result may le
proved. for example, by putting :—

flay=(1+ajr —1—an
fla)=n(l+a)mt—ant

Thus # (a)is pogitive if (» ~1)>0. and since fi0)=0 the difference K - (I, + E,) ix posi-
tive excent at a =0, where it is necessarily zero.

In the particular case ¢, =#, :—

E

———— =—(tl + t,)” = 28-1 - 1. 47 ¢ = 1-
E4E, v T4 2 1-347 if n = 1.43
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Thus. nearly 35 per cent. more energy can be absorbed by the plate if it is used as &
single plate instead of two plates each of half the thickness. The facts that the penerc-
tion farmula is not exactly true, and that an over-matched plate does not abstract exactly
the cri-ical energy from an attacking projectile, do not invalidate the conclusion that a

Josk of protecting power would be caused by dividing the plate if only energy considera-
tions were involved. The result is not surprising when it is remembered that the shear
strength over the interior face of the plate is sacrificed when the division is made.

A forther point arising in any application of spaced armour is that supports are
recuired for the additional plate and that where weight i« an important consideration
they may reduce the weight available for the total armour. The deflection introduced
Ly the 3rst plate may also cause a loss of protection. Under obligue attack the projectile
on emergence from the first plate may frequently be deflected towards the normal. Hence,
if the two plates are parallel, the projectile will, in this respect, be in a more favourable
condition to penetrate the rear plate. All these considerations show that the extra com

. . N . . . PN -
cation involved in mstallmg sBaced armour can only be justified by a s
01 in the projecille s performance by the effects of yaw or deformation,

'3

3. Yaw CAUSED BY PRELIMINARY TARGETS AND 1T5 EFFBECTS ON PENETRATION.

Any :arget other than a uniform plate set normal to the line of flight may be expected
to generate yaw in a projectile which passes through it. It has been seen (Chapters 1
and 3) :hat couples are brought into play when an oblique target is traversed, and that
although they change in sign during penetration, their resultant is usually not zero. If
the preziminary target is hit on or near an edge a turther cause of yaw development exists.
Any asymmetrical deformation or fracture of sheath or cap of the attacking projectile
will also generate yaw. If yaw is developed it may affect penetration of the main armoar
in two ways: directly by modifying the application of forces to the plate, or indirectly
by causing the projectile to break, when, in an unyawed condition, it would have remained
whole. A direct effect may be expected from the increase in the projected area of the
projectile on the target. Thus if, as in Fig. 41. the axis of the projectile is inclined at
an angie a to its line of Hlight, and it its diameter is d and body length behind the
shoulder is I, its projected length perpendicular to the line of flight is approzimately
AB=1lsn a+dcos a.

Wriring the length 4B asg: —
AB=d[1+2¢sina/2(l/dcosa/2 —sina/2)]
it is ween that since I>d for all projectiles of ordinary design the projected area is
increassd by yaw. If the projectile perforated the plate without alteration in presenta-

tion an increased critical velocity would be expected corresponding with the increase in
the ares of displaced plate.

This direct effect might be the dominating factor in cases in which the transverse
rotation of the projectile in the course of penetration is negligible, but such cases will
be rare. Unless the striking velocity is well in excess of the critical velocity the pro-
jectile will be subjected to couples which will either alter the inclination of the axis or

produce breakage. The effects to be expected from the couples, at least in the early
stages. can be sen from Fig. 42,

It, as illustrated in A of Fig. 42, the plane of the yaw is such that the axis of the pro-
jectile s more inclined to the plate normal than it would have been in unyawed flight,
the resaltant reaction R, at the beginning of penetration will also be more inclined to
the normal. The moment about the centre of gravity ¢ will also be increased and the
initial ricochet-type of rotation will be intensified. Even if the projectile remains integ-
ral uncer the increased transverse forces the presentation will thus augment the resist-
ing forces and may cause ricochet insteud of penetration. Against a thick or bard tar-
get the anbalance of the forces is likely to induce deformation or break-up. B of Fig. 42
illustrazes a care in which the direction of yaw diminishes the angle between the plate
normal and the projectile axis. The reaction R will now become nearer to the normal
than it would have been in unvawed attack. In the Fig.. the moment would still have
the sawce sign ax in care A, but conditions can arise in which the sign is reversed. The
tendency to ricochet type of motion can thns be reduced or reversed. Provided the vaw
is not "no large. a more favourable presentation for penetration thus results and the
transver<e stresses in the projectile are also reduced. From these considerations it is
to be expected that the influence of yaw will vary with the type of problem concerned.
the prizary factors being the orientation of the yaw plane relative to the armour, and
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ARMOUR PLATE PENETRATION.

_ FIG. 41.

INCREASE IN PROJECTED AREA DUE TO YAW.
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FI1G. 42.
INFLUENCE OF YAW ON THE CHANGE IN PRESENTATION CAUSED
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the awplitude of the yaw on impact. The angular velocities possessed by the projectile
immediately before impact due to iws yawing motion in air are so small compared with
those arising on impact that they can be neglected.

3.107 Y'aw.development and yaw prevention in relation to aircraft targets.

In 1Ze case of armoured bombers it is possible to a large extent to define the conditions
of arsck. In the late war, tactical considerations of the attack of fighter aircraft on
enemy bombers made it reasonable to assume that the bullets would come from a direct-
ion asern of the bomber within a cone of fairly small angle, and that the axis of the
cone would be nearly perpendicular to the armoured bulkhead protecting the pilot’s
cabin. From the preceding section and Fig. 42, it i3 clear that in normal attack yaw
must a:ways be disadvantageous to the attacking projectile. Although enemy bombers
carried no auxiliary plates for the deliberate introduction of yaw the bullets could arrive
at the armour only after penetrating the aircraft skin and various components of struc-
ture a=d apparatus. These impacts apply couples to the bullet and, since there may
be a cemparatively long flight (up to 17 feet) within the aircraft, between the prelimin-
ary impact and that against the armour, the yaw at the armour may have any value up
to its maximum. Analysis of the effects of yaw may be found in Refs. A.11, 106—109,
125, 225 and of its causes in Ref. 142. The first group of papers give empirical results
for the frequency distribution of yaw against replica airecraft targets, with some results
for eqzipped aircraft, and the results for correlation between yaw at impact and per-
formazce against the armour. On the first point, the frequency distribution naturally
depencs on the calibre and design of the attacking bullet. In general. it was found that
perforzance followed that which would be expected from the projected-area consider-
ations :ilustrated in Fig. 41 or from the somewhat similar assumption that the effect of
1 giver yaw a is equivalent to that of an increase a in the obliquity of attack.

The specific causes of yaw development in armour-piercing aircraft bullets are dis-
cussed in Ref. 142, Whatever components the bullet may hit in its path within the air-
craft. i is obvious that it must penetrate the aircraft skin and that because of the direct-
ion of attack this penetration must occur at verv high obliquity. Impacts against
dural «i the thickness used on enemy bombers were photographed at very high frequen-
cies by multiple spark apparatus. I'revious work had shown that when 0-:303 inch ball
ammu=irion was used against such targets, the bullet nose was rotated towards the
norma: to such an extent that the bullet soon set itself perpendicular to the plane of
the tarzet. The photographs had shown that in these conditions the bullet continued to
ploughk :hrough the dural. but that in doing xo it was itself cut into two parts. Ounly
the bas continued into the aircraft, the separated head flying outside.

The ‘actors governing yaw development of other types of bullet were elucidated from
photog=aphic sequences such ar those shown in Figs. 43 and 44. The latter figure

shows s projectile which is able to traverse the replica target without significant yaw
develorment,.

3.2. T:u development and its effect on critical velocity in Naral targets.

The sitack of an armoured deck in a warship provides an example where, unlike that
of the zircraft, the existence of yaw is almost certain to assist penetration. Just as in
the aircraft problem, tactical considerations limit the variability in impact conditions,
and it sppears on analysis that the conditions of Fig. 42B must obtain. The problem is
examiz=i in Refs. 435, 430, where multiple spark photography has in this case been
applied to scale models of the naval conditions. The main armour of a battleship
is likeir to be of the cemented type and isx not protected by outer plating. The interior
is, hows=ver, also protected by an ‘‘ armoured deck ’’ and if a rhell is to reach this deck
it must *ome from above through the upper decks. The distance at which an engagement
is likelr to be fought defines both the angle of descent and the striking velocity within
fairly <ose limits. Taking the deck as horizontal, the angle between the deck norma]
and the line of flight is thus known at the first deck and the problem reduces to that
of findi-g, in there conditions. the yaw caused by penetration of the preliminary decks,
the deration and velocity loss. and the influence of these factors on the impact at the
armour=1 deck.

The :zfluence of the preliminary decks on rhe performance of the projectile aguinst
the arconred deck depends on the following thiree factors:—

fir. In its transit through a thin plate the projectile receives an angular velocity
tending to turn its axis towards the plate normal.
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1), Suflicient space exists betweer the preliminary decks to allew the angular
velocify to develop & significant angular displacement, but the gyroscopic
effect from the spin is not sufficiently large in this space to cause much
rotation of the axis from the original plane of motion,

(ili. The attack on the armoured deck occurs at high obliquity, so that the strong
tendency to ricochet which exists in unyawed attack is reduced by a yaw
which brings the projectile axis nearer to the plate normal.

The first two points are illustrated in Fig. 46 (se€ also Fig. 38, Chapter 3). In the
last fraine of thie sequence the shell has covered less than balf the distance between the
first and last decks and the inclination ef its axis to the original line of flight is already
lurge. This particular target is thicker and harder than the preliminary decks: but the
latter produce a similapr effect with smaller amplitude. Each preliminary deck gives a
rotation in the same sense and the shell, therefore, arrives at the target with a yaw
which may be sufficient fo- make a large difference in the system of forces to which it
is then subjected. Fig. 46 shows a sequeice in which an initially capped shell bas
traversed three preliminary decks and arrived at the armoured deck with a yaw large
enough to cauee it to topple (‘‘ Topple ”’ is defined below).

From Fig £B it can be seen that cuses can arise in oblique attack in which small
yawr will ‘canse a reaction favouring a ricochet type of motion and large vaws will
cause a transverse rotation in the opposite xenxe. The term ¢ topple *’ is used to describe
this motion in which the axis of the projectile moves towards the normal. It is fo be
expected that both ricochet and topple represent wastage ot energy. and that the most
favourable presentation for penetrayion exists when yaw is fuch that in the initial stages
very Yttle transverse rotation ir caused. For some combinations of target thickness
and velocity it is thus likely that a range of yaws will exist, within which penetration
will be achieved, but outside which failure will occur, by ricochet for the smaller yaws
and bv topple for the greater. Thexe results were observed against the armoured deck
on the model scale.

For a given thickness of armour the range of yaw within which penetration occurs is
plainly dependent on striking velncity. If the velocity ix too low failure will occur
whatever the yaw may be. and if it is sufficiently high the plate will be defeated at all
valnes of the yaw. The resnlfs established in the model invertigation gave quantitative
information for the Naval case. .

1. BPACED ABRMOUR AND CAP-STRIPPING.

Wken cousideration is given to the use of complex targets in defence, it is found
much more advantageous to exploit systems which break or deform the projectils than
to depend on induced yaw. This situation arises not only because yaw can sometimes
assist the attacking projectile, as in the attack through decks, but because the full vaw
ampiizude necessarily takes time to develop after the impulse originating it. Hence,
to enzble a large yaw to exist at the final armour there must either be a large distance
between the components of the system, which is impossible in land vehicles. or the
prelizinary target must give a very large impulse. A substantial part of the total
weigtt would then be absorbed in the initial target and the system would in most
circunstances become inefficient for the reasons discussed in Section 2. For an uncapped -
projectile it is therefore necessary to find whether a comparatively light preliminary:
plate can be made to canse breakage. For a capped projectile it may suffice to remove_
the cap, since its efficiency will then he reduced if the main armour is sufficiently hardy
or it may be necessary to use both a cap-stripping plate and a breakage plate. . o

4.1. Breakage of armour piercing projectiles by thin plates.

Tk circumstances in which small and moderate calibre A.P. projectiles can be broken
by tiin plates are discussed in Refs. 294, 328 329, 378, 446 and 447. In considering
mears by which large raws might be induced in bullets attacking aircraft the rather
surprising result was found that comparatively thin targets, through which the pro-
jectilss could easily penetrate. would, in certain conditions, invariably break the bullets.
Thes= targets are specified in the above reports, where the factors invelved are analysed.

The determination of a target which is sufficient to canmse breakage represents.only
part of the task of defining an assembly to defeat the attacking projectile. The total
energy of the fragments after penetration of a thin plate is not greatly reduced com-
pared with the initial energy of the shot. It is entirely a matter of experiment to find
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F1a. 43.

Multiple spark photographs showing yaw development as a result of penetration of
aircraft skin. X
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FiG. 4.

Multiple ﬂparL photographs of the penetration of aircraft skin by a bullet to a design
which prevents yaw development.
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FiG. 45.

Multiple spark photographs showing the resultant transverse
rotation of a projectile after pasrsage through an oblique plate.
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Fi1G. 46.

M=zltiple spark photographs on model scale of a shell toppling against an armoured deck
after traversing three preliminary decks.
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what is the most efficient and convenient method of stopping the fragments. Empirical
investigation provided the unecessary information and it was found possible to define a
system of spaced plate defence giving significant saving in weight.

The breakage etfects first demonstrated on small arms bullets were later shown to be
applicable to larger calibre projectiles (Refs. 328, 329 and 447). It might be antici-
pated that the base-tempering adopted on larger scale projectiles would necessitate a
relatively shicker front plate in order to cause breakage. Not only is this not found to
be the case, but it appears that smaller values of ¢/d than those required for small arms
can be used in the front plate to give break-up in the larger shot.

For projectiles other than conventional A.P. bullefse and monobloc shot the shatter
plates may fail to produce breakage. From firings with 20 mm. Mauser A.P. amwmunition
(Ref. 374) it appears that a projectile with reduced nose hardness may survive an
impact which would break harder bullets. It has not been established whether, from
the attacking aspect, there would be any overall advantage in using a slightly softer
head against a spaced target. Such projectiles would, of course, have a lower perform-
ance against single plates. [Except in cases where they are known to be the only type
used for the attack, as discussed in Ref. 374, the possibility of their use can be
neglected. For projectiles of 2-pr. and upwards, however, the possible existence of*
armour piercing caps must be congidered. When such caps are present, thin targets das
not break the projectilexy Consideration is therefore required of means by which the cap
can be broken or removed before impact occurs againet the breakage plate.

4.2. Removal or breakage of armour piercing caps.

Since the caps of projectiles may vary in their design, manner of attachment and
heat-treatment, and since also the piercing cap may be preceded by a ballistic cap, it
is not possible to give any general law governing the behaviour of caps against thin
targets. For a given type of projectile it is nevertheless possible to investigate the
dependence of cap behaviour on target thickness and obliquity and projectile velocity.
Trials can thus be made to find whether, for cap-breakage, there is a critical velocity
analogous to that for penetrativn of a shot tlirough a plate. Experiments designed to
find such critical velocities are described in Ref. 327. The experimental method is
almost peeessarily photographic, since in the absence of photographs it is extremely
difficult to determine whether or not the cap has been removed and, if it has, the state
of separsdon or disintegration. The results obtained by photographic methods in
Ref. 327 show that the factors affecting ¢ critical velocity for cap-breakage ’ are
similar to those for critical velocities for plate penetration, to the extent that removal
or breakage is facilitated by increases in (i) striking velocity, (ii) thickness of plate,
(iii) obligaity of attack and (iv) bardness of the target plate.

Examples of photographs of the effects of various targets on caps are shown in Figs.
47, 48 and 49. Fig. 47 (a) shows how perforation may be effected with damage only to
the balliste cap and Fig. 47 (b) shows how the piercing cap may be removed without
bLeing breken. Complete cap-breakage is shown in Fig. 47 (¢). Effects similar to those
of Figs. 47 (b) and (c), but on another scale, are shown in Figs. 48 and 49. Fig. 48
shows a case of cap displacement without breakage. Both in this case and that of
Fig. 47 (b there is a strong probability that the shot would behave as if capped on a
rear targer and in theee cases *‘ de-capping’’ is not deemed to have occurred. Tig. 49
shows two viewr taken simultaneously for a case in which the cap is satisfactorily
broken. The dome of material in front of the projectile does not derive from the cap,
but from the mild steel plate and would give no protection to the projectile nose in an
impact against hard armour. The photographic investigations have enabled quantitative

conclusiors to be drawn on the ‘¢ critical velocity *’ relationships applicable to cap-
stripping. :

5. APPLICATION oF SPACED ARMOUR TO Laxp VeHICLES.

The application of spaced armour to land vehicles is complicated by the severe
limitation in available space and by the necessity to protect against a large range of
angles of attack. As regards the latter point, it is not possible to restrict consideration
to the protection given under normal attack on the grounds that oblique attack favonrs
defence. The protection of a vehicle is not assessed alone on the basis of any complete
immunity it may give against a specified projectile up to a specified velocity of attack.

The assessment includes the ‘¢ partial immunity >’ conferred against other conditions of
attack.
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It is clear that the variation in performance of spaced plates as angle of attack isw
changed will differ from that of a single plate. The single plate, or th‘g rear plate in &
combination, is either verticai 7 inclined about’ a_ horizontal axis. Similarly, the in-
clination of the breakage plate must be about a horizontal axis, to ensure that it has au

_obligue presentation from all directions in a horizontal plane. T_hgse are the only direc-
tions considered, since angles of descent will be small for ground firing in those conditions
under which the attacking projectile has much prospect of success, and attack from aircraft
is left out of consideration. The first plate may be expected to deviate the projectile
from its original course and so to cause an alteration in the angle of attack of the second
plate. The extent of this alteration will depend on the particular conditions of attack.
The factors involved are illustrated in Fig. 50. .

Let O be the point of impact on the first plate and let ABCC" be points on a sphere of
centre O such that :— _ .
OB is the normal to the second plate (OB is assumed to be horizontal).
OA is the normal to the first plate, AOB=a : .
CO is the original direction of motion making ¢ with OB (in a horizontal plane).
C’0 is the direction of motion after deviation, making /.8’ with OB.
Assaming the deviation to be in the plane defined by the original direction of motion
and the normal at impact on the first plate, the angle of deviation is ¢ —¢’
where :—¢=/_40C, ¢'=/ A0C’
From the two spherical triangles ABC, ABC' :—
cos f=cosacoB¢ +ginasingcos 4
co8 8’=cos a co8 ¢’ 4- 8in agin¢'cos 4
and hence :— '
8in ¢ co8 '— ain ¢’ cos § = cosagin (—¢’') ... .. ... (26)
where, since B is a right angle :—
co8 ¢ = coBacos S 11
6’ may be expressed directly in terms 8,a and the deflection (¢ —¢’) by combining (26)
and (27) in the relation : —
co8 §'=c08 8 co8 (}—¢’) + co8 a 8in3dsin (d—¢’). X(1—cos?a cos®d)—} (28)

Using (26) and (27), or (28), the angle of attack 6’ on the second plate can be found from
a, @ and the deviation ¢ —¢’. Two simple cases to consider are (i) § =0, (ii) a=0.
i). 6=o0.

In this case in the absence of the first plate the attack would have been normal on the
second plate. Bubstitution in the equation gives ¢ = aand 8’ = ¢ — ¢', i.e., the angle of
attack is increased to the full extent of the deflection, as is obvious from the fact that the
whole motion is in the plane ACB.

(ii). a=0.

In this case both plates are vertical, ¢ = # from (27), and from (26) or (28) & =@
—(¢—¢'),8.€., the angle of attack is diminished by the full amonnt of the deflection. This
again is obvious since the motion is now all in plane OBC. Any addition or subtraction
to the angle of attack intermediate between these two cases is possible, and there is thus
in general no simple way of expressing the deflection governed by (26) and (27). It is,
however, not surprising that experiment indicates that single plates gain more in im-
munity than spaced plates as obliquity of attack is increased.” A spaced plate assembly
is likely to be chosen with reference to its performance under attack along a line normal
to the second plate. So far as deflection has any effect the gain is greatest in this condition.
As obliquity increases, the gain from this cause diminishes, and at some value alters to

a loss. It also appears probable that obliquity has a less marked eflect on the penetratien S

of fragments than it has on integral projectiles. From both these causes, therefore,‘;
sensitivity of spaced plates to angle of attack is less than that of single plate.

Experimental work on the practicability of using spaced armour on a heavy armoured
car is described in Refs. 328, 329. An investigation of the use of thin spaced plates for
protection against 0-303 inch A.P. shot is described in Ref. 322. In this application very
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F1G. 47.

Arditron flash photographs of the effects of thin
plates on 2-pr. capped projectile.

(b). Piercing cap detached but unbroken.

(c). Piercing cap disintegrated. - '
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FiG. 48.
Arditron flash photograph of 6-pr. Displacement of cap.
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Fic. 49.

Arditron flash photographs of G-pr.

Two simultaneous views from different aspects showing
breakage of piercing cap.
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Fi1G. 50.

ARMOUR PLATE PENETRATION.

EFFECTS OF DEVIATION CAUSED B8Y FIRST PLATE ON
THE ANGLE OF ATTACK OF THE SECOND PLATE IN
Q8LIQUE IMPACTS ON SPACED ARMOUR.

NORMAL TO
17F PLATE.

DIRECTION ASTER /
DEVIATION. /

NORMAL TO

2™ pLATL

QR/GINAL DIRECTION
OF FLIGNT.
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lightly armoured vebicles were considered and the gain from spacing was attributed to
yaw. The investigations relevant to heavy armoured cars examine the performance of
spuaced targets under attack by 2-pr. shot ar direction and velocity are varied.

A description is given of observations on the effectiveness of various three-plate dis-
_pusitions when thicknerses, quality, and inter-plate distances are varied. Specifications
are given of some combinatons which represent substantial economy in weight. Never-
theless, the general conclusion is that full exploitation of spaced-plate principles requ'u-es-{‘
more space than is wsually available in land fighting vehicles. £ N






CHAPTER &.

OORED PROJECTILES.
By R. Beeching. °

1. INTRODUCTION.

As will be clear from previous chapters, a certain minimium energy is necessary to
produce a hole of given diameter in any plate, and for plate of any one quality, this
minimom energy is a function of plate thickness and hole diameter. Therefore, for
success at even ¢ point blank '’ range, the gun must be capable of giving the shot this
minimom amount of kinetic energy, while some surplus to allow for retardation is
necessary for defeat of the target at longer ranges. Thus, all the while a gun fires
solid, full calibre projectiles of a given energy there is a fixed limit to the amount of
armoar which it can penetrate, and when shot quality is such that this limit is reached,
no further improvement is possible with this type of projectile and a given gun.

During the war, however, there was a continual need to increase penetration per-
formance in relation to gun energy, either to enable existing guns to defeat some new
target, or to make it possible to develop a new gun of reasonable size yet capable of
defeating comparatively thick armour. Therefore, if was necessary to overcome the
limitation imposed by the use of solid, full calibre projectiles. One way of doing this
was 0 use a projectile which employed the available shot energy more economically,
by making a smaller hole in the plate. This result was achieved by employing projectiles
having a heavy piercing core of reduced calibre, with light surrounding components to
build the projectile up to full gun calibre. With such projectiles a large part of the mass,
and hence a large part of the kinetic energy, was concentrated in the core. and this was
employed to perforate a core diameter hole in the plate (ree Table 8, page 63).

Far reasons which will become apparent in the next section. successful development
of projectiles of this type was dependent upon employment of sintered tungsten carbide
as a core material.

2. THB PRINCIPLES oF CURED SHOT DESIGN.

In general, the purpose of using cored projectiles is to obtain greater penetrative power
than m_posmble with the same weapon firing solid steel shot. It is interesting, therefore,
to consider what conditions muxt be satisfied to ensure that this result is achieved.

As the Milne formula shows, the energy necessary to produce a hole in a given plate
varies ag d !-%?, where d is the shot calibre. Therefore, if it is assumed tbat this same
relationship holds for the piercing core of a cored projectile, it is evident that a projectile
of this type should be capable of penetrating a greater thickness of armour than the

corresponding solid shot, provided it bas a kinetic energy greater than%-"u’l—::"
PEY
where M, is the mass of the solid shot;
V, is the velocity of the rolid shot; and
r is the ratio of the solid shot diameter to that of the core.

Consider now the problem of giving jhe core adequate kinetic energy. The cored shot
will normally be considerably lighter than the solid shot, even when the core is of high
densty material. Since, therefore, the velocity obtainable from a given gun is determined

approximately by the relationship } (M +£27 ) T2 =constant
where M =shot mass;
C=charge weight; and
V =shot velocity;
the Hghter shot will have a higher velocity, but will not have quite such a high muazzle
energy as the heavier shot, because a greater proportion of the total available energy will
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be used in accelerating the propellant gasses. However, for the present purpose it will
be assumed that the shot energy available from a given gun is independent of shot weight,
although this assumption is favourable to the cored shot.

‘Suppose the cored shot has a core of mass M, und the mass of the other components
is m. Tken, if we assume shot energy is constant for a given gun, the ratio of the kinetie
energy of the core to that of the solid shot, will be

. M,
M,+m
If the cored shot is to be superior to the solid shot |
Htm *ae

Experience shows that this condition cannot be satisfied with an adequate margin,
if the core is of steel, unless the steel core is made very long, because the weight of
cowponents necessary to build a projectile of full gun calibre around the core have a
wuss which is too great in relation to the mass of the core. Further, the core cannot be
wade very long, both because it would break up during angle attack and because it
would tend to shatter. This is the main reason why a high density core is necessary.

1f the weight of the outer components of a cored shot could be made very small, then,
apart from the reduction of gun efficiency as shot weight falls and velocity increases,
the smaller the core diameter were wnade, the greater the penetrative performance should
become. In praclice, however, two factors militate against this. Firstly, the weight
of the outer components is by no means negligible, and their weight tends to increase
slowly with decrease in core diameter. Since core weight is proportional to the cube
of core calibre, it decreases rapidly as the core is reduced. As a result, core energy
falls with increasing rapidity with decrease in core size. Secondly, if the core and shot
are made very light, and the velocity very high, the retardation due to air resistance
becomes large, and shot energy falls rapidly with increase in range. Therefore, there
is an oprimum range of core calibre in relation to shot calibre, and the best calibre of a
heavy tungsten carbide core is found to Le around balf of the gun calibre.

3. TUNGSTEN CABBIDP AS A ('ORE MATERIAL.

Tungsien carbide, sintered either with nickel or cobalt as a binding medium, was
adopted as a core material by ourselves and others during the war. Its main virtues
are its high density, nearly twice that of steel, and its high hardness and compressive
strength.

The bizh density of the material permits the design of shot having cores of only about
half the :ull shot diameter, yet having about half the total weight of the whole projectile.
Further. because the material is so dense, shot with a small calibre core are not so
light tha: they have to be fired at extremely high velocities, as would be the case with
shot having a steel core of similar size.

Sintered tungsten carbide of the types used for shot cores has a hardness of around
1000 to 1200 V.D.H. Tests of the compressive strength of such material are difficult.
Nevertheess, carbide cores of the hardness mentioned, appear to possess a much higher
compressive strength than that of hardened shot steel (V.D.H. 850). In any caee, it is
found that such cores do not shatter when fired against plates many calibres thick, at
striking velocities of 4500 f.s. and over. .

The msain adverse characteristic of the sintered cores used up to the present time is
their briztleness. This can be controlled to some extent by altering the amount and
nature of the binder, and by the purity of the powders used, but all types of core used
up to the present have been almost completely lacking in ductility.

This brittleness does not matter very much when single plates are attacked at normal
incidence. The shot tends to break up before emerging from the plate, but this doesr
not matier if the fragments are not too fine. The break-up may, in fact, spread the
lethal eflect: At large angles of attack, however, cores do tend to pulverize before-'
emerging from the plate, if they are too brittle. . ’

When “hey are fired against spaced plate targets, the brittleness of tungsten carbide
cores is of greater importance, since the core almost invariably breaks up on penetrating
the froni plate, and the fragments tend to disperse before striking the second plate.
Because of this. it has been found necessary to protect the core with a close fitting steel
sheath, i1 shot intended for the attack of such targets. This has the effect of reducing

core bresk-up and of preventing dispersion of the fragments before the core strikes the
second pate.

61



4. Tyrps oF CoRED PROJBCTILES.

Three main types of cored projectiles were developed by combatant nations during the
war. All of these depended up. the principle of using a heavy, small calibre, core to
punch a small hole in the target, with light surrounding components to build up the pro-
jectile to bore calibre. Further, British designs of all three types also had a protective
steel sheath round the core. The three types were, however, distinguished by the nature
of the light surrounding parts. ‘

4.1. Composite rigid projectiles.

In the simplest type of cored projectile, commonly known as the composite rigid type,
the core is surrounded by light components forming a full calibre projectile, generally
having an external form similar to that of a conventional shot or shell. Projectiles of
this type leave the gun and travel to the target without change of form.

They have the advantages of relative simplicity and of ready interchangeability with
other forms of ammunition. On the other hand, since they are very light in relation
to their total cross sectional area, they suffer severe retardation and loss of energy at

long ranges.

4.2. £queeze bore projectiles.

To overcome the disadvantage of poor external ballistics associajed with composite
rigid projectiles, cored projectiles were developed which could be swaged down to a
smaller calibre, either in a taper bore barrel or in a barrel fitted with a squeezing muzzle
extension. With projectiles of this type. the outer components were so designed that
they would squeeze down readily and give a projectile a good ballistic form and of
little more than core diameter.

Such projectiles give very much improved long range performance. as compared with
the composite rigid type, but suffer from the disadvantage of not being interchangeable
with otder forms of ammunition.

4.3. BSobot projectiles.

To overcome the disadvantages of Loih the composite rigid and squeeze bore types of
projectiles, a third type of cored shot was developed. This was so arranged that the
outer camponents were discarded as the shot left the gun, leaving & sub-projectile, formed
by the eore and sheath, to continue its travel to the target. This sub-projectile was of
high deasity and could be given an external form of low drag coefficient.

Such projectiles could readily be interchanged with other ammunition, and gave good
long range performance. ’

4.4. Comperison of performance of A.P.C.B.C. and cored projectiles.-

The relative performance figures at normal and 30 degrees attack for A.P.C.B.C. shot
and the corresponding cored projectiles are shown in Table 8. Comparisons are shown
for 17-p=., 6-pr. and 2-pr. projectiles. In the latter case the cored projectiles concerned

are of wie ¢ Littlejohn ” muzzle squeeze type, and in the former two cases of the dis-
carding ‘“ S8abot » type.
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Table 8.

Comparison of thicknesses of plate perforated by full calibre and
- o sub-calibre projectiles.

Perforation of homo. plate (mm.)
Gan Raoge Normal 30°
| APDS. APDS.
APCBC | (Sabot projectile) APCBC. |(Sebot projectile)
yda |
17, ] 188 272 151 225
176 250 - 141 208
1000 162 ] 02 131 101
2000 188 - 192 ; 111 i 161
6. 0 125 : 164 : 100 T
500 { 115 ! 165 i 92 ! 182
1000 f 108 | 146 , 85 = 118
2000 ! 8 13 ' 7 :- 90
.' ' LJ. MarkO LJ. Mark I
' squeeze bore squeeze bore
2.pr. 0 81 ; 120 66 100
500 71 i 105 | 58 88
. 1000 61 : 90 \ 80 72
o 200 ' “ . 60 { 38 “
5. SPBCIAL CHARACTERISTICS OF PLATE PENETRATION BY CORED PROJECTILES.

The foregoing sections of this chapter outline some of the ideas underlying the develop-
reent of t=ngsten carbide cored projectiles. 1In this respect, the treajment accorded to
eored proectiles is rather different frowmn the treatment of solid shot in other parts of
this volume. It was considered, however, thut some explauation of the reasons for using
such projectiles was necessary, as they are of recent development and may not be familiar
to many readers.

More in keeping with the preceding chapters, is consideration of any peculiarities in
the mechazism of plate penetration by cored shot, which is the subject of this section.

80 far &s armour penetration is concerned. only the core and sheath of existing forms
of cored projectiles are of importance. The outer components are either discarded,

swaged Gewn to become part of the sheath, or are so light as to make no appreciable con-
sribution :0 perforation of the plate.

The mayr differences between the mechanism of plate penetration by tungsten carbide
cores and by solid steel shot arise frowm the very great difference in the ratio of thick-
ness of ermour perforated to the diameter of the penetrating body. Thus, while
steel shot are seldom eapable of penefrating-more than two calibres of plate, tungsten
carbide-cores may penetrate plate eight or more core calibres thick. Becanse of the high
velocities at which carbide cores are fired, and their high density, they normally have
striking ezergies four or five times greater than that which would usually be associated
with a soZd steel shot of the same calibre as the core. This high energy, together with
freedom from shatter, account for the great calibre thickness of plate penetrated.

Because the plate thickness penetrated by a carbide core ix 80 great. the mechanism of
penetraticx 48 much more akin to that assumed in the ‘‘ expanding hole ” theoretical
treatmeni- of the penetration problem, described on pp. 20 and 41, than is the care
with stee) shot. There is little tendency for the core to form a plug. until perforation is
nearly coaplete, and dnring most stages of penetration the plate may be regarded as
approxim:ring to an infinite marx.
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3.1. Cawvitation.

With steel shot there is evidence that the inertia of the plate material causes the
inidal stages of penetration to be more difficult under dynamic conditions than during
static penetration. Wigh such shot, however, only a small part of the total penetration is
associated with sideways displacement of plate material, the mmajor part of the dis-
placement being in the forward direction in association with the tendency to plug
formation. Thus, the energy necessary for perforation of a plate is not very dependent
upon head form, and may even be reduced by the employment of a blunt head.

In the case of carbide cores, however, the major part of the penetration process is
associate with radial displacement of plate material by the shot head. In these circum-
stances, if the head form is unsuitable and the shot velocity is high, the radial velocity
imparted to the plate material may be so great as to cause permanent enlargement of the
shot hole, and thus offset some of the advantages of the small cross sectional area of the
core. .

This effect has been observed with cores of unsuitable, discontinuous, head form. With
sheathed cores of good head form, or cores of poor form but relatively low striking velocity,
the shot hole is of uniform core diameter all the way through the plate, except for a scoop-
ing around the entrance produced by the sheath. A typical section of such a hole is shown
- in Fig. 51a. When the head form is poor and the velocity high, however, a cavitation
effect is produced akin to that produced by a fast-moving body in a fluid, and the shot hole
is tapered, with a diameter well above core diameter near the entrance face. Moreover,
becanse the core produces this oversize hole, the sheath does not scoop the face of the
plate. but is forced into the space between the core and the walls of the hole. Such a
hole is shown in Fig. 51b. The theoretical treatment summarized in Chapter 3 (p. 44)
gives conclusions which are in close agreement with observation.

6. PENETRATION FORMULZE FoR CORED PROJECTILES.

Tbe penetration formule originally derived for steel projectiles are found to fit equally
well for carbide cores, for all practical purposes. The formula most commonly used in
practice in this country for predicting the performance of this type of projectile, as for
steel shot, is the Milne formula. As for steel shot, this gives a good fit with observed
resuits for angles of attack up to 30 degrees, and for the ranges of plate thickness and
velocity which are of practical interest. The only difference is that the constant (C) in
the formula tends to be rather smaller for carbide cores than for steel shot, particularly
agaizst plates of high ¢/d ratio. This means that the carbide core needs rather less
energy than would be expected from experience with steel shot fired under conditions of
lowezr t/d ratio.

It has been suggested that this is due to a contribution from the steel sheath, which is
ignored. This seems improbable, however, particularly as the difference in the constant
C is most ma:-lf;ed with thick plates. A more probable explanation appears to be that,
while the (5) term in the Milne formula implies that the mean resistance to penetra-
tion rises with increase in plate thickness, this is not likely to be so marked with cored
shot. In-so-far as the middle part of a plate of high ¢/d may be regarded as approximating
to part of an infinite mass, the resistance to penetration over a large part of the penetra-
tion must be insensitive to plate thickness. Thus it appears that the index for cored
shot should be reduced from 1-43 to more nearly unity, and it is probable that with the
thicker plates the value of C has to be reduced to offset the use of the higher value of the
index. Over the relatively small ranges of the variables which occur in practice, the
observed results fit equally well for a variety of combinations of values of C and the h’1dex.
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