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‘0BJECT
To analyse the principles of shatter.

]

SUMMARY
xamples of shatter are‘;resented, and.the mechanism

of the phenpmenon is énalysed.

;t 1s showm thap a projectile striking a plate at nor-
mal incldence éould.fracture under tensile stresses with
no prior plastic deforﬁation if the fracture stress of thg
projectile transversevto its axis were sufficiently low.
It is observed however,.that plastic deformation usually
precedes shatter. 'A,deﬁailed quantitative study has been
made of the plastic deformation at the bourrelet. It has
been possible to correlate, by means §f the siress—strain
curves df the‘pfbjgctile steel, the expansion of the
boufrelet with tﬁé hardnéss 6f plate, the striking velocity,
and the hardness of the projectile. . _

In the absence of tenslle fracture, it 1is concluded
that the fragmentation of the front portion of the pro-
jectile during shatter is associated with the instability

of homogeneous adiabatic shear deform&tion which appears
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after a slight prior plastic deformation. The process
of fragmentation cannot be descrited in detail, as the
orientation of the fragmentation surfaces will be sensi-
tive to the conditions at impact.
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INTRODUCTION

It has long veen known that projectiles deform
or fracture when the conditions of impact with armor
are sufficiently severe. A type of projectile
breakage, not préviously reported in the literature,
was discovered by the British during their reverses
on the Libyan batitlefields, They found that their
projectile; would not completely penetrate fhe
opposing armor at close range,_aithough they could
completely penetrate at moderate ranges. This
anomalous behévior was traced to the breaking up of
thg pro jectiles at high velo3ities, and to the
‘ _ nonpenetration of the resulting fragments. The
4 veloclities at which this fragmentation occurred

happened to be above the ballistic limit of the plate,
This phenomenon of the fragmentation and nonpenetration
of a projectile at a velocity above the ballistic

linit of a plate has been called "shatter". The
purpose .of the present report is to analyse the

paysical basis of shatter.
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RESULTS AND DISCUSSION

GEJZRAL DESCRIPTION OF SHATTER

In order to illustirate in a qﬁalitative manner how
a projectile responds to an increase in the velocity
of impact, Projectiles of a uniform hardness of 65 RC
were fired normally agalnst a greatly overmatching
ﬁlate at a serles of increasing veloclties, These pro-
jectiles are reprocuced in Figure 1., - No appreciable
defbrmation is observed at the two lowest velocities.
The bourrelet is slizatly expended at 2500 £/s, while
at 2900 f/s the front portion of the ogive has become
sepé?ated from the rest of the projectile. At a
velocity of 3200 /s the projectile fractured into
several ﬁieces, walle at 3500 f£/s the projectile apparently
disintegrated into wmany pleces and could not be recovered.
The partial penetrationsin the plate are all of the
normal pgtalling type except at the highest velocity.
Here the penetration was less deep than for those
corresponding to lower velocities, and the petals have
beén scooped out,

In order %to illustrate how the type of penetration
is affected by an 1ncrease.1n veloclity of impact,
sections of penetrations are reproduced in Figure 2. Com-
plete penetration is obtained at 2685 f/s, while the
projectile does not péss fhrough the plate at the higher
velocity of 2935 £/s.

The conditlions for the occurrence of shatter were

-3b-
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first described by iilne in a British Ordnance Board
Proceedings, and are presented in Figure 3. The plate
thickness - velocity space in this Figure is separated
into four regions by taree types‘of lines. One iine,
the dashed line EBCF, is the projectile shatter line.
This divides the plafe thiclkness - velocity space into
two reglons, one qorresponding to the brojeotile remaining
intact, the .other oorresponding to the projectile
shattefing. Another line, AB; gives the critical velocity
for perfbration for a pi.jectile which remains intact. 4
third line, CD; gives the critical velocity for perforation
in the case of projectiles which shatter.

Several examples will be given of the use of this
dlagram, Suppose that the'piate thickness is at level
wl, and that the incident velocity of the projectile is
gradually increased frém a very low value. Flrst the
projectile does not penetraté, then.it penetrates, with
increasingly higher residual velocity until it shatters.
The projectile shaiters however 6nly af guch a high i
velooitwahat it succeeds, in spite .of shatter, in perfor—
ating tﬂe plate. Né& suppdse the plate thickness is at
the higher level 2. As the velocity of the projectile
is now g;édua;ly,inoreased, it also at first does not
penetrate, then 1% passes'intaot through the plate with
increasingly higher velocities. &t this higher plate
thickness, however, wien the shatier velocity is reached

the projectile is not going fast enough to penetrate the

s i
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plate at this velocity, and does not again penetrate
until a considerably higher velocity is reached.’
Finally, suppose the plate-thickﬁess is at level #3.
As the velocity is now gradually increased, the pro-
Jectile shatters before passing through the plate. It
therefore cannot penetraté intact. Penetration, with
projectile shatter, is then only attéined‘at very high
velocities. Frqm the above considerations 1% foliows
that for a-given projec@ile'and plate hardness shatter
can occur only in a certain range of plate thiclkness,

It is expe§ted that the general featuresof Figure 3
will e valid at normel incidence for all types of pro-
jectiles and plates. The exact location of the boundaries
between the four regionse will howevef depend considerably
upon the shépe of the »rojectile's ogive, and upon the
relative hardneés of tile projectile's ogive and bourrelet .
with rQSpecf‘to tihe plate. The general features of
shatter depicted in Figure 3 are not applicable to all
types of projéctilés at dblidue incidences. Certain pro-
jectiles: in particular the shall calibre projectiles
currently used by the U.S. Army, fracture at obliquities
of 20° ana 6vef. Such,fracturé is of an entirely different
nature from that waich occurs at normal incidences, being
aqsbciated with'fensilé stresses accompanyiné beﬂaing j
moments. at émall anzles of obliquity, sucﬁ fracture

occursg in fact more readily the lower the velocity. This

-5~
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behavior arises from the fact that when a projectile
strikes a plate at an angle, the obliquity initially
increases, and that tiils increase in obliquity 1is

1
greater the lower the veloclty.

ANALYSIS OF UNBALANCED COMPRESSIVE STRESS

The front portion of a projectile 1s sublected to
extremely large pressures. -In the Appendix it is shown,
both from theorcticel considerations'and fron experi-
mental observations, that these pressures may beccome as
high as 600,000 psi, Such largc prcssurcs would by
thcmsclvcs'causo n» dagagoe providcd'thoy were uniformly
distributed over tihc projecetilic, for such a distributlion

would give risc only %o a hydrostatic prossure, and a

hydrostatic precssure cen dcfora motals only clastically.

Actually the prossurc is.not uniform. As.thc projcctile
ig eatering the plate,. thc pressurce 1s a moaximum at
the tip of the ogivo,l'2 and dcercascs gradually'thcrc—
from to zcro ovcer thosc portions of thc projectilce

vhich are outsidc tiic plate. This nonuniformity in

préssurc rcsults in the axlal pressurc belng larger than

1. C. Zecner and R, E. Pcterson: Micchanism 6f.Armor
Penctretion, Sccond Partial Report", WAL 710/492,
pp. 2429,

2.- "Penctration llcchanisme II. Supplcmentary Report on
the Penetration of Homogeneous Pla*e by Uncapped
Projectiles at 0° Obliquity", U. S. Naval Proving
Ground Revort No, 3-Li.
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the radial pressure, as is 1llustrated in Figure L.
It ls the di?ference in these two pressures, which
will be c-lled the unbalanced pressure, that 1s .
effective in producing plastic deforhation.

The various manners in which a pfojectile nay
respond to the unbalanced pressure nay bes% be seen
by a consideration of a solid cylinder subjected to an
unbalanced pressurc, e€.g., $o a pressure over its two
ends. The deformation will initially be uniform through-
out the cylinder. Any deviation from uniform do-
formation 1s unstablc, Thus supposc thc cyl;ndcr starts
to bulge locally. The material in the local bulge
will bocome stronger than the surrounding matcrial duc
to strain hardening. Further, 1t will be subjected to
a smaller stress than the surrounding material due %o
the lncrease in'crOSSvsection. Deformation in the
bulge would tiierefore cease until the remaining portion
of the bar had deformed the same am&unt. Agaln,
suppose the shear deformation 1s slightly greater in a |
certaln bend inclincd 45° to the axis then in all
other bands. The increased stinength which accompanies
deformation will then cause further deformation in this
band to cease until the surrounding rcglons have becomc
cqually stronz. If the deformation procceded lso-
thermally, the deformatign would continue to be uniform
since strain-hardcning always accompanics isothecrmal

strain. If, howcver, the deformation 1s adiabatic, as

~6b-



=

b

in the case of a projectile, a strain 1s reached at 7
which strain-hardening ceases. Further sirain actually
weakens the material.l’2’3 Uniform deformation becomes
unstable at this strain. PFor if the bar now begins
to shear across a 450 plane, the materlial in this plane
= becomes weakened theredy, and the shear will therefore
continue. Instability due to local bulging cannot
occur, since the decrcascd strength of the material will
be morc than compensatced for by the deercasc in sitrcss
duc to thec inercasc in cross scetion, :

" IT thc deformation is not sufficiocnt to give risc
to unstablc shear deformation, tinc amount of the de-
formatsion for a given maforial depends only upon the
magnitude of thic unbalenced pressurc. The dependenco
is discussod in the Tollowing part of thlis scction.

When the uniform deformation bocomes unstable, thé .
precise manner in which the nonunifoim deformation
proceeds depends upon the precise manner in whiéh the
pressure 1is distributed over the projectile. The
nonuniform deformation is discussed in the following

section.

1. C. Zener and J. H., Hollomon: "Plastic Flow and
. Rupture of iietals, First Partial Report", WAL 732/10.
2. OC. Zener and J, H. Hollomon: "Plastic Flow and
Rupture of iictals", Trans. A.8,1i. 33 163 (1944).
3. C. Zener and J. H, Hollomon: "Effcet of Strain Rate
Upon Plastic Flow of Stcel", Journal of Apnlicd
Physics, 15 22 (1¢l4).




An increase in projectile velocity may increase -the
unbalanced compressive "stress acting upon the paralle;
portion of %the bourrelet in two'distinct ways; (1) by
increasing the longitudinal pressure, (2) by decreasing

. the lateral pressure. The lateral pressure is reduced
if the radial momentum of the plate material is suf-
ficlently great ©o push the plate matefial plastically
aside further than 1t would have been pushed by the
quési-static forces of the projectile alone. This relax-
ation of tne lateral pressure has been discussed in a
previous report,1 and occurs at a 1ower‘velocity the
smallér the'rédius of curvature of tne ogive, expressed
in caiibres, and the softer the plate material.

In order to subject the abpve ideas to a quantitative
test, projectiles of uniform hardness were fired agalnst
a thick plate (2.5 calibres) at various velocities, and
the resulting pérmanent eﬁpansion of the bourrelet
observéd. From the expansion the compressive strain at
the bourrelet was computed, and upon assuming & reasonable

5

stress—-strain relation, the maximum unbalanced com-
pressive'strégs was calculated. The observatlons and -
- cél@ﬂlations are given in Table I, and are presented
graphically in Figure 5. ﬂ

| Tire curves in the right hand portion of this Figure
represent the stress-strain curves of %he projedtile

2 steel at several hardness leyels, as taken from the work

1.  C. Zener and R. £, Peterson: "iechanism of Armor
Penetration, Seconi Partial Report®, WAL 710/492
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of Hollomon.t A strain hardening exponent of 0,06 2
wag assumed, walch seems to'be the best guess for a

steel with'a carbon content of .65/.75, and a yield

stress of about 300,000, The yield strength of the

steel (Manganese-iiolybdenum, FXS—}l%)‘atuthe nardness

level of 50 RC was calen as 310,000 psi from a recent

report.2 The yleld stress was taken to increase

7,000 psi for every point RC.7 The curves in the left

hand portion of Figure 5 represent the maximum un—

balanced pressure acting uﬁon the bourrelets of pro~

Jjectiles whien fired at different velocities., ‘Fach curve
corresponés to a definite plate hardness. Tnose cufves
corrésponding %0 a plate hardness of 306 and of 269 BHN
respectively were obtained as follows. The maximum

diameter of Gthe Eourrélet was measured deflore end after

firing. If di and de are these diameters, respectively,

the plastic natural etrain S T R the bourrelet is :
calculated from the formula

Strain = 1n (area)s = 2 1n df/di :
(areaSi i

To obtain tne maximum strain at the bourrelet during
impact, one must add the elastic to the plastic strain.

This elastic strain will be nearly the same as the

elastic strain at the yield point, and may Ye taken, for

\

S

]

o BIRSEERT H. Hollomon: . "Tensile Stress~Strain Curves",
't WAL 630/7~1.
2, D, Van ¥Win! “le and C. Zener: "Developmenu of Pro-
Jectile Bteels, First Partial Report“ WAL 321/4.
3. lietals Handboo't 1939) g. 127.




the steel in the hourrelet, as 0.01. Frox the maximum
gtrain at the bourrelet dufing impact, the experimental
déta for which is given in Table I, one can then read
'from tne appropriate stresé~strain curve tae maximum
unbalanced pressure during iﬁpact. Although the pro-
Jectile hardness will aifect the maximum strain, it
shpuld not affect tihe maximum unbalanced nressure.
Thls invariancy of maximum unbalanced ﬁressure upon
projectile hardness is illustrated by ﬁhe data for pro-
jectiles of 50 and 55 RC hardness. The method used in
constructing the curves for %60 and 230 BHI is described
velow.’ | A

The curves of Figure 5 may be used in reverse to
give the deformatién produced in a projectile of any
hardness when firéd againét a plate of arbitrary hardness
with an arbitrary velocity. The method will be illustrated
for the case of en incident velocity of 2500 £/s, a plate
hardness of 305, and a projectile hardness of 60 RC. One
goes up vertically along the 2500 £/s line until one
meets the curve correspondiné to the 305 34N, at 380,000 psi,
then goes horizontelly to the right until meeting the line
for the 60 RC harcness, then goes vertically down to the
gtrain axis and reads the strain-b.}O wilch the bourrelet
would Buffer under these conditione.

Thé cufves of maximum unbalanced compressive stress

v8., velocity may be further interpreted. It is expected

o



tnat the maximum unnalanced compressive stress may "
represenved as the sum of -two terms.. The firsty tern,
So, is essentially the gximum uﬁbalaﬁced compreésive
stress at the bourrelet 1f 1t were pushed tarough-
statically. The second term represents the effect of
the inertia of the nlate material, and ﬁay be written
aset £ V2, where «is a numerical constent of the order
of magnitude of,.but iess than, unity,/ﬂ ls the density
of the plate material, and V the incident velocity.

It is expected that tihe curves may thereforé be repre-
sentedias

lHax. Unbalanced Stress = S, +V{A~V2

The curves wnich pass through'the éxperimentai points
in Figure 5, have‘in fact been drawn to conform to
this equation. The coefficient - for both curves is
the samé,vnamely 0.12. Tihls value of « is identicall
to the value of « corresponding to the inertial

. pressure of éir, at velocities below that of sound,
Lo a'similarly shaped ogive.l. (Semi~angle of ogive
used in present expériments, 57°; gemi~angle of ogive
used in evneriments on alr resistance, 4g%). - The
constant S, for the plates of 269 and 306 BEN is
290,000 and 310,000 psi, respectively. Estimated

" .
curves have been drawm for 230 and 350 BHN plates. In

1. C. 4ener and R. Peterson: Ibit, Table III

—~10-



drawing these 1t we~ asgumed that the coefficlent &

A

was the same as adove, namely 0.12 and that a linear
relation exists vetween the BHN and the constant SO,
viie constant SO increasing 1,000 psi for every two points

31,

DISINTEGRATICH OF PROCECTILE

When projectiles are fired at increasingly higher

velocitlies, tThe deformation cdoes not just increese

}.h

uniformly. & velocity is flnally reached at whicn the

nirojectile seperatesd inte two or more nieces, generally
into a great many picces. The surfaces of these vleces
may be fused togzetier so as to form one conzglomerate

mass. The separatlon into individual pieceé can con-—
ceivably occur elther by fracture due %o tensile stresses,
or by shearing across dlscontinuous surfaces due to an
instability of homogeneous adiabatic shear @eformation.
Suchh instabllity aricses. from the adiavatic stress—-strain
curves having a maxinuwa réther than continuing to rise.
The occurrence oif suc: instability is well known in the

-

L
case of &arnor wlate.

) :j")_l_ .
It is well ;nown")’ that tensile stresgsses may ve

-

preduced inside a so0lid bodr by localized forces apnlied
aormally to its surfesce. Thus if a solid sphere is

1. C. Zener and J. =. noliomcn: "iechianism of Armor.
Penetration, First Partial Heport.® WAL 710/454

. A, T, H, Love: l.athematical Theory of Elasticlty
(Cambridge, 1527) p. 196.

Z. G. Coker and L, I. G. Filon: Photoelasticity

(Cambridge 1931) pn. H10-413.

. S. Fuchs: Physikalische Zeits p. 1282 (1913).
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pressed against a semi-infinite solid, the three princi-
ple stresses-in the semi-infinite medium directly
beneath the sphere are all compressive. Further in,
one is compressive, two are tensile. This case is
illustrated in Figure 6. As the velocity of a.pro—
jectile increases, the force acting upoﬁ the oglve be-
comes concentrated about its tip. If the fracture
stress of the steel in the oglve is sufficiently low
relative to 1its floﬁ stress, brittle fracturé will
therefore result. At the high hardness level of the
ogive the fracturc stress with respect to the longi-
tudinal axis s et bedt only slightly sbove the £low
stress of the stccl. The tcnsile'stresses occur,
however, along directions normal to the axié-of the
projccti;e, and thercforc normal to the direction of

rolling. Duc to tn

o

clongation of the impurities along

n

ct
(@)

this axis during process of rolling, the fracturc
stress transversc to the axis is certéinly smaller than
that parallel to thc axis. The ratio of the two
fracturc strcssces dcpends of coursc upon the cleanli-
ness of the stcel and upon the amouﬁt of forging.
Experience has shown that clean stecls, as ordinarily
forged, havc a ratio not less than 0.7. A ratio of

0.7 for the frecture stress to the yleld stress is

however not suificicntly low to allow brittlc fracture

in a projectilc undcr conditions of normal impact. An

-

3




examination has been made of the numerical solutions
for the stresses produced by a localized pressure.
From this examination it appears.that the ratio of
fracture stress to yield stress would have to be as
low as oné fourth fo allow brittle fracture at normal
impact. |

The only other method by which a projectile may
separate into pieces at normal impact is through
inhomogeneous shear. As has been discussed on page 6c,
once instability is reached all further deformation
is‘éonfined to certain surfaces across winich the shear
strain becomes very largc. To a first approximation
the initial plastic cdeformation of Tthe ogive may be
théught of as a simple homogenéous compression., Such
a deformatiqn can pc represented as a simultaneous
shear across four or more plancs inclined 450 to the
axis. No one 45° plane is favored over the others.
The first approximation to the deformation is there-
fore not sufficient to determine the orientation of
the surfaces of high localized shear which attend
instability. Thesc can be detcrmined only by the
next approximation, that is, by the deviation from

simple compression.

i e



One type of deviation may ve preoduced by a slight
asymmeftry such as ma& arlse from a slight yaw. Sucﬁ
an asymmetry would automaticélly select one 450 plane
fof discontinuous snear. Examples of this type'of
failure are shown as Figure 7, including a-16" pro-
jectile from H. H, Zornig.l.

A second type'of Qeviatioh may result from the

1
1

concentration of the preésure avout the tip of the ogive,
mentioned above. Suci a distribution of presgure will
tend to,pfoduc__a'discontinuous shear across a cone,
with the gpéx of the cone pointed ﬁowards the vase of
the'projectile. This cone thén acts as a wedge which
tends to spread the body of the prqjéctile. iEfaasie
body is not sufficiently ductile, it will.fractgre
1oﬁgitudinally into two or more pleces. Examples of
sych cones and fraciured bédies are snown as Figure'S; -
An example sho'm to ‘the authors.by Dr. T. &. Read gf the
Frankford'nrsenal'appears to have failéd along_a series
of concentric cones. )
Wnile the initial discontinuous shear may be confined
to a single_surfadé, many infbrsecting surfeces may
Eecome operative as deformation proceeds. The ogive may
in this ﬁanner'become separated into many Pleces.
~Discontinuous shear talkes place across the surfaces

above dlscussed.  Another type of discontinuous plastic

1. H.'H; Zorpig: ‘“Lecture On Armor Pilercing Projectiles’,
WAL 762/15. L '
: 1l
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deformation is poesible. This occurs along the planes
passing through the region of maximuﬁ shearing stress.

In contrast to the planes previously discussed, the
orientation of these pianes is not necesgsarily identical
vo that of the surfaces across which the shearing stress
1s a maximun. Familiar examples of such surfaces have
pr;viously been shown in’armor'plate,l vhere they give
rise to "trapped! punches. The pPhysical basis for

trapped punches is well understood. The reglion immediétely
helow a distfibutei pressufe is‘subject only fto. hydro-
static pressure, the surface .of maximun shearing stress
lies beneatn the surface at a distance comparable %o
tﬁe-linear dimensions of-tﬁe region over which the surface
pressure 1is distpibuted. Just as the force with which
éﬁe projectile acts upon tae §late may give rise To a
trapped punching in the plate, so likewise the opposite
force with whigh the plate acts upon tae projectile

may produce a trapped punching in the projectile. HSuch

@ \

trapped punchings have bdeen observed in all the pro-
jeotiles:of tﬁe type.fired for thls report having a RC
hardness of 65, and fired under conaltons wich give
at least a 5% expansion % the bourrelest. Ekamples

are shown in Figure 7. If the velocity of the projectile

is sufficiently high, the trapped punching 1ls broken

1. C. Zener and J. 5. Hollomon: Ib;dfﬂ

~15-
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away from the »rojectile when the projeciile is re-
covered. Otherwise 1t remains attached to the pro-
jectile by its outer rim, Since tie stress across

the centrel nortion of the surface of maximum shear
stress was a pressure during the »nlastic deforaétion,
the residual stress 1s also a pressure. Tne perimeter
of the trepped punching, along which 1t remains
attached to the vnrojectile, is.therefore subject %o

a tensile load. If the perimeter fractures under

thls tensile load, the trapped puncning will therefore
be thrown off. This has been observed to happen from

one hour to several days after firing.

o [



aPPEINDIX

Compressive Stresses in Projectiles

An éstimate of the retarding force f acting upon
the projectile durihg armor penetration at normal
incidence may e obtained by equéting the energy neces-
sary for complete perforation to the force times the

plate thiékn338a3,Thus
. [ \ 2 y . : .
1/2(w/g) Vo= €. : (1)

.This equatioﬁ is étrictly apnlicable only when the
length of the ogive is less than the plate thickness:
Othérwise the distance over which a force acte is con-
slderably in excess oIl e, wiéh a resultant lowering of
the force f. The average pressure P acting across a

section at the bourrelet is then given very nearly by
: 2 i ‘ |
(m/4) a“P=£.. 8., : (2)

Eq. (2) would be a closer epproximation if in Eq. (1)

W referred to the weight of the projectile backi of the
bourrclet: .

| In any particular case the.pressure P my be computed
directiy from the ballistic.data. In those cases where
_the balllstic ‘data have aiready been analyzed in terms

of the Thompson coefficient F, the pressure P can most
readily be obteined in terms of this céefficient. This

coefficient is Gefined, for normal iﬁcidence, by the

s



equation

¥V = P e a? (3)

. with W expressed in 1bs, V in ft/sec, and e and d in ft.
Upon combining Egs. (1), (2) and (3), one obtains

P = 1;37 x 1074 72 psi (%)

A plot of this relation is given in Figure 10,

' The F coefficlent of cal. .50 projectiles with
respect to homogeneous armor in the hardness range
34L0-380 BHN appfoaches SB,OOO‘forvlarge values of e/d.
From Figure 10 it may be seen that thié F coefficient
corresponds to a pressure of 600,000 psi.,

The abbve_high pressure is in accord with a theo-
retical analysis ol tne preséure acting upon the bourrelet.
The plate material flows pléstically not wnen the pfessure
reaches a critical value, but rather.whén the flow stress
\reaéhes_a criﬁical velue. The flow stress is effectively
the difference between the maximum and minimum pressure.

In the neighbbrhood of the projectilé's ogive, all three
principle stresﬁes_in‘the plate are compressive stresses.
The maximum compressive stress is therefore considerably
larger than the flow stress. according to Bethe's
analysis, the maximum compressive streés, the stress acting
normal tc the surféce of the projectile, 1s from two to
thrée.times»as iargb a8 the flow stress. The flow stress

 itself is larger than the flow stress of the undeformed

ALY

-

PPN



3

material due To strain hardening. This increase in

flow strese 1is in the neighborhood of 100,000 psi,
6orresponding %0 a strain of about unlty. Taking the
initial flow stress of a 360 BHN plate to be 160,000 psi,
the effective flow stress will be about 260,000 psi,

and thereforé tihe pfessure,normal to fhe ogive of the,
projectile will be from 520,000 to 780,000 psi.

~19-



TABLE I
DATA O STEAIN AT BOURRELET

Plate :Projectile Velocity | Expaasion of . Total
BHN . e (ft/sec) | bourrelet Nat. Strain
(inches) : '
306 . é5 i 2000 .001 0.015
gzoo" . 002 . .025
2560 .006 % .050
2600 .021 .13
3000 .028 TR
50" FSREee = - 006 . 050
2000 o —soal : .098
2100 . .019 12
) 2300 .032 el
| 2100 ol : L
- 2700 , .062 .38
259 50 2000 . 003 - .030
' 2300 007 L057 .
2700 .039 . L2k
2600 | .o Josh " .33
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FIG. 4

EXAMPLE OF UNBALANCED PRESSURE
ACTING UPON BOURRELET

WIN.639-6397
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Te B
PUNCHING SEPARATED FROM SECTION THROUGH INTACT PROJECTILE
PROJECTILE SHOWING TRAPPED PUNCHING STILL ATTACHED
FIGURE 9 "'

WIN,.639-6403

ILLUSTRATION OF TRAPPED
PUNCHING OF PROJECTILES.
(PROJECTILE 65 Rc.)
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