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’ ARMOR PLATE BALLISTIC TESTING -
| - L
| QBJEQT e
| To establish a rational basie for the ballistic aoc- o)
' ceptance testing of armor. Eé*
o BUMMARY o
| e
| ‘The fundamentals are presented for & rationel systen t@i
of armor plate ballistic testing. The desirable properties ;:“

of armor are first disoussed. These are (1) high re- Eéﬁ

sistanne to penetration, (2) freedom from back spalls, fﬁﬁ

(3) freedom from oracking (shook failure), The theory of el

the ballistic methods by means of whioh these propertlies :

may be tested 18 then presented, and the relation of these i

methods to %he non-balliétic methods is disocuseed., Finally, ti*
.\,‘t
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& oritiolsm is given of the present ballistio sepecifi- @%%

cations whioh are employed to test for those propertlies, Esg

It is found that the balllistic scceptance test oould pad

be improved by certain changes. These changes are for Eéé

) ' (I
: 8, Resistance to Pengtration Test gﬁi
i 1. Change from the "Army" to the “Navy" ori- %:3
terion of complete penetration, Eﬁf

2, Ralse the range of plate thickness tested by gﬁﬁ

a given oaliber projectile. %ﬁx

b, Resistance o Baok Spall Test 5

e

l, Introduce special oal, .30 and oal, .50 test

projectiles with blunter oglives.
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plates now tested with H,E., projectiles.

Eliminate the present H,E, projeotile tests,
Bubstituting specisl 20 mm test slugs for

during impact than the present 20 mm AP test
together with

Introduce a shorter 20 mm AP test projectile
which would have less tendency to fracture

projectile,
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INTRODUCTION

Considerable progress has been made during this war
‘in an improvement of armor quallty and also in an under-
staﬁding of the mechanics of how armor funotions., It ie

| believed that still further improvement in armor quality
may be obtained if this understanding of the mechanics of
armor is utilized in establishing a rationsl basis for
the ballistloc specifications of armor. In the present
report an attempt Lls mede to establish such & basle,

The primary funotion of armor on armored vehicles and
artillery ie to proteot, ss far as possible, the personnel
and materiel whioh are sheltered behind it from injury by
the effects of enemy fire of all kinds, In order to do

v ' this satisfsactorily the armor must
&, resist to the greatest poseible extent pene-
tratlon by projectiles of all kinds and by

fragments and gas Jets or the like produced

by the explosion of high explosive shells,

. ' grenndes, mines, eto.

£$ Ry resist to the greatest extent possible the

? _ detachment and projection from its baock of )&:-_ 8

' | pleces of iteelf when it 1@ penetrated or ?&i
gtruck by projectiles or fragments or when x

subjected to other effects of the exploaion ;}J
by
of high explosive shells, grenadeas, mines, ]'J
\\
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_tained by both direct and indirect methods. In the direct

0. resist to the greatest possible extent belng
broken up or ocracked by the impact of pro-
Jeotiles and r;agmenta or other effeocts of
the exploeion of high exploelve shells,
grenades, mines, e%o.. '
The ability of armor to perform these funotions is called,
reepectively,
&, reslestance to penetration.
ks resistance to back sepalling, and
8, resistance to shook, |

Measures of these three types of reslstances are ob=

method samples of armor are shot atj in the indireot
method physical tests are made on small test specimens.
Bach method has its own inherent advantages and disad-
vantages,
1 The direot moethod has the great advantage that in
i% service conditions are oloseiy approximated. On the
other hand, it has certain disadvantages whioh severely
limit ite use. These are

& the tests destroy or at least eeriously
damage the pleces of armor to whioch they are
applied and hence ocan only be applied to
representative somples,
samples have to be comparatively large; ususlly
36" x 36" x thiokness of armor.

4
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o, 1t is difficult and troublesome to carry o

out the tests under thoe low temperature

to0 reslst an antioclpated type of attack.

conditions encountered in service, namely .

40° to -65° F, B

d, the tests oan only be conducted at a proving ’\:C

ground which is provided with rather elabo- &

rote facilities and tha cost of conducting %I -

them is relatively high. un

8¢ owing to the neceselty for shipping the ‘~ «~

samples to & proving ground for test there l:

must be o oonslderable time lag between the ‘»}“:\\

production and seleotion of the samples and

the ocompletion of the test, \\&j:

) The indireot method has the great advantage of de- "Fg
stroying only a smell test samplo, of rapidity and of léw

cost. Its great disadvantage is that common to.all ine :3»2

direot teets, namely, the correlation is not perfect ’k

between lts resultes and those of the dlrect tests. { ,'_

In genoral, ballinrtic tests are oconducted for one of '

three purposes, os follows! : (‘%‘

8y Experimental or development teats are cone ‘_

3y duoted to determ'ne directly the ballistic ;}3
» characteristios of new stecls, experimental Ei
!: heat troatments, or, simulating combat cone- ]:1
3 ditions, the optimum armor charnoteristiocs ,1}
. BB
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This type of firing also 1ls conducted to
obtain information upon which design impiove~

ments or alterations are based.

by Qualiflocation teste are oconducted for the %ﬁ?
purpose of qualifying a manufacturer's ;i%
process. Such tests may be of comparative Eﬂﬁ
complexity and when employed are designed %o Eiﬁ
establigh the ability of a manufacturer to Eﬁé
produce & satlisfactory product, after whioh by
indireot tests are largely depended upon to §§§

i

oontrol the uniformity of the product.

T,
F‘;f, o

o; Acoceptance ballistle tests are oconducted on

ox s
1

T
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samples, roepresc.ting distinot lots of armor,

. K

I

. whioh are presented by the manufaoturer for

test. Buoh tests must necessarily be
augmentod by indireot teete because of the
impossibility of controlling uniformity by
ballietio testa alone.

The subsequent discuseions are conoerned primarily

—

st .
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with the acceptance testing problem. However, the princi- ;gg
plea outlined apply equally effectively to all types of E§§
ballistic testing oonduoted at normal impact. Irrespective §$£
of the fact that it appears possible to eliminate ao~ %ég
ceptance ballistio testing and rely practically entirely Ejg
upon the indirsvot tests after sultable qualifiocation '?ﬁ?
ballistic teets have been performed, it may always be Qk)
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~psychologleally necessary to conduct ballistic ac-

ceptance tests.

Ballletic acceptance teste must satisfy two general
requirements demanded of all acceptance tests, repro-
duoibility and simplicity. Thus on the one hand. the
test must be so designed ae to involve a minimum number
of varliables in the testing procedure itself in order
that the results obtained in the test can unmistakabdbly
be attributed to the characteristios of the armor being
tested, On the other hand, the test must be of suoh a
nature that it can be carried out with & maximum esconomy
in time, equipment and manpower. These twe roquirements,
reproduclibllity and simpllicity, dictate that all ao-
ceptance tests should be conducted at normal impact, Ob-
liquity testing immediately introduces inherent varia-
bles such as the true angle of inocidence as affectsd by
deviations from the specified obligquity and projectile
yaw and the likelihood of projectile deformation and
fraocture, With rospect to simplicity, normsl impact
firing ia consldorably casier with regard to the mounting
of the platee and the interpretation of the ballistio

impacte,
DIBCUSSION
py Registance to penetration,

Mechanics of peneiration.

Armor may reslst penetration of projectiles by

1Y
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% L1 dlssipating the kinetic energy of the projectile, \5
7 and/or =
- Ll 1teelf absorbing the kinetlc energy.
The disslpation of kinetlc energy may ocour either ::,'

through the plastic deformation of the projectile, or by *\-\ﬁ;

the deflection of the projectile in one or in eeveral i:

plecess Face hardened armor 1s designed to resiet pene- :«

tration principally by this method. 3:;‘

The plate may absorb the kinetlic energy of the pro-

o
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i Jeotile only through plastio deformation of ite own F\ﬂ"f
material. It is primarlily through such absorption that \(
s homogeneous armor resists penetration. The charsoter- “J
f‘ Lstice of the plate material whioh affeot its capaolty to }}J
‘{\::I absorb energy through plastioc deformation are '\,
i 1 Resistance to plastic deformation. L
1 1) Reslgtance to instability of homogeneous deforw E\
o mation, % |
Eﬁi 111 Freedom from laminations. L\Ip\
g iy Duotility, .{:‘:\g'
i The hardness of the plate matorial is one measure of F‘\
32* ite resistance to plastic deformation. It cannot however '*
! be uniquely correlated with the r:uiutanoc to plastic de=- \\
formation whioh the plate offers when it is rosisting W
-. penetration by & projeotile., This may bo secen from the ‘?‘t
! observation that the resistance to deformation 18 dependent ;::“_“:
E\ upon the amount of prior deformation, and the amount of i,
E} deformation of the plate material in the vioinlty of a 'F.‘;Z‘,:::
! | «10- L:;.‘::f.
: :



penetrating projectile ie much greater than that in the
vieinity of a hardness reading indentor. Since the vari~

ation of reslstance to deformation with amount of de~--

‘formation ie dependent upon the composition (particularly

carbon oontent) and metallographic structure of the
material, platees arranged in order of resietance to
indentation by a hardneses machine are not necesearlly
arranged in order of resistance to penetration by a pro-
Jeotlle,

When a projectile penetrates armor, it ile necessary
that i1t induce plastic deformation in the armor in order
that a hole mé&y thereby be mgeo through whioh 1t may
pass, The general nature of this deformation, and there-
fore the resistance to penetration, dapenda upon whether,
and at what stage of the penetration, homogeneous defor=
mation beoomes unstabla.l'a Onoe such instablility has set
in, o mass of plate material in front of the projectils
becomes detached from the plate, theruby allowing the
projectile to pass througﬁ more freely. Bince such
detaohment requires only a slight absorption of energy,
the ooourrence of such instability lowers the resistance
to penetration of the plate material. All the factors

which affect tho tendenoy for homogeneous deformation in

T, T, Zener and J, H. Hollomon: ’"Piaat%o?fow and Rupture
of Metals," Trans. A.8.M, vol. .33, 163 (1944

2. C. Zener and Je« H. Hollomon: Journal of Applied
Physics, vol. 15, 22 (194u).
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a material to become unstable are not fully understood.
No adequate test may therefore be made for this quallity,
other than through lts effeoct upon resistance to pene-
tration,

The presence of laminations and the absence of

duotility lower the resistance to penetration of the plate

by permitting the plate material %o make room for the
projectile without undergoing the normal amount of plastic
deformation. B8ince these two quallties are examined in
special tests (back-spalling and shook tests, respectively),
they need not be further discussed hore,

From the above 1t may be seen that tho indirect test
(Brinell hardnose) 18 not an infallible indicator of re-
slstance to ponotration characteristios. However, it 1
one of the most important faotors invelved, and when the
type of steel, its soundness and its metallographle '

structure are elthor constant or controlled within narrow

limits, tha control of hardness provides a satisfactory { .

measure of the qualities which affect resistance to pone~
tration., It 18 an ideal control test because of its non-
destructive and coonomical aspects whioch permlt the

testing of all plates produced,

2. Iheory of Jeet for Reelstanog Yo Eenetration.

The oonocept of resistance to penetration is not
without ambigulty, and therefore ony teet whleh 18 devieed

to measure it is sowewhat arbitrary. It is necessary
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to remain‘oognisant of the arbitrary nature of this test
and not to use it in comparing radically differént types
of plates, such as steel and Dural. Buch a comparison
ocan be made only by examining both types under a wide
renge of condlitlons,

The ambigulty in the concept of resistance to penem
tration arises from the wide variety of - 18itions of
attack to which armox is subjeoted. That combination of

qualities which enablee armor best to resist penetration

under cne type of attack is not necessarily the same
combination which onables it best to reslst penetration

under another set of conditions, The moat that oan be

expected of a single method of testing for resistance to
perietration is that the test be sufficiently sensitive to

all four resistance qualities so that any gross railinés
in any one quallty will be reflected in the test. B8ince
the qualltlies iil and iv, (freedom from laminations, and
duotility) have special balllstio teate, it is desirable
that the resistance to pensetration test be especially
sensitive to the firet two qualities.

The resistance %o penetratioﬂ test 1o limited, as are
all ballistio tests, to firings at normal incidence by
the requirements of reproducibility and of simplicity, as
noted in the introduction.

The criterion as to what to call a complete penetration

is not unique. Three are in common use, the "Army ori-
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teéion", the "Navy oriterion' énd the "Protection ori-
terion'., The lastwnamed oriterion is éspecially adapted
te higﬁ obliquity firings and need not be further con-
8ldered here, The first oriterion specifies a pene-
tration as complete when from the back side may be seen
elther the tip of the projectile when the projectile
remains in the plate, or a pinhole of light when the
projectlile has been ejected. The second ariterion epeci-
fies & penetration as complete when the projectile has
passed clear through the plate. That oriterion should be
adopted ad standard which is moet sensitive to the
various plate quallities, in particular the first two.
Upen this basie the Navy oriterion is by far the better.
Thie 18 because |
L the resistance to plastic deformation of the
material near the back of the plate affeots the
"Navy" ballietio limit muoh more than tho "Army"
ballistio limlt, o
13 the tendenoy for instabillty of homogoneous de=-
formation does not appreciably affect tho "Army"
ballistlo limit, while it groatly modifies the
"Navy" 1limit, and

111 an 1n5rease in hardness lowers the ductility of
the baock flbres of the plate, thereby lowering
the bulging at the back of the surface before
light 1s transmitted or the nose of the projectile
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appears, and therefore such an inorease in

hardness hae greater effect upon the “Army"

than upon the tyﬁvfzg

After deciding the obliqnity at whioh the plate 1s to
be set, and the oriterion as to what 1s to be called &
complete penetration, next a decision must be made as to
the type and calibre of projectile which is to be fired
againset the plate., For the sake of reproducibility, 1t 1is
desirable that the projectile be & monobloo, i.e,, that
it havé no AP ocap, Buch a oap would introduce & variable
factor over whioch the test range could exercise no oontrol,
The calibre of the projeotile should he so chosen that
the ballistic test for resistance to penetration is aotually
testihg, &8 closely as possible, for that combination of
qualities whioh glves best_resastanoe to penetration under
oombat conditions., Preaent ocombat oconditions may be
desoribed, roughly, as velosities over 2000 f/s and ob~
liquities over 30°. Under such conditions the resistance
to penetration of a series of plates inorecses with in-
oreasing hardneés well past 320 BHN, provided the differences
in hardness were obtained only by differences in time and
temperature of the temper (1.e, assuming oconstant metale
lurgiocal quality), BSuch & response to oonditions of temper
are also found in the resistance to penctration at normal
incidence, provided the striking veloocities are over
2000 £/s, or, in other words, provided the projectile's

'w\'f'r ru—w—w-‘—-aq-f—.. ..q_.: Ty e
| by LT B A e }
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oaliber is less than the plate thicknees. Combat condi- iﬁﬁj

tests for reslotanco=to=spalling and reslstance-to-shook

E tions might change so that our armor would be called upon E;g?
l to defeat greatly overmatohing projectiles at low ve- (;1,
g looities, under perhaps 1500 f/s. Buch projectiles would ii\;
i no doubt be designed sc as most efficiently to penetrate ng;
! undermatohing plate, that is, they would have a nearly &p&f
} f1at nose.t For proteotion against such projeotiles %Eig
] another type of armor, subject to another type of speci- {Q;F
i fiocation, would have to be used, since softer plate offers 3!!{
é more reslstance to the penetration of such projectiles ﬁg%;
§ then harder plate,- Eﬁfa
! Pinally, the rosistance to penatration test must be eo %ﬁé
[ established as to oontrol the minimum hardnoss level. The g?H
¥

effeotively ocontrol the upper limit of hardness. Thus the
rosigtance~to=-penetration teet, when appllied, osan be
-effeotively employed to evaluate the validity of the oon-
trolling hardnease test. The aocoumulation of such data
permits the development of improved indirect control tests,
The undermatohing projectile test at normal impact ie

R LN ME _ EFWRCERIIEE S e

olearly required to offeot tho desired control of minimum '#€j
Wy
R hardnoss. o
g b
i In the determination of the epeoification acceptance RS0
R 1. "Penetration of Homogeneous Pinte by 3" Fidt NCeod Pro- qQE
" %got lee," Naval Proving Ground, Report Noe. 7-U3, ﬁ;
:" bade o 4’} Y ' L \
5 2. 0, Zener and R, E, Peterson: "Mechanism of Armor Pene- C
= tratﬁgn, Beoond Partial Report", Report Number WAL )
:g 710/k492, B
\ =16~ ]
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balllstic 1limlits it 18 convenient to have an interpolatilon
formula for the variation of balllstic limit with plate
thickness. Of the many formulae which have been used, the
following ballistioc formula proposed by the Navyl has been
round to give moat accurately the BL(N) over a very wide
range of e/d (plate thickness/projectile caliber): |

v 0(e/a - 0)2,

The phyeloal intorpretation of this formula ie that every
layer in the plate absorhs an amount of energy from the
projectile which ls proportional to the thiokneas of the
layer, except the outer layers, which effectively absorb
no energy. A formula whioh agrecs with the above to
within 0,3% over a range of e/4 of two fold and whioh 46

much easler to plot, 192

VeV, (o/a)*.

The ease in plotting erisee from the cirocumstance that
thls formula gives & stralght line on log paper. The
oonstant Vy is equal to the BL(N) of matching plato.
(e/d w 1), The precise value of the exponent o will
depend 'upon the ogive shape of the test projeotile, but

1. Penetration Nochanisms I, '1Ihe Penetratiop of Homo~
eneoue Armor by Uncapped Projeotiles at O Obliquity",
+ 8. Naval Proving Ground Report No, 1=-U43, ;
2. C, Zener; "Principles of Armor Proteotgon, Third
Partial Report", Report Number WAL 710/607=2.
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iﬁt | 18 always slightly greater than 1/2, ﬁ&?
o S
f&% Qs Oritique of Present Specifications. o
. The following six projeoﬁilos are &t present used iy
Ag as test projectiles: oal, .30 AP M2, ocal. .50 AP M2, ggfi
k! 20 mm, AP M75, 37 mm, AP M74, 57 mm, AP M70, 75 mm. AP 5
o M72. All six projectiles are suitable &g teat pro- g&@'
;ﬁ Jeotileas, for normal inoidence speoifications, exoept Wﬁ%
i the 20 mm, AP M75, This projectile is undeairable both
o because 1t has a tendenoy to fracture even at normel ggg
Ei inoldence, presumably because of ltes large yaw, and gﬁé
‘§§ because of ite rounded ogive whioh gives rise to shatter %%é
§£: . even at oomparatively low velcoities, as is illustrated iﬁé
?Eé in Pigure 1. It would therefore bo desirable to have a %iﬁ
. new 20 mm. test projootile designed along the lines of ”'j
% " the 57 mm. AP M70 or of the 75 mn. AP M72, | &\
f? In the presont speoifiocations the "Army" oriterion Q?i
?T for success is used in the reeietance to penetration .!?
ig test, As dlsoussed in the provious seotion, the "Navy® ,.gl
EE oriterion would bo more significant, ) " | %3?
;3 The present phllosophy of resistance to penetration s
o tests L8 that the plate should be tested by as nearly )
f§§ ap possible matohing projectiles, BSuch o philosophy has Eﬁg
ﬁi 104 to test velooltioce, in the oase of plates of 3/4" ;3'
Qﬂ thioknsss and over, between 1100 and 1650 f/s. Under
‘:E thoese tent oconditions the ballistic limite are rele-
gv tiiely insensitive to plate hardnoes, even deoreasing "
2 18w , Eﬁﬁ
i * .

.,m,.‘ . .,1.. “T.h -cl" . -:‘. . S ...‘-] -
" ' u\,'\_..:\l" P “r"'::‘-_\‘.p:-) i




with plate hardness in the lower veloscity ranges (ez 4).
(S8ce Figure 2). It would therefore be advisable to choose
test projectiles of suoch & ocaliber that tho ballistio
limite would lie above the present range, say from 2000

to 2400 £/s. Tho test velooities must not, however, be

80 high that the inertial foroost of the plato material

;1 induce plastic doformation in the prolectile. The

. extent of nuoh plastic deformalion wruld be very sensitive
to the projectile hardnese, nad therofore the oheerved
performancs of the plate woull he subjest to aonditions
very Aiffioult to control, [Hootunately all the test proe
Jectlles have a sharper ogivo than have the oupped pro=

fa . Jectiles used in survice. Higlosr velosltles mny therofore

be used without the projectileos suffuring plastic de-

' formation than in tho cuee of ‘service projootiles with

:ﬁ oops removed,

Suggested projectile onlibors ond the ranges of plate

thioknessee to whioh they apply are shown in Table I.

,j? II Reslstonne o Book=Spalling.

: & Securenag of Beok-Soalling.

Two dlstinet types of plate fragments frequently

o ' como off itha baok of a plate during impact, One type of

frogment le oousod by the loonlization of shear deformation

Parilal Repart!, Report Number WAL 710/492«1,

1
» — " . -
N 1. U, 7onert  Thechonlem of Armor rovcbra tan, Third




TABLE I o

Py

RESISTANCE TO pmnmgaAﬁxgn Emsisgogoaygg IMPAQT, 4&&!&% ;:

"

PROJEOTILE CALIBER IHIOKNESSES OF PLATE JESTID ﬁ

Oaliber .30 AP M2 - Up to 7/16" incluasive iR

Calibver .50 AP M2 Over 7/16" "to 7/8" inolusive

20 mm AP (Imgi'ovgd pro= Over 7/8" to 1 1/U" inclusive ‘

y

37 mm AP M74 Over 1 1/L" to 2 1/4" inolusive k

57 mm AP M70 Over 2 1/4" to 3 1/4" inolusive

75 mm AP M72 Over 3 1/4% to 4" inclusive ;
90 mm AP M77 Over 4" to 5" inclusive




about certaln internal surfaces, BSuch a localization f%:
of shear deformation-ie caused by the instability of .
homogeneous shear deformation whioh always arises after
& slight deformation, The mechanlism of this type or
failure has been recently discussed in dotail.l’
gives rise to the formation of punches, and to the
. wiping off of petals, both on the front and back faces.
Fragmenta of this type form the more readily the harder
the plate. In order to reduce tho tendency for their

l formaticn, & plhto would therefore have to bhe softened,

: and its resistance to penetration in the high veloclty

It

range would have to be reduced, The avoidance of such v
fragments is therefore lnoompatible with a high reeslstance gﬁﬁa

; to penetration in the high veloocity range. ;ﬁfﬁ
The seoond ocommgn type of plate fragment is assoolated 1-'5

with & lack of cohesion aoross certeain planes parallel

to the plate surface, The presence of such weak surfaces

i
E
I can in no way aid the plate in rosisting penetration, !!!K
E while the fragments, ocnlled "baock-spalls", wnlch they mey ééﬁ@
] ocoaslon during impact oan be of great donger., It is . Fﬁaﬁ
i therefore desirable that the specifiontions contaln a !-.[
i test whioch will exolude plates having internal surfaces §§f§
; across whioch the ocoheslion ls cspecilally weak. &ﬁ?}
Bony
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Other lese frequent types of plate fragments are
assoclated with a general lack of ductility throughout
the plate as a whole, or upon 1ts face or back surface.
Such a lack of duotility is generally the ocause of
fallure 1in the shoock teat, and therefore a special test
need not be made for the tondenoy to form sucir fragmentas.

The balllstioc test in ourrent use for ﬁeltins the

presence of internal weak surfaces ls the projectilo-

. through=plate (PTP) tost. In thim test a projectile is

fired at normal incidonce with a velooity considerably .
above the balllstlo limit, If & spall excoeding & sortalin
diameter is ejJooted from tho back of the plate, the plate
falle the teat,

The majority of ballistio failures ocourring in
homogeneous rolled armer over tho past throo yoars has
beon due to back spalling, even though the testing
oriteria have been oxtremely mild in many casos., For
thies reason it became necessary to develop an additional
test for the characteristic in rolled armor {(stosl
soundness) and oast armor (solldity of the section) whioh
largely controlled this fastor, not hitherto oontrolled
by other specification teets. The Fragture Tegt for Steel
Boundnogg was thus devoloped and hos at present been
applied to Specification AXS8-488, Revision 2 covering the
proourement of rolled homogensous armeor for combat vehle

olee. The tost is simple and can be applied to the

-22-
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.ﬁ oritical areas of & heat of steel so that a satisfactory §E§
indlcation of overall ateel soundness charaoterlptios is &Eai
obtained. It effiolently determines gtael goundnessy e
gharacteristicg but dces not sufficiently distinguish ' 'Q§
between unsoundness whioh causes back-spalling and that t€f
whioh may be oomparatively harmless, If it were nﬁg
economically feaglble to set the soundness rejection &ﬁg
1imit sufficliently high, the test oould be absolute in R
its ocontrol. However, this 1s not possible and it 18 }j@
unreasonable to reaedt stesl from & soundness standpoint lﬂé?

.

whioh from all considerations ls not inferior bal-
lietloally.
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Similarly radiographioc inspeotion has been applied Qfﬁ

to oontroi the soundness oharaqteriptioa of ocast armor,
These two teets are extremely useful in rejecting ob- ke
viously poor material before time and effort have been %k
expended Ain ite heat treatment and further processing. ?
These control tests must periodically be supplanted and |
verified by efficlent direot ballistic tests, and, it thus
appears, that the back-spalling test (PTP tests) must bo ¥
developed to its utmost efficiency. The direct test again
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:Q supplies the evidence and data necessary to effeot im- Eﬁ#
Y Patie
;ﬁ provements in the oontrol tests. £§§'
B

" b. Zhoory of Teey for Beok-Spalling. W
gt o
§§ An analysis of the formation of shear spalls must :ﬁ,
. I'.\-« )
o begin with a dosoription of the state of stiress in the o
. -23-
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plate material surrouﬂding the projectile. Due to the aﬁ;

LA S
» >

o high temperature of the material right next to the proe ifi
g Jeotile, the projectile can exert no shearing traction

%% upon the plate material, only a normal pressure, When P¢§
E&j & normal pressure acts upon a surface, the shearing

stresses engendered thereby are & maximum across planes B
mooting the surface &t an sngle of 45°, These surfaces 'ﬁfj

SRR

e,

. of maximum shearing stress are indlcated in illustration ﬁ;é

.‘(’

& of Figure 3.
At the surface of the projeotile the shearing stroans Fﬁf[

is equal across the two mutually ﬁérpendicular planes of Fq;

maximum shearing stress, in an isotropio material, shear ﬂﬂi

failure will therefore ococowr first coross that plane of &@?

maximum shear streses aoross whioh slip is least impeded

by the plate material further awey from the hole. Thus

in illustration g of Figure 3,‘llmpfoah ooour aoross the

whole of the plane AB, and A'B!, but slip aoross the planes

AC and A'C' is hindered by the plate material away from

o the hole, Ono would therefore expect faco spalls by | o
tﬁ slipping along A'B!, back spalls by slipping along the e
;E supfoce AB. This is Just whet happons in plate of good r;.
;ﬁ quality end of eufficiently high hardness to produce Eﬁi
E@ spalls, | i
g& Oq tho othor hand, if the plate material is not . 7
o isotropio, but if the surfaces originally parallel to the (o
;E: plane of the plate are planes of weakness, then shear {ﬁ
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fallure may ooour across these planes when they &are
nearly orlented parallel to a surface of maximum shear
stresa, This is the case when the plate is said to be
excessively "laminated"., '

Once shear failure oocours in the immediate vicinity
of the hole, it will propagate & certain dlstance, hy
means of stresa ooncentration, as is indicated in illus=-
tration b of Figure 3. This propagation will continue
along a surface of weakness, 1,e,, along & surfsce origle
nally parallel to face of plate. The distance the ghear
ralluré,will propagate depends to some extent upont-the
weoknees of the "laminations”,

The shear fallure is acoompanied by & redistribution
of streass whioh in turn may give rise to & new type of
fallure, During shoayr railure, all lhearins stress is
relieved acoross the surface of ghear fallure, e.g.,, AC in
illustration b of Figure 3, The only stress then aoting
aoross the surface of fallure is a normal pressure, This
normal pressure glvée rise to a bending moment across the
surfaoce CD, and therefore to teneion along the lower part
of thie surface, in the viscinity of 0, us indicated in
illustration g of Figure 1. Thise tensile stress may roeach
& high value, as may be seen from the fact that the torque

about O produced by the fiormal pressure along AC must be

balanced by the stress acrose the comparatively short

plane OD. When the tensile stress reaches a suffioclently




high value, the materlial fractures along CD with little
or no plastic deformation. The deformation is hindered
by the restraints imposed by the plate materlial to the
rigﬁt of COD,

The movement of the inolplent spall 6coaaioned by
the initiation of the orack along OD will reduce %o some
extent the pfessure along AC, This may result ln the
cessation of the orack along CD. On the other hand, the
orack may oontinue clear to the surface, resulting in a
spall being thrown off,
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SBeveral faotors influence the tendenoy of the orack
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along OD to continue olear to the surface. The greater

the veloolty of the projeotile, the greater 1s the tendenoy
of the spall to be thrown off, This is illustrated in |
Figure 4 in which are shown the baoks of the holes produced
ot varlious velooitles by proJeot;les with an oglive similapr
to that of the cal., «50 ocore. The effect of veloolty 1s
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understood by oconsidering that the moment aoross BEC must

not only ocancel the moment due to tho pressure along AB,
but also the moment Aue to the deacceleration foroces
aspooiated with the inertia of the inoiplient spall,

LQ The propagation of the orack to the back surface is
Y

:ﬁ& also favored by o blunt ogive. This effect of the ogive
L8 shope may be seen by a compariason of Figures U and 5,

P

whioh illustrate the spalling produced upon the same plate
by projectiles of two types of cgive. The projectile with
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the sharp ogive does not produce a complete back-spall
at 2000 £/s, while a complete back-spall is produced by Pﬁﬁ
the blunter projectile below 1400 t/s.

e Critiquo of Present Specifiqations, 5
The present projectile=-through~plate test for back

-_‘x_‘:.-,_l;_
Sy W

Pt -
uiac g d

spalls is oonducted at zero obliquity. Thle is in oon-

'_QI s

formity with the general principle, already olted, that

Cate sl o Rt o ISR A

Lo
»3%

all tests of plates must be made af normal inclidence in

3 order to avold the variability introduced by the fracture h%}
i of projectiles. o0
&3 Plates of thickness 1/8" to 7/16" are tested with ﬁﬁ
w either oal. .30 AP or cal, .50 AP bullets. These bullets ??
E? are especially unsultable for proJeotile—thrnﬁgh—plate ggi
L tests. On the one hand, the unusually lohg p@inted ogives 2%
Sj of their ocores require a high striking velocity in order ;@
_é; to subjoot the plate to & severe backespalling test. On Eg
2 the other hand, their Jacket produces & type of punching 1 
?4] . at high veloqitiegla? whioh may disqualify the plate on 3‘;‘
0 the oriterion of oxit diameter, but which is in no way an el
:ﬁ indication of surfaces of weak oohesion in the plate. The f%
sg only possible solution to this dilemma is to use gpecial %Ei.
:% test projectiles with ocores of a blunter ogivé. These ;ﬁg

- TNk Wetthowe:  Nolled Artior Noport No. O%. h
. 2. C. Zener and J., H. Hollomon: "Mochanism of Armor e

o) , Penetra}ton First Partial Report" Roport Number ?;i
RS WAL 710/L454, Figure 6A. -
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would then need to be shot at only & comparatively low
veloolty, say 1600 f/e, in order to differentiate between
plates which are good and bad with respect to spalling
characteristiocs,

Plates in the thiokness range 7/16" to 11/16" are
tested with 20 mm. AP M75 projectiles. These are fired
at each of the two velooities 1500 /s and 2500 f/a.
These two velocities are used because plates which pass
the PTP test at the higher velooity frequently fail at
the lower velooity. This ocourrence of failure at the
lower and not at the higher velocity is 4in ocontradiction,
to the mechanism of fallure desoribed in the previous
gectlon, It is belleved that this anomaly le aesoolated
with the oxtreme length of the M75 projJeotile. Beoause
of this length the stability factor is unusually low, |
and oonsequently the projectile ie apt to have & con=-
siderable yaw when it strikes the p;ate. Such & yaw 1s

inoreased by the turning moment exerted by the plate upon
the firet instant of 1mpact.l The inorease in yaw 1isg
greater tho lower the velooity. BSuch an inoclease in yaw
may causoe the plato to fall the test in two dletinct ways,
Firetly, o yawed projectile is apt to produce a larger
hole than an unyawed projectile, Secondly, the inoreage

in yaw 1s accompanied by en inorease in bending moment,

1.7 0. Zener ond R, &, Petorson: Tbid.
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whioch moment may cause the projoctile to fracture, and
therefore to produce a larger hole., Tho fallure of &
plate at the lower velooity is thorefore likely to be
due solely to defecte of the projeotile 1teelf. Bince
suoh defects ocannot be reproducible, the test at

1500 /8 18 not satisfactory.

The test at the higher veloolty of 2500 f/s also has
ite diffioculties, The M75 projectile has a blunt nose.
Such blunt noses invariably shattor at compoaratively low
valooities.l‘a An oxampie of suoh shatter againet a 1/2"
plate at 2500 f/s ie shown in Figure 1. The nose of the

projectile first sheared symmetrically so as to leave a

oconloal oglve with a u5° angle, Bhear then proceeded along

& new 45° plane, The M75 projectile is therefore unsatis-
footory as & teat brojootile both in the low and also in
the high veloolty range.

The 3/4' to 1 1/8" plates are tested with tho 37 ma,
AP M7Y4 projectile at the two velooities 1500 f/e and
2500 f£/ss It is not bolieved that plates ever fall at the
lower veloolity and at the scme time pass at the higher
velooity, The lower teet veloolty could therefore be
eliminated,

1 1/8" to 3 1/8" thick plate are tested at 1500 t/s.

1. C. Zenor: 'Mechanlem of Armor Penetration, Third
Partial Roport", Report Number WAL 710/492-1,

2, 0. Zener and J. Sullivan' "Prinoiples of ProJjectile
Des} gi Second Partial Report!", Report Number WAL
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It 18 believed that service conditions would he more

closely approximated if & higher striking veloclty were
used, e.g. 2000 /s,

III Reslstance to Shook Failure.

&, Oogurrence of Shook Failure.

Resistance to penetration, at least in the high ve-
looity range, is determined primarily by the resistance of
the plate material to plastioc deformation, The fracture
stress of the material is not important since the prinocipal
stresses in the plate attain large poeitive values during

- penetration only in unusual ciroumstanoces.

When a plate repists the penetratibn of an over=
matohing projectile &t & high obliquity, it dces 80 by
dofleoting the projectile., The various stages in the
deflootion are illustrated schematically in Figure 6.
Within wide limits, tho rosponse of the plate is de-
termined primarily by the initial normal component of
the projeotile's veloclty, V,. Thus when a plate resists
penetration at obliquitlies of 30° or higher, the ballistio
limit, V, depends upon angle of impoot 6 over a wide

range of angles according to the rormula.1
V cosf = conatant.

In othor words, the roaction of the plate ia independent

T, Bruco Ward; "Prinolplee of Armor'Prbteofibg “Beoond
Partial Report!, Memorandum Report WAL 710/A67~l;
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of the initlal tangentisl component of velooity Vg over

a wide range. The plate therefore reacts essentlially cs
if it were struck normally by a projectile with & 90°

yav.

! Supposs a plate is atruock normally by an overmatohing
projectile with a 9o° yew. The plate is then subjected to
a bending moment which tende to wrap the plate around one

side of the projectile. This bending moment induces a

R

teneile stress on the back of the plate along a direotion

£ X

transverse to the projeotile. This tensile stress will

ocauee the back of the plate to yield plastlioally, %o
fraoture, or first to yleld plastiocally and then to
fracture. The nature of the response willl depend upen the
metallurgiocal structure of the stoel, upon its hardness,
and finally upon the care taken in the manufaoture of the
plate,

T T L T TR e ks T o S W TR

In order to understand how the response of the plate

to shoock is affected by various faotors, it is most con-

venient to use the oconcept of flew etross and of fracturoe
stress first introduced by Ludwig. The flow stress is the
streses necessary to make the material flow plastically.

It depends both upon the transverse ocomponents of etress
and upon the previous strain in the material. ‘The fracture

streass la the atress at whioh the material would fraoture

SR s A AR AKEE o K X

if no plastioc deformation were to ocour. The fracture

P

stress appears not to depond upon the transverse componentsa
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of strees, but 1t 1a, like the flow strese, in general

T e e e W e b - hnd . 2w e 2w 5 . P,

e L
§%§ & funotion of the previous strain. The material will ﬁ:d
) flow plastiocally if the flow atress 1p below the fraoture ved
i?% stress; it will fraoture if the reverse is the case. gx;
.3? The metallurglocal astruoture has little effect upon

the flow stross of steels at the eame hardness level. It :

does however have a marked effect upon the fraoture stresa, b

The two extreme cnses of & pearlitic and of & tempered 5\3
" mortensitic stesl are presented as Figure 7. In the -
sﬁi former steel the initial fraoture stress is only slightly ‘fb
’ higher, from 10% to 20%, than the initial flow stress for '}q%
ﬁ% the ocase of uniaxlel tension. In the latter steel the ‘ F!%
ég fracture stress ls essentially independent of strain. In ;ﬁg
A the example given, the pearlitic and the tempered marten- E&i
1;: sitio ateel have ldentical properties as measured in the !5%
'§¥ eonventional tensile test or by the conventional hard- ;*é
jﬂ ness machines. Thoy no longer behave identiocally when o
e & transverse oonstraint is imposed which prevents any s
:h: ohange in dimensions along ono transverse direotion, as ;::
f{ ls the onse vhen an overmatohing projeotile atrikea a Qﬁﬁ
r‘ plate normslly with & 90° yaw, Buch & restraint raises E*#
| the flow stress. According to the Von Migses theory, the Eﬁf
;5§ rise will be 16%. The fracture stress remains esaentially &5;
i: unaltered by this restruint. As may be seen by reference ?3§*
o to Figure 7, thies 16% rise in flow etress, which has only § %
fﬁ & minor effeot upon the strain-to=fracture of the
. .
" ~32- i
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tempered martensitic steel, has, on the other hand, &
drastlc effect upc: the straln=-to~fracture of the pearl=
itlo steel. In the latter steel, the flow stress is
raised above, or nearly to, the fracture stiress at zero
straln, depending upon the precise oconditions, such &s
straln rate and temperature. If the strain rate is sufe
flolently high, or the temperature is suffiolently low,
the transverse restraint will raise the flow stress of
the pearlitic steel above the fracture stress at zero
8train, 8o the steel will fracture brittlely with no
plastic deformation whataoever.

From the above discussion it is olear that armor oan
succesefully withstand qevefe shook ocondltions only if it
ocontaing no poarlité. The effoot of the presence of
intermedlate structures, such as bainite, is complioated
and 1s not well understood. |

For o glven composition, both the flow stress and
the fracture estress curve of & tempored martensitic eteel
rise with an inorease in hardness, The flow stress ocurve
rieees faster thon the froocture stress curve, however, so
the strain to fracture diminiehes with an inorease in
hardness, The harder a.steal plate, the less able 1t 1is
to withetand shook oconditions.,

In addition to the metallurgloal structure and harde
ness level, the ocasting and forging praotice aleo may

affeot the frooture stress, Thus non~metallic inolusions
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Eﬁ ' An a rolled plate always lower the fracture stress along
gﬁ an axis transverse to the prinocipal direction of rolling. 5
The shook resistance of armor, or its ability to _
deform pla*tioally at high rates of strain, may be greatly . g?g
affeoted bihtomporlturo of test, dependent upon its §,§
metallographic struoture, Thus satisfactory ballistic test Eﬁﬁ
behavior a* normal tompqrutures does not provide assurance %}%‘

that the n{mor will resist brittle fallure at low temper- o
atures or under conditions of restraint whioh may be set

NG,
up by incorporstion into & completed vehicle. The Fibre Eii{
Fragture Jest has therefore been developed as an in- ey
spection device to oontrol the charaoteristios of the o E!E
armor whioh affect its ability to deform plastiocally at | :tf
high rates of strain and at low temperatures. This test i'f
is more oritiocal with respeot to thu inherent ability of ‘!E
the material to deform plastioally than are ballistioc ;E’
shook tests, However, there are other aspects of armor, iy
particularly rolled, which affect its ability to resist e
oracking, and the prinoipal one is direotionality whiloh, F&g
of oourse, cannot be ocontrolled effectively by the indirect FE'
test, _:ﬂ

The Fibre Fraoture Test hae a very useful applioation E?i

sinoce 1t 1l'n1mple enough to apply with sufficlent frequency :&E

T, A, Rurilioh: TArmor = poveiopment of & yracture Test toO s

Indioate the Degree of Haordening of Armor Stoels Upon '&k

Quenching", Roport Number WAL 7%0 /532, %“
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to control those characteristics of armor which to a
large extert determine 1ts shock resistance. The direct
ballistic teat !8 needed, however, since 1t so atresses
the armor as to integrate the many variables whloh
affeot ehock resistance, such as hardnees, heat troated

oondlition, steol soundness and dlreotional characteristiocs.

R ZIheory of Test for Shook.

The shook test must be so deslgneéd as to simulate
olosely & bvending of thé plate with tho back of the
plate subjected to tension, It is thereforo neocessary
to apply to the face of the plate an impulsive force
of sufficlient magnitude to produce bending.

The foroe on the face of the plate must not be 8o
localized that lts asscolated energy is diseipated in
pushing aslde the plate material to form partial or
complete holes, as are produced by A.P, projectiles and

.by Munroe explosive Jets. The pressure must be distri-
buted over an area with a diameter equal to at least the
plate thiockness. In order that such & pressure dlstri-
bution be obtalned, 1t l1s desirable that the testing pro=
Jeotlle have a flat ogive. However, the use of a flat
ogive projeotile introduces the possibility of a new
type of plate reaction whi&h must be avoided, namely,
the formation of a punohing. This new problem may be
best visunlized by reference to Figure 8 which illustratos

the stress system in a plate beilng subjected to & shock




v | teat by a flat ogived projeotile. Lt:
ﬁ& Suppose, a8 illustrated in this figure, that & E%?
* uniform preassure p aots inslde a oirole of dlameter 4. Lﬁf
This pressure gives riee to two types of strese systems Eﬁé

in the platq. In the region in the vioclnity of the | EEE

projectile, these stresses are tensile near the bhaok -

surface, oompressive near the face. The problem in the E:fg

P

shook test is to koep the shearing etress below the
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R L
#&4E2;

—~—~ s

shear yiald stress, at the same time ralsing the tensile
strens in the back of the plate above tho tensile yleld
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stress.
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As indioated in Figure &, the shoaring strees may be
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computed in terme of the pressure acoting upon the face.
After the inltlal noceleration of the plate material just
ahead of the projectile, the equilibrium conditions may
be applied to the material lying within the oylindrical
surfaoce of dlameter 4. The equation of equilibrium gives

for the shearing stress B acting aoross this surfoace

B = & . %'. P .

The bending moment, and therefore the tensile stresses

I
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near the back of the plate cannot be computed from equi-

\
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librium oconsiderations ae was the shoaring etreses. As };}
)
long as the response of the plate romeins elastio, tho .
veloolty of the plate Just ahead of the projeotile is sﬁ
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striotly proportional1 to the pressure p, and therefore
remaine constant, with no acceleration, once p has
reached a oconstant value. Equilibrium considerations
may therefore be applied to the material Just shead of
the projectile. On the other hand, the bending moment
produced by the pressure p depsnds upon the diameter D
of the reglon whioh 1s boling bent. 1In faot, the bending
moment is prcportionala to the logarithm of the ratio
(D/a). As the elastlc wave travels radlally outwards,
the dlameter D inoresses, and hence also the bending
moment and the tenslile stressos. The exaot analysis of

the mannoer in whioh the tensile stress depends upon the

‘various parameters is given in a ourrent report.3 For

the purpose of the present discuseion it is necessary to
know only that the bending moment, and hence T, increases
with time as the pressure p ls maintained constant.

From the above desoribed difference in the factors
which determine the magnitudes of the shearing stroess
and of the bending moments, 1t is evident that the latter
will be inorcased relative to the former 1f the
projectlile ls suffliolently soft to mushroom. Buoh a
projectile will exort & nearly constant force for an

apprecliable time, and during thie time the bending moment

1. 0, Zoner: I'The 1i%rih§1o Inelnstiolty ~T_Large'?la'coa“"
. ghyséoa%inevﬁow? ; 669 12;1).
. Bee 8. Timoshenke Plates Bhelle,
(MoGraw-Hill ‘Eﬁgzﬁ fad
3. 0. Zoner: ﬁoohanism of Armor Penetra?ﬁon, Fourth
Partisl Report", Report Number WAL 710

92-2.
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ﬁ ’ will steadlly rise, while the shearing stress remaineg f 3
$4 constang, BSuch projeqtlles are in fact now in use for &%x
0 = “4 ‘

shoock tests,

The physiocal ploture of shook testing is now suf-
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flolently oomplete so that a formula may be constructed
whioh relates all the parameters of a shock test. The

Fhy
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fundamental principle of such & formula is that the test
projeotile should be Ifired Jjust under the veloolity whioh
will give rise to & punching. The formula will therefore
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squate the foroe with whioh the projeoctile acts upon the
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-2,

T
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plate to tho force necessary to push out a punching. In

the derivation of the formuls reference will be made to

-4 , Pigure 8, If the projeotile were pushed elowly against F;‘
E§§ the plate the maximum prossure it oould exert would be ;@&
é! ' nearly equal to the tensile strength of the projectile !!E
hﬁ material. On tho other hand, if the projectile stesl éﬁ%
gg had zero resistance to plastic deformation, the pressure ?E%
!! exerted by a moving projectile would be/o‘VE, where/o is vfi
%3 the density of the steel, and V is the inoldent veloolity.

The pressure exerted by en actual projeotile in & test

[3 0 Jul

7 |
N will be approximately the sum of the two terms, \.
E¥7 (T'B')proj. *+p V. Upon referring to Figure &, and upon ﬁ&
o utilizing the approximate relation ;{:T;
\513 Ehear strength  (1/2) tensile strength, ‘
:
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we obtain the formula

p V2 P (TOS. )prOJ. -/G (ToSi)plate (O/d) (’)

wherg,a 18 a numerical oconetant. When cognizance 1s kﬁ
taken of the faot that the mushrooming of the projectlile
will ocause only about one half of the projeoctile's foroe
to be exerted within a oircle of radius 4, it is to be
expeoted that the oonntdnﬁ/; will have a value of ap-
proximately b

8. SOriticue of Present Specifioation.
The shook teste for plates under 7/16" thiokness ie

by means of an H.E, shell. In view of the extreme sensi- Li?
tivity of the effeot of such shocks upon the time of
initiation of explosion, such tests are unsatisfactory. -
For plates in the thiokness range 1/8" - 7/32%, cal., .50 ﬁi%
sluge should be developed; for plates in the thickness 3
range 1/4" « 7/16", 20 mm. slugs should be developed to
apply over the total thicknese range 1/8" to 7/16". .
The shock test for plates thioker than 7/16" is of E;

& satisfactory typo, namely with slugs designed for shook
teeting, A comparison is qivon in Figures 9 and 10 of the
shook specifications now in use wlth the theoretiocal
equation (1). In the first figure the ordinate is

e
PV -+ (T'B')proj. R
veloolty, and the absciesa is the plate thioknesa. Oorre- t};

, where V is the speoification striking

. sponding to & slug maximum herdness of 140 BHN the tonsile




o strength of the projectile material has been taken as fé%f
Eé 70,000 pei. The value or/O'V2 as a funotion of velooity %S#E
l may he read from a graph in a current report.l Corre~ | . :3;
% sponding to the linear relation given in Equation (1) ;ﬁ#
MZ be'twun/o v & (T‘s')pro.j. and plate thickness, the points ‘l'.

on the logarlithmio paper of Figure 9 should lie upon Rl
Q straight lines having a slope of unity (45°), This they §§§?
}E are seen to do. In Figure 10 the quantitylﬂava + (T's')proj. ,Hﬁ$?
g 1s plotted agoinst e/d. If the plates of all thickness e
¥ groups had the same hardness level, all the points showld | &3%

lie upon the same straight line. Actually, the larger :
the test projectile, the lower the adssooiated straight %ﬂ:
line, In order to cheok whéther thls lowering could be

attributed to the deorease in plate hardness with inoreausing
plate thicknesa, the numerical oonstant § of Equation (1) &m
v

A

AR 2 A T
- -

3

% wes 80 ohosen as to fit the line assooiatéd with the 37 mm, >
0 o | T
B¢ slug with the tensile strength of the plate at 180,000 psi, AR
5 corresponding to a BHN of 340, This value was 3.8, in E o
£ ogreement with the theoretiocnl dlscussion of the previous E§§
N AR
o section. Having fixed p from the 37 mm, Aata, that tensile )
H strength of the two other groups of plates was found whioch S
o RN
s best brought the data into agreement with Equasion (1), ‘3&
o These tensile strengths were 145,000 psi and 139,000 pei, e
b

g | B
& T 0. Zener and N, T, Peterson; T'Nechanism of Armor Pene- I,
N tration, Seoon Partial Report" Figure 6, Repors Y
0 Number WAL 710/432. s
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corresponding to 290 BHN and 278 BHN, respectively. "
These hardness levele are consistent with those of plates

in the associated thiokness range, Equation (1) may

5@, therefore be used with confidence to establish the approprie iﬁ?
N wor
1] ate veloolty for shook testing of plate .of & given hard- X
" nese and thiokness with eluge having a given caliber and
_Eﬁ maximum hardness,
f;f At the present time, the glug type of shook test has
" not been developed to apply to armor thicknesses greater
fﬁl then 2 1/2", because large caliber projectiles (155 inm, ) 5
;E} would be réquired for 3" and greater thioknesves of plate, ;,j
2
;} However, it ‘must be realized that such heavier armor . 3.5
ﬁﬁ ‘ . thicknesses are not likely to Le severoly shooked under E;ﬁ
& oombat conditions, and it is probable that the present N
I types of obliquity tests with matohing and overmatohing e
) . Vi
;& projectiles constitute an adequate control of shook re- it
L@? sietant characteristiocs. e
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0 T
iy
5 , v
b 2
e :ﬁé
o !
: } :l'"}a,‘

LI D T

o
\'..
=)

9
.
P\
o
T
VLo
hAN

.




.. Y

lst shear, i Second shear
along & . llsns a single
oconioal i 45° plane
surface g ~

FIGURE

Example of shatter of 20 mm, AP MN75 projeotile

: (2500 £/s striking velooity, zero.obliquity, 1/2"
333/350 BHN plate) SR '
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FIGURE 6

ILLUSTRATION OF APPROXIMATE MANNER g
IN WHICH UNDERMATCHING PLATE RESISTS R
PENETRATION AT HIGH OBLIQUITIES : i

Vﬂ Q. THE INITIAL REACTION ‘
FORCE EXERTS A COUPLE SRR

—— ———=— WHICH TURNS THE PRO- Lo
JECTILE 8O A8 TO LIE T

=== ST T PARALLEL TO PLATE. N

Tt

V'. > b. THE PROJECTILE PRESSES
———— I - — =~  SIDEWISE AGAINST THE PLATE,

C ALL THE ENERGY ASSO-
o] M 2___  caTED WITH THE VELOGITY

COMPONENT NORMAL TO THE
-~ == PLATE |3 ABSORBED AS .

PLASTIC DEFORMATION.
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FIGURE 7 ,L_r

INTERPRETATION OF DIFFERENCE BETWEEN R
e | BEMAVIOR OF TEMPERED MARTENSITIC AND b
B PEARLITIC STEELS UNDER SHOCK CONDITIONS. e
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FIGURE B8

STRESS SYSTEM IN PLATE SUBJECTED
TO IMPACT BY A FLAT NOSED PROJECTILE

—————-———_—
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EQUATION OF EQUILIBRIUM
ver dt p= mdes

SHEAR B8TRESS
S= 14, 0/d P
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FIGURE 10
EFFECT OF PLATE: HARDNESS
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