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PRINCIPLES OF ARMOR PROTECTION

2

Third Partial Report

OBJECT

/W/d 23

To determine the relative resistance to penctration,
with respect to artillery type proJectiles of rolled
homogeneous armor and of Dural armor (2L ST).

SUMMARY

In order to facilitate the comparison of different
types of armor, a review is gilven of formulae for balllistic
limits, and of the nethods for determining the appropriate
constants. |

Data afe presented for the resistance to penetration
of Dural (24 ST), taken from a 3/4" plate, by artillery
type projectiles. Comparison of these data i1s made with
those prevlously obtained for the resistance to pene-
tration of 321 BHN steel armor by the same type of pro-
Jectiles, It is found that the stecl armor of 321 BHN
must have a 28% greater weight than Dural armor in order
to glve the same¢ protectlion under the usual conditions
of combat., These conditions are: (1) an obliquity of
attack not less then 300, (2) a striking veloclty not
greater than 2700 f£/s. At striking velocitles above this

range, steel has the advantage over Dural in that 1t may

shatter the projectiles, while Dural cannot. SSIF'ED
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Since precvious results indicate that, for obliquities
of attack over 30°, 321 BHN 1lies in the optimum hardness
range for homogeneous armor, it ie concluded that Dural
plate will give more protection than homogeneouse steel
armor per unit weight of plate, with respect o artillery
type projectiles under the usual combat conditions, pro-
viding the Dural maintains the same quality as manifested
in the 3/4" plate. Since face hardened armor over 3"
with suitable shock resistance 1s inferlor in penetration
reslstance to homogeneous armor, it is further concluded
that all steel armor over 3" is inferior in rcsistance to
penetration, under the usual combat conditions, to Dural
armor of the same weight, again providing the Dural could
be made in the heavier gages with the same quallty now

obtainable in 3/U" gage.

C. Zener

Senlor Physlcist

APPROVED:

H. H. ZORNIG
Colonel, Ordnance Dept.,
Director of Laboratory
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INTRODUGTION

Dural (24 ST) has been found,l over wide conditions
of attack, to afford better resistance to penetration by
cal. .30 and cal. .50 projectiles than rolled homogeneous
armor of the same welght per unit area. It is to be
expected that the Dural will offer a still greater superi-
ority over homogeneous steel armor with respect to ar-
tillery type projectiles of 57 mm. and over, for such pro-
Jjectiles are not fractured, as are the cal. ,30 and
cal, .50 projectiles, by the homogeneous steecl armor under
the usual conditions of attack.

The technique of producing Dural plates of such thick-
ness as would give protection against artillery type pro-
Jectiles of 57 mm, and larger has not yet been developed,
and go a direct comparison of Dural and steel plates for
resistance to penetration by such projectlles cannot be
made ag pfesent. It is therefore urgent that such infor-
mation be obtained by some indirect method in order to
determine whether the process of producing thick Dural
plate should be developed. An indirect method has been
adopted in the prosent report by using cal. .30 model ar-

2
tillery type projectiles, described in a current report.

1. J. Sullivan: VAircraft Armor — An Bumpirioal Approach
to the Efficient Design of Armor for Alrcroft",

~ Report No. WAL 710/50%.

2. D. Van Winkle: "Prinoiplcs of Projectile Design, Third
Partial Report", Report No. WAL 762/231-3.

‘ t

oy

3 \' -

.\, -:;-

oy

‘e

A

»

R

L!"_Ls.:. A S ALl B - - - - - - - - - - - - -
AR A R Sadr ot e A0 Brd sl il Soih Sk - el T B Tta e Wi ien Tadt ek “T""‘“""Y‘{"’"‘"{ y

'\‘:\\‘.\“‘R-ﬂ“$\'.!‘: \“'-"'-. \‘.'.'.‘\“"“'.' -:‘.\“.I “\l.\l-;.l‘g‘f‘i:" ‘-‘:‘1“‘* ..\‘.\- " n"\\' oY '\{\ "
‘-"‘u-"‘.\.n"‘\\‘:' A S O O R P AN \\ oreet et et AU Ak ‘\ “u

)
s g

"
a s
fy'i
’ ¢
Pr TR

. -
A
T YT TP

PE D LA
A

F
.

ﬁ:ji

[
A-E t Lkt A

'7

Ty

FEL LS
- oo e
A

PRl
s O
3| ay .,
A ']
. ¥

e
x
LY
»

. ‘s
,!n,‘&a.

Pt

R T

Sy



£k Ay R L S ST EL A DAL AT LA

L

3
T
o

RESULTS AND DISCUSSION

1 Ballistic Formulae for Homogeneous Steel Armor. | _ | 4?;

In comparing the resistance to penetration of various |
types of armor, the usual procedure is first to fit the
experimental data of each type of plate with a formula're-
lgting the ballistic limit to plate thickness and obliquity
of attack. These formulae, known as ballistic formulae,
are then used to congtruct tables or curves . which the
performances of the vérious types of plate are compared.
These formulae are therefore used primarily for interpo-
lation purposes.

If a formula is used only as a means for liuterpo-
lation, 1% is immaterial what form it assumes, Many differ-
cr ent types of functions may in fact represent data over a
k limited range equally well. It is often desirable, however,
80 to choose the type of formula that the varlous constants

have a physical interpretation., Such formulae have two

advantages. (1) They give: pn insight into the mechanios of

the penetration. (2) They may be extrapolated with more %gf
NS, :
confidence than formulae with no physical interpretation. ,gsgi
A successful interpolation formula which gives the de- pr
pendence of the balllistic limit ¥ unon plate thickness ¢ is gﬁ»
KN
of the form, ?ﬁ?
v-vie/a)® s 8 = constant. (1) ‘.‘
%
s.» B
where & 1s the plate thickness., The quantity a, which will o
A

be called the "e/d exponent", is apparently very nearly -
p R
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ﬁ% . independent of the obliquity angle 6. It may however

Sﬁ depend upon the shape of the projectile's ogive. The

" ‘ value of the e/d exponent found by the British to

5% represent best their dqtal on the 2 pr. A.P. projectile
3;; is 0.715. The value 0.63 best represents the ballistic
g; ' performance of homogeneous plates with respect to pro-

; Jectlles similar to the German 75 mm. A.P.C. Projectile
".a “ :(~c>>3-e;_c‘€:liber radus of curveture ag-l\i;i:og:ive).e

L A formula of the type (1) has the great advantage
ij that the parameter ¢ can be simply obtained through a
plot of the data on logarithmic paper. It has the dis-
ﬂ: advantage that a value of « othér than 1/2 has been

§§ given no simple interpretation, and therefore 1t cannot
;E 2 be expected to remain valid except over a limited range
i of the ratio e/d, A formula of the type

» 1/2

~ V~/(e/d) , 6 = constent (2)
;i has been commonly used in this country. It has the ad~-
fg vantage that it may be readily interpreted, namely it

E& gives the kinetlc encrgy as proportional to the plate thick-
sg ' ness. It has however the disadvantoge that its so-called
fi constant of proportlonality, the "F" coefficicent, ls not
i; & constant, but increases to an asyﬁptotic value as e/d
iﬁ 1. Proceedings of Ordnance Board, No. eF,00G.

¢ 2. B. C, Ward: "Prinoiples of Armor Protection, Second
i : Partiol Report", Roport No, WAL 710/607-1.
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increases. Such a formula cannot therefore perforn
the primary function for which a ballistic fbrmula is
designed.

| A slight modification of Equation (2) has however
been found to represent the ballistic data exceedingly
well.l This modification is

1/2

VA (e/d - 4) , 6 = constant (3)

where_A is a small numerical constant. The constant of

proportionality has teen found to be truly constant,

within experimental error, over the entire range investi- ' gé
gated. This eguation has a physical interpretation which fi
is equally as simple as is that of Equation (2). Upon QQ
&
s

squaring both sides one sees that Va,.and therefore the

M

kinetic energy required for complete penetration, is
proportional to e - Ad., It 1s well recognized that the
plate material near both sides of the plate is easier
to push aslde than the plate material in the interior.
The quantity A, which will be called the e/d defect, is

one way of taking account of this boundary effect. Ac-

cording to Equation (3), the ecnergy necessary for completc 1
e
perforation is proportional to the width of the interior oA
of the plate after removal of a layer of width &d, dis- .
tributed between the face and the back of the plate. -
w MY \'
1. T"Penetration recnanisms I, The Penetratiog of Homo- :ﬂ
genecous Armor by Uncappsd Projectiles at 0° Obliquity", o)
= U. S. Naval Proving Ground Report No. l-i3, S
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Over a limited range of e/d, Equations (1) and (3)

migh% both reproduce the ballistic data equally well,

This equivalence 1is illustrated in Figure 1 where the

e/d exponent o has been so chosen that Equations (1) and

(3) are tangent at e/d = 1. The precise relation between
the e/d exponent and the e/d defect such that Equations 1y’
and (3) are tangent at a particular e/d may readily be |

seen to be given by the following relation:
1=~ A(dfe) = 1/(2a) . (%)

This relationship is plotted in Figure 2. Equations (1)
and (3) each have certain advantages. The first equation
is the most convenient to use, it is a straight line on
logarithmic paper. On the other hand, the second equation,
whioh:has greater physical content, may be expected to be
valid over a wider range of e/d.

No simple formula represents accurately the variation
of the balllstic limit with obliquity angle 6 over the

entire oblliquity range. The formulé

- 4
LR S4 T
o S o 20 NG W R R Il Ry

oL
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V~s1/cos & , e/d = constant  (5)

e =
o

4
o o .

: is widely used both in England (Milne Formule) and in this iy
. ek
», ? -
A country (Thompson Formula). It reproduces, within experi~- i
\ “»
ORI ’ " \J
. mental error,l the observations on the ballistic limits of "
N
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bl 1. B, C. Ward: Jloc, Cit. e
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homogeneous armor with respect to artillery fype Pro=
Jectiles for obliquity angles over 300, providing e/d is
in the neighborhood of unity. On the other hand, in the
range 0° - 300, the formula
1/2

V~l/cos 8 , e/d = constant (6)

appearéito be the more appropriatel for cegtain projectiles, .
Equation (5) may be interpreted by the statement

that the success of the projectile in penetrating the plate
depends only upon the c¢omponent of its velocity normal to
the plate, V cos 6, and is independent of the component of
its velocity parallel to the plate, namely, V sin 6. Vhy
this should be so 1is not entirely clear. 4 very rough
interpretation may be given as follows. At angles over
30°, where Equation (5) is valid, the projectile cffectively
flattens against the face of the plate, as 1s illustrated
in Figure 3. The projectilec then either pushes out a punch,
and passes through the holec thereby made, or scoops off
the face of the plates The declding factor as to which
event occurs 1ls the distance the projectile has been pushed
sldewlse into the plate, which in turn depends solely -upon
the initial kinetic encrgy of the projectile assoclated with
the nornal component of veloclty.

Equation (6) may be roughly interpreted as follows.
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I, For reforenccs, Bee U. Zener and R. L. Peterson: "erinoi-
ples of Projuc tile Design for Penctration, First Partial
Report", Report Number WAL 762/231, pp. 18-19.
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The energy required for penetration depénds primarily

upon the length of the projectile's path through the plate,

As the projectile enters a plate its obliquity is at first
increased by the transverse forces acting upon ite ogive.
As the ogive approaches the back of the plate, th. trans-
verse force acting upon the ogive is in the reverse di-
rection, and therefore tends to decrease the obliquity.
Where ¢/d is less than, or in the neighborhood of, unity,
and when the inltial obliquity 1s less than 300, the two
effects at the face and at the back of the plate tend to

cancel. The path of the projectile through the plate 1is

therefore essentially rectilinear, and therefore the length

of this path, and hence also Ve, is proportional to l/bose.'

Only when the obliquity is over 300 does the inltial torque
goln complete control, effectively flattening the pro-
Jectile against the face of the plate. |

Upon combining Equation (1) with Equation (5) one
obtains

V=V (e/a)* Jcos o, 8)30° (7)

and upon combining Equation (3) with Equation (5) one
obtains

1/2 )
V=V, (e/d - &)  Jecos 8, 8)30 (8)

From the above discussion of the physical interpretation of
Equation (3), 1t would seom that the parameters o and A
would be independent of the obliquity angle 6. This
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independence has been observed.l The constant V, may be

- interpreted as the ballistic limit matching plate would

42; ) have at zero obliquity if Equation (7) continued to be s
ié g valid below 30° obliquity. It is obtalned by plotting ;;i
'Sf A V ve. cos 6 on logarithmic paper, and extrapolating the _,i??
5:i straight line portion to cos 6 = 1, as is illustrated in uf?%
;ig Figure 4. In the case illustrated, V, is 1760 f/s, while "3@%
%? the ballistic limit for matching plate at zero obliquity ; ﬁ
?ﬁ- | ~is 1975. Similarly, the quantity YA may be interpreted -‘?ﬂj
3& B as the ballistic limit a plate of thickness d + A4*'d would -,gg%
;Eg 7 ‘have at zero obliquity if Equation (8) were valid at this .Egé
?i; : obliquity. Upon comparing Equations (7) and (&), one ?ﬁf
:;I sees that Vj may be obtalned from Va by the relatlion »
5 1/2

: Vo=V /1 =0) . (9)

:? ) Thus in the case illustrated in Figure 4, the e/d exponent

jﬁ 1s 0,63 taken from data in the neighborhood of e/d w1l and

{j therefore, from Figure 2, & = 0,20, and thus from Equation 9,

j%: v, = 1970,

?Eq The values given above for V, and for V, refer only

?;; to homogeneous plate of 321 BHN, and strictly only with

respect to the cals +30 model artillery type projectiles.
2

From previous studies™ with these projectliles, an estimate

ca'e’e
i‘r '.'."'C_l

. 1., B. C. Ward: 1loc, cit. (Figure 2).
. 2, C. Zener: '"Principles of Armor Protection, First
o Partial Report", Report Number WAL 710/6J7.
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 may be made as to the manner in which V, varies with |
plate hardness. This estimate is given in Figure 5. -3
- It is to be observed that this estimate has a plateau X
- which contains the Lardness ievel 321 BHN,

Most balilstic formulae‘uscd in the past have at-

tempted to take partial account of the type of projectile

in some manner. The energy of the projectile, (1/2)M V2,
is equated to some funotion of e, 8 and d. The physical
- reasoning baék of this procedure is that a certain amount
. of ‘energy 1s needed for the formation ¢f a hole 6f given
éalibor in a plate, and that 1t is immaterial whether
this energy is concentrated in a long or in a short pro-
jectile. This reasoning has been carefully vindicated by
the Britlsh® in firings in the range 0° = 30°, but is not
applicable to the high obliquity impacts 1lliustrated in -~ - ;.E;
Figure 3. The longer the proJecﬁile thé greater is the
distortion which the plate must undergo before the pro-
Jectile penstrates, This increase in energy of diatortion
- tends to weaken the variation of the ballistic limit,

at high obliquity, with the projectile length, and hence
with projectile maas, No attempt will thergrorc be mads
to genaralize the formulae of Equations (7) and (8) by
inclusion of the projectile mass.

The above mentioned relatlve independence of balllstic

T, Proceedings of the British Ordnance Board, No, 2F,009.
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1imit at high obliquities upon projectile length/caliber
ratio suggests that the ballistic limits of plates at

high obliquities should be nsarly thg same for all types :
of non~deforming non~fracturing projectiles. Figure 6 %
1s presented in support of this viewpolint. %
1T Ballistic Formulae for Dural (24 ST). ;
No information 1is 'in the literature as to the re- z;
sigtance to penetration of Dural with respect to artillery ;
type projedtiles. A study has therefore been made with ?
cal. .30 model artillery type projectiles. Two plate g
thicknesses were used, 0.75" and 0,56". The latter plates g
were ground down from 0.75""p1ates. The results are pre-~ g
gsentad in Table I and are ﬁlotted ve, cos 6 upon loga- %
r. uam. ¢ paper, in Figure 7. #
Since the observed ballistic limits for each plate E
thickness lie upon & straight line of alope -1, the é
ballistic limits obey the relation ;
=]

Vas1/cos 8 (10) ¢

from zero obliquity to the highest obliqulty used, 550. 25
This equation is identical with Equation (5) which isg %
obeyed by steel armor for obliquitics over 300. The ﬁ
author is not aware of any satisfactory physical interpre- gw
tation why the ballistic limit for Dural should follow ?g
Equetion (10). The arguments advanced in the cese of steel ii
armcr are not hsre applicable, since the projectllc. do nct §1
-
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53§ : flatten against Dural plates as is deplcted in Figure 3} jﬁ
fiﬁ - for the case of steel armor. iﬁ
:\'I "~q:
'ﬁﬁi . The analysis of the straight lines of Figure 7 is L
'QS given in Figure €. It is seen that these lines, and :ﬁ
éﬁ therefore the ballistic data, are given by the formula fﬁ
0.63 i
) V = 2060 (e'/a) cos 8 . (11) -
N : o
N .:.4.
X5 The ballistic data may also be represented by a o
~ RN
,;* formula of the type of Equation (8). The two ballistic N
R -
P formulae are made tangent in the middle of the e'/d range, sg
R ' o
R namely at 0.78, by taking the ¢!/& defect as 0.17, as may o
oy
A be seen from Figure 2. The constant VA is then found from ;5
SN Equation (9) to be 2260. Therefore o
N N
o i/e .
N = 2260 (e'/d - 0,17) . (12) o
g The e/d defect, in contrast to the e'/d defect, is equal P
» ~ to 2.8 x 0,17 = 0,48, This 1s 2,4 times as large as for ﬁﬁ
. ‘.‘_«,"', :P’- ‘
;j? the steel armor previously investigated with the same ;{
E-1- projectiles. The interpretation of thls relatively large N
k% ‘ )
o value of A may be in the bad spalling character of the R
Ay A
f}’ Dural plate, in contrast to the non-spalling character (1
. -
2 of the steel armor used. Such spalling would necessarily R
ﬁ{ increase the thickness of the back 1ayér which effectively fﬁf
. | 3
‘i“ contributes nothing towards resistance to penetration. o
Y. -
;ij III Comparison of Steel tnd of Dural. Ez
féﬁ The ballistic performance of steel and of Dural may ﬁg
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}}3 best be compared through their respective ballistic
SO formulae of the type in Equation (7). These are

g

L ' N O. 63
' V = 1760 {e/d) //cos e,

T 0 (13)
R Steel (321 BHN), 6 )30

'::::-\.::' and
i “ > N ) O. 63

V = 2060 (e'd) / cos 8

1Dura1 (24 8T), all obliquities (%)

These equations are identical, save for the numerical
rmultiplicative constants. The ratio efe! of the thickness
of steel armor to thickness of Dural armor which will have
the sams ballistic limit at the same obliquity (8 )30) is
the same for all ballistic limits. It is given by

(e/e.)0.63 _ 2060

17606

the solutisn of which is

- A0
efe' = 1.28, (8)307) . (13)
ﬁ§;3 Thercfore steel armor of 321 BHN must have a 28% greater
\ifﬁ welght than Dural armor to give the same ballistic limit
'..:'\..". (e /\30)'
g The precise values of the constants in the ballistic
.
ENE formulae for steel (321 BHN) and for Dural (24 ST) will
fi"’ depend somewhat upon the particular tyne of projectile.
RN
7 It is to be expected that the ratio of Equation (13) will
k&i: however be relatively indipendent of prolectile type.
-17-
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ff, The ratio 1,28 of Equation (13) refers specifically _j
éﬁ only to steel of 321 BHN, As has already been pointed g
f;f‘ ' out,1 homogeneous steel armor of no other hardness offers 53
_53 - a higher resistance to penetration, with respect to ar- ?;
w tillery type projectiles, for 6 ) 30. Further, face hardened ,*
o armor with thicknesses of 3" and over offers less re- ;i
f{- slstance to penetration than homogeneous steel armor.e ;ﬂ
§3 Therefore Equation (13), compares the best obtainable steel ‘ﬁ
s armor, of 3" and over, with Dural of the quality now ob- ;ﬁ
;3 tainable in 3/4" thickness.

_éﬁ The comparison of Equation (13) refers specifically

L only to obliquities of 30° and over. At lower obliquities

iﬁi Dural armor will not have as much superiority over steel

ig as glven by this equation. In most cases, however, armor

S . 1s so disposed that impacts at obliquities under 30O are

b very rare. '

£§: ‘ Dural has an advantage over steel quite apart from

N that given by a comparison of their respective ballistic

E}E formulae. From these formulae it is evident the larger the 3&
&és obliquity, the smaller is the weight of plate needed to give é&é
&E“ - the same protection to a given area. In other words, to fg
E;} obtain the maximum protection by a given welght of armor, &;
Eﬁ? a very large obliquity angle must be used. However, when sﬁ
{;; this angle is made sufficicntly large the corregponding Eﬂ
2

giﬁ : 1. C, Zener: Loc, cif.

Fﬁﬁ s 2. Aberdeen Proving Ground Armor Test Report AD=652,

E | ~1&- |

o
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plate thickness 1s &0 small that non-penetrating impacts
permanently injure the plate by indentation. The greater
rigidity of Dural for a given weight per unit area, which
increased rigidity is assoclated with its smaller density,
will allow Durel to be used at larger obliquity angles

without indentation than is possible in the case of steel.
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FIGURE 5

INFLUENCE OF PLATE HARDNESS

UPON BALLISTIGC FORMULA

(DATA OBTAINED FROM CAL. 30

MODEL ARTILLERY TYPE PROJECTILE)
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BALLISTIC DATA FOR DURAL WITH
RESPECT TO CAL. .30 MODEL
ARTILLERY TYPE PROJECTILES.
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DETEMINATION OF CONSTANTS IN BALLISTIC
EQUATION FOR DURAL
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