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"ROLLED ARMOR

Bnlllstic Properties of Rolled Face Hardensd Armor and
Rolled Homogeneous Arior of Vnrious Hardnesses

At Kormel Incidence nnd at Various Obliquities
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1. To determine tha relntionship bYetween the bollistic linmit
of o plate bosed upon the Aroy criterion and its limit besed upon the
liavy criterion.

2. To deteruine the effect of varioss hardnesses on resistance
to penetration.

3. 7o deternine the relative resistance to penetration of
rolled face hardened end rolled hnmoc;neous araor.

4, To deternine the affact of verious hardnesses on resistance
to spalling.

5. To determine the mexinw: hardness ioparting optirum simul-
taneout realstance to spalling and penetrrtion for armor plate of
various talckrness~s und mt various degrees of odliquity.

6. To determine the relative rasistance to spallins of rolled
{ace rardened nnd homogereous armor.:

7. To deteruine the effect of obligquity on resistance to

penetration, e

g, To deternine 'he nffect 0£ obltquity on resistance to spalli“ .
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9. To deteraine whether thare is an odliquity At which armor
could be tested to deterzine what its behavicr would Be yrder attack -4
from any quadrant,

10. To observs the effects of {nduced projectile yow,

ITITRACES '
4.5 470.5/3915
V.A. 470,5/u874
The basiz correspondence pertaining to triag intesrization is in-

cluded in Appendix C.

CONCLUSIONS

1. 4gainst caliber .50 AP M2 projectiles, the r.tio detween the
ballistic limits of plates based on Navy criterion and those dased on
the army criterion (N/A) dgcronsas with an increase in obliquity or in
plate thickness. (Table I, Chart 7,)

2. Under fire of caliber .50 AP N2 projectiles, vhile the ratlo
of plate thicknass to projectile diameter (eo/d) is zreater than 83,
resistance to penetration increases with inarsasing plats hardzees
until spalling sffects a decrease in effective plate thickness,
(Table II, Charts A to R.)

3. Under tspact of calider ,50 AP M2 projectiles, at normal
incidence or at low odliquity, the resistance 23 penetratien {Army or
Navy criterion) ef face hardened armor is luyéwior to that of homo-
genecus armor, At 20° and highor obdliquity the resistance to pene-
tration (Navy criterion), and at 30° and hisher obliquity the re-
sistance to penetration (Army criterion) of h-rd‘rolled homogensous

arsor s substantially equal to that of face hardened armor. (Charts i j\}é
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A to B.) This equality of resistance to 'pv:ri;'t’rl:tion coupled with the
superior ductility inherent in homogansous armor plate and viewad in
the light of the time advantage i: production of this type armer dic-
tates the use of hard );.Bv;égeneoﬁ;é armor in thoee areas where attack !s
likaly to Be from oblizuitiue wuc oitn fire of the above order.

4, There is a critical ranca of hardnes: (BEK 360 te BHEN L0O)
for plates in the thiockness range 3}/8" to 1" above wkich resistance
to spalling drecks down under impact with caliber .50 AP M2 projectiles,
Vithin this dlanket rangs, & specific range, in inverse correlation
wvith thickness, exists for each pint# thicness, (Table II.)

5. lInassuch as resistance to penetrntion increases with plate
hardness, tho critical hardness range cited adove will defline the
zaxioum hardnees which will impart optimum simultancous resistexcs
to spalling and penstratien.

6. The degree of spalling i: face harden-d armor is greater than
in homoganecus armor of an hardnes« affording comparadles reststance to
penetration under odlique lnmpact. Spalling tendency, in general, is
consideradly granter in fage hardened armor than in homogensous armor,

7. Mounting armor in an installation nt an obliquity to the
raticipated dirsction of attack will result in a substantial increase
in resistance efficiency on *he one hand, or a mbgta_ntinl reduction {n
wveight without p;l-ohouon loss, on the other handx

8. Plate mounted at U5® odliquity offers resistance to pene-
tration equal to that of a plute 1.9 times as heavry at rormal incidence.

B. Plate mounted at LO® odliquity offers resistance to pene-

tration equal to that of a plate 1.5 times as heavy at normal incidence.

8. Plate mounted at j0° obliquity offers resistance to pene-
tration equal to that of a plate 1.3 timec as heavy At norsal incidence.




4.

trution equal to that of a plate 1.25 times as heavy nt normal {ncidence.

Q.
-

reeistance to penetration thrn tha sume plata p2 rnormal incidenes, dut

bYacnuse of projectile yaw, in sume instrnces it mry offer lesa ra-

sistance.
8.

odliquity.
9.

%t every obliguity, bt high owit iy ‘eeta $r-d to reveal inherent

spalling characteristics.
10,

the projactile in flight so that it {mprcts the plot- w'th & yaw of
approximately C0° offsrs res.stance to penatration equal te thrt of

plate twice as haavy ns the combined weight of the nrmor anid Dural

screens,

Approved:

¥, H, ZCRNIG
Colonel, Ord. Dept.
Director of Laboratory

= M

Plate mounted at 20° obliquity offers resistance te pens-

Plate mounted at 10° odliquity offers somowhat greater

Spnlling tendeicinn te.d Lo Ue Treveelod with incr*aslne

o one obliquir w'il eeve a8 & critzrion yor rrmor behavier

Light plate screened by Jural she:t 'n wclh & me..~r ns to tip

Mol

J. ullivin
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1¥TRODUCTION
For some tims it has bdeean wondered wvhether the superior resistance
to penetration of face-hardened armor over rolled homogensous armer
apparent in tasts conducted with the plate norsal to the line of fire

warranted the additional expenditure of man~hours incidental to itas

_produetion,

Inassuch as Bost dallistic testing to determine the rasistance to
penetration of armor plate is conducted in this manner, evea though
a major portion of armor plate is installed at obliquities to the line
of oxpectad fira, it has further MYeen wondared wvhether tlx!; superiority
of face-hardened armor at normal incidence would Ve nintah?d when
the line of fire was vnried avay fros the perpendicular, or whether {t
would diminish or increase dy such alteration., It was felt that the
advantage of the face-hardened plate would be diminished as the
obliquity of attack was increased, but inmufficient data vere avail-
adle to oconfirm the contention,

Speculation as to the relative merits of the Arzy and Navy criteria
of 1izmit resistance to penetration has lcng been rampant and information
concerning the relationahiip detween dallistic limits bdased on each
criterion was thought to be of wvalue.

Vhersas armor plate is installed in positions dased on designe
contemplating attack from a particular angle snd with a particular
calider of projectils, it was censidered wvorthvhile to investigate the
offect cf at%2~% cn such plats with projectiles of unexpected calider,

There has deen some question of the custos of testing armer for

reeistance to penstration at normal incidence vhen in service it may

-




be irstalled at obligquity. The "hapoy solution® would smem to de to
test plate at the odliquity at which it weuld 2 ugsed li service,
However, plates c¢{ the same lot renreiented at fhé proving grounds
by a single test plats may De installed in various pceiticns and at
various odliquities. Thus was the "ha-py solution® rou:cd snd the
following guery posed:

Is thers an odliquity which might induce .n a plate dullistie
performance of a nnture suitadble to serve as e criterion of the
performance of ithat plate at any o: iquity?

It was further Ymown that a d.vided arme~ constructiorn corsist-
ing of an arvor plate screened by Tural shea: so as to tip the pro-
Jectile in its flight and cauée 1¢ to impact the arme~ 2% high yaw
induced i1 the Armoer a grea: increase over its inhersrl “eglstnnce
to penetration,

Previous observation hnd deen made that when tre relantionship
detween plats thickress and prejectile dinmeter {e/d) was zresater
than 1.0 raniszénca to perietr-tion increased wilth (rnesepsins plate
harcness. On the other hard 1t had daen odservad that when the pro-
Jectile diameter was greatly in excess of the plate shickness, re-
sistance to peretration decreased with increasing plats hardnese,
Theres naturally was aroused some curiosity cdncerning the value of
e/d at which this inversion aroase.

In view of these and other considerations a prograsz of coopera.
tion with the Cismegie-Illinois Stewl Corporation was agrecrd to with

the following ends in mind:

1. To determine ‘he relotionship detween the dallistic limit of

A plats based upun the Army criteriom and its limit dased upon the
«lOw
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davy criterion.

2. To detsrmine the effact of vnrivus hardneesss on resistance
te penatration.

’. To deteruine tha relative resistance to penetration of
rolled face-hnrdsened und rol.ed homosenecus armor.

4, To determine tne effect of varicus hardnesses {n Romozenseus
arzor on raeistance to spalling.

5. To determine th: maximum hardn<ss imparting ootimas eirul-
tanaeus reeistance to penstiation nnd to svalling for armcr plate
of varicus thicknessan and at varinus stagas of obligquities,

9. To latarmina the relative rasistance to spalline 0" rolled
face~-hariened and rclled homosanecus armor.

7. To detsr-ine tne aZfect of obliquity upsn resistagce to
penetration,

8. To determine the effect of odliquity apon resistance to spalling.

9. 7o datsrmine whether any obliquity cxists at which armor plate
could LY» tested to determine whnt {ts Deravior would be under attnck
froe any quarter.

10. 7o observe the affects of induced projectiie yaw.

Accordingly the following heat trsated plates of rolled homorensous

nlckel-chrone armer warc shipped by the manufacturer, Carnczie-Illinois

Steel Corporatinnm:

Six (6) platas - 3/8"x36"x36"
Five (5) plates - 1/2%x36"x36"
Tiva (5) plates - 5/8"x36"x3€"
Iight (8) plates - 3/U*x36%x36"
Ten (10) plates - 17 x 36%c36”

-11-




In additior thare were on hand at this arser.al tarse face—
hardered n.ckel-moly*d~ ws ermor plotes as 217 wwe.
Ome (1) plate - . OB8*x30"
Oue i) plate ~ .~ 436"x3b"
Oar. (') plate ~ 1/2%x36%x3b"
By requisition froc Averdeen Fi- vineg Ground the folliowing face-

hardened rickel-molyndenva armor 1 a'*cs were received.

Ora (1) plate - 3 '8"x36"x36"
Ona (1) plate - 5,/a"x36%x36"
One (1) plate .- _'Lex3EWx36n

All the face-hardened plates were of Heary Disston and Sons
aanufacturs,

Th2 Lomogeneous plntes were ¢ various lwritesses, as follows:

/8w o 3@ 2l 2bE 429 30,301,015

L 28 LTIV OZR1L,28P.307 151,415

C/8% - ILT 275,%.2,252,w4,W5

J/um L P 209,2,1,332,300,363,378,382,3%

v . SN 2“‘.253."72.279o30“-361.363-363-370':‘”

T7ST_PROCZLRE

i

Balliatlz Taets
3allistic -teltl wers 3crdusiad on A ons-cundred yard indoor
firing range, using a calider .50 Browning 4ashine Oun Barrel
zountad in a rest permitting horizontal snd vertical orientation
of the jun to control the placament of shots on the target and
compensata for any fluctuation in trajectory incidental to a var-
fation ir vwelocity. 4 37 MM gun me:inted in a 3" field pisce per-
nitting sizilar maneuverability was used for heavier fire.

Striking velocities were detarmined dy the usa of a pair of

Aberdaen Chronographs connacted to screens of zetal foll mounted on

..
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wooden framee. 3By this arrangemsnt the aversge velocity of the pro-
{ ) Jectile over the distance between the screens is determined from whieh
the striking velocity can de computed from prepared corregtion tables.

defore firing, powder charges were estimated to produce the re-

quired striking velocity for emoh round and rounds were accordingly

assendled from the following components:

Cal,.50:
Projectiles -~ AP M2 Bullets, 7.4, lot W18
Primed Cases- K1, T.A,
Powder H.P. Co., Lot U505, 1341 fer 37 ma, M3

H - H
Projectiles - APC M51 Shot, P.A. lot 2737-158, 1941

TP MNS1 Shot, P.A. lot 30231, 194)

Cases - M16
Priners - N23A1
Povder ~ H.P. Co., Lot U507, 1941 for 37 em, M3

Plates vere nounted in a stand designad to allow sudjection teo
oblique fire dy tilting dackward,

Besults prodused on plates dy projectile impact wers recorded
izmediately after each round. Results produced on projectiles were
recorded vhen deterninable.

Physical Tests

Two sets of test specizens ware gut out of each homoganecus plate
at right angles t0 each other and Tield Strength, Temsile Streagth,
Klongation and Reduction in Area deterained on one specimen Dy the
Divider method snd on the other specimen Dy the Recorder method.

Five impressions with a Standard Brinell machine asing 3000 Kg.
10ad were resd on the plate cross-ssction and an average of these
readings teken as the representative Brinell hardness ausber for

3 -13- |




purposes of corrnlation.

HISULTS OF TESTS

Ballistic Tasts

A summary of the D:liistic test results odtained ec~:apany the
text as Tadle II, grapaically represented in Charts A to ¥. Detalled

firing records for each plate sppear in Appendix A,

Paysical Tests
A suoary of the physical test results odtained appear as Tabdle

VIII in Appendix B,

DISCUSSICN

I. Relation betwesn Ballistic Limits Based om Army and Navy Criteria

The dallistic linit of a test plate is usually estinated dy
averaging two values. One of these is the highest velocity at which
the plate resists complete penetration, and the other is the lowest
velocity at which such resistance dreaks down., FMring is ususlly gone
tinued until the difference detween the two values is 50 feet per
second or less. Thus the dallistic limit 30 setimated will wary from
the actual theorstical dallistic lirit By no sore than + 25 feet per
second,

However the Army and the ¥pwy have different criterta of coo-
Plete pametration. The Army view {s thas penetration is complote
vhan the nose of the projectile drasks tbroﬁgh the reer of the plale
wafficiently to allow the passage of a beam of light upon the removal
of the projectile. The Navy, on the other hand, views as complete

that type of penetration whieh is in effect & completa parforstion, =

-1
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when the entire projectile, or a major portien of it, passes all the
wvay through the plate and out through the reer,

Tie the same plate will bave two dellistic lisits, one based
on the Army criterion of complete penetrstion and tie other based on
the Navy critericn, so long as there is s differsmce in the plate’s
resistance to penetration and %o perforation. '

Table I is a sumnary of the valuss obdtained ¥y dividing the
average dallistic limit of plates of the same thicksess dased upon the
Javy criterion by their dallistic limit dased on the Army criterion,

It will be observed that as the obliquity of the plate is in-
creased, this ratio diminishes, indicating a decresse iz the lag
Detween penetration and perforation, This sase effect is evident
as plate thickness is increased,

This lag Detwveen penetration and perforatisn spparently is de-
pendant (in homogeneous plate) on the relationship betwesn the effmc~
tive thickness of the plate (which increases vith plate odligquity)
and the ogive height of the projectile. The lag iz greatast whem the
ratio detveen effective plate thicimess and ogive height is small,

In face~-hardened plate, hovever, there is scarcely any lag de-
twveen penetration and perforation. The projectile csutinuslly shattere
upon ispact against the hard case of the arsor until a critical velocity
18 reached whereupon a vary slight increase {n velssity apparently
imparts to the projectils a property of resistanee to shattering.

(This velocity may depend oo its relation to the refe of deformation
of the projectile.) Ther and nmot until then does the projectile proper-
ly undortake its fumction of penetration. The velesity attained ¥y
thie time {s wore than that nedessary fer sere penstration snd ie

-18-
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often more than sufficient for perforation. Thus, in nany cases,

\wi

perforation and penatration coincids in face-hardened armer, result-
ing in & unity of Army and Navy dallistic limits.

As to a relativs avaluation of the merits of each criterion it
can only e said that each has advantages and disadvantages. The Army
criterion lends itself more easily to detsrmination and is accordingly
an easier %00l with which to work in dallistic teeting. The Xavy
critarion is difficult of datarmination, unless special equipasat is
ezployed, and 80 i3 ot e0 universally adaptable for testing. The
Mavy criterion however, is more adaptadble to mathematical treatment
than the Army criterion. hch tast hns {ts particular field, there-
fore, - the Army test for proof firing, and thc Tavy test for re-
search firing.,

I1. Effact of Hardness on Resistance to Penetration

In all thicknesses of plats sad at all obliquities, an inarease
in hardness was accorpsnied, in general, dy an increase in resistence
to penetration, when ivpact vas pade with calider .50 AP ¥2 projec~
tiles. (Tadle I1.) This is in 7kuy£n¢ with the contention that

inereasing plats hardness incrsness rasistance to penstration until

8 point of hardraees e reachad at which severe spalling leesens the

sffective thicknese of the plate and, theredy, its resistange. The

hardnesses encountared in this study were ovide;ntly rot of ¢he order

© 49 induce spalling of such severity as to effect the resistance of

$he plata to penetration to any graat exteat,
In the cass of those plates which were impacted with 37 mm

APC M51 projectiles, their resistance to peetrntion by this calider

~16-
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projectile diminshed as plate hardness increased, even in the range
of hardnass whare epalling was not attendant,

When plates were tasted with calider .50 AP n2 projectiles
the ratio of plate thickness to projactila diameter (ef/d) renged
from .83 upward. In the cese of the 37 zm APC W51 tasts againet 1°
plate the ratio vas .686. This would seem to indicate a value for e/d
detween .53 and 686 xt which the correlation detween plete hardneee
and resistance to penetration is inverted, Eowever, inamsuch as the
mass effect of the 37 mm APC U51 is much greater for the 3aze value
of of/d than that of the calider .50 AP M2 and decsuse the two pro-
Jectiles are of different construction this indication may de of
slight significance.

Further tests with callder .50 AP M2 projectiles against 1/4®
plate (vhere ¢/d .686) would be helpful in resolving this question,

I11. Relative Resistancs to Penetration of Rolled Face-Hardened

and Hopogen eous Arnor

The face-bardened plate testrd at norz=al incidmce vith caliber
.50 AP N2 projectiles offered greatly superior resistance to penetration
than the dest of the homogsnecus vlatss so tested, This superiority
vas greatar in ths case of light plate than ia the case of heaviar
plate. (Tadlas II, I1II.)

Except in tha case of 3/87 plate, vhere the diffarence vas
oconsiderable, thare was no remarkable difference Detween the resistance
to perforation of face-hardensd plate and the Dest of the homcgenacus
plate, although there still was consideradle rangs detween the per-

fornange of the poorest and dest homogenecus plate.

-17-
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In the cass of 3/U" plate all plates offered comparable re-
sietance to perforation at normnl incidence. 9
As the odliquity wes increased, however, tha -upériority of
//, face~-hardaned plate diminished, until at 20° the resistance to per-
foration, and at 30® the feuiutanca tokpcnotration of~thb bDest of
the homogeneous plate and tha facs-hardensd plate vas sudstantially
equal., However, there was otill consideradle range from the poorest
to the best plase, so that on the whole the resistance of the face-
hardened plate was superior to that of the homogeneous.

In gmeral, an increase in obliquity or an increase in plate
thickness tendad to render more comparable the resistance of otk
types, It was also obeservad that relative resistance to perforation
of the two types tended to de closer then their relative resistance
to penstration,

This trend is attributadle to two factors operating conjunc
tively, On the one hand, as effective plate thickness incraasas

e - == ----plate resistance may de mors dependent on plats nass than on eny -
phyeical property. At the same time, on the other hend, the pro-

Jectile velocities necessary to effact psnstration of heavy plate

probably exceed that range where the hard case of face-dardened
plate effects projectils shattering.

In the case of plate tested with 37 wa APC M51, tha softer
homogencounjplnto oxhibited slightly suparior resistance to pene-
tration and perforation than did the face-hardened. In general,

however, the rasistance of doth types was sinmilar,
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v, Effect of Hardness on Z:sistance to Spallirg

It has long “een belleved that resistance to tpall'.nk de-
creases as plate hardness incrsases. The results of this study
confirm this contentica. TYurther, some light may %e sked on the
question of critical hardness on the dasis of resistance to spallirna.

In all thicknesses tested with calidaer .50 AP M2 projectilan
plates of 3rinell hardness lass than 3HN 360 resisted speiiing. 4
1% plate of BHN 368, on the sther hand, spalled uader impsct with
this calidar proJoctilc._ All plates 2f Brinell hardness in excess
of BHY 4CO showed pocr ductility. (Tadle II.)

This would indicnts a critical range from 3EN 360 to 33§ L0
for plates in the thickness range 3/E" to 1%, on the basis of re-
sistance %0 spalling upoa iapact with calidar .50 &P K2 projectiles,
Previous chservation nas indicated that the critical hnrédness for
plates of lichtar zougze weuld ‘le in the higzer section of such a
range and in the lower section for plates of heavier gauge. A poor
distriduticn of hardress noeng the vlates 0f lighter paugs resulting
in no light plates within thies renge precludes gonfirmation of the
2iret hal? of this observation »y this study. However, the regultis
{z tha case of 1" plate indicata thet the lattsr part of tha obe-r-
vaticn vas well 2ade, — A critical hardness (round BEY 365 deine
indicmted for this plates thickness and this armor cocposition,

In the cass of iopacts with 37 = prolectiles, resistance %o
spalling in plates consideradly overmatched Wroke down at very low
harinees. However ae plate thickness (at 1") afforded a ssmdlance

of mateh for the projectils, no failures below BHN 300 ware recorded.

-19-
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Y. Kexisum Hardness Imparting Optisum Simultanecus Resistance

tc Penetrntion and Spalling

Inaszuch as an increase in plete hardness producas an {ncrease
in resistence to penetration up to the point when spnlling decrences
the effective thicknass 37 the plate, the maximum hardness izparting
optimum simultanecus resistance to penstration and spelling in plrtes
i= the thickness range 3/8" to 1" under impnct with celidar ,50 AP
N2 projectiles will lie within the hardness ranse critical to re-
sistance %o spalling suggested adove., (S.ction IV.)

There is, thus, an inclusive rangs, from BHY 360 to BHN LOO
for plates of the entire thicknese range in this study, with a pro-
able specific rarge ercund 3EY 365 for 1" plate, and higher speci-
fic ronses within the inclusive range ir inverse corrslation wiih
plate thichness.

Azainst 37 mm APC M51 irpact, inasmusch as resistance to spall-
ing and resiatance to penetration vary inversely with hardness, a

much lower plate hardrness would seem to furnisk optiamum resistancs

- preperties. A U P

vi. Relative Resistancs to Spalling of Rolled Face-Hardened a 4

Homogen=cus Arsor

As wags exnected, homcgenecus plate of lév hardness showed
muach greatsr resistance to sr.ling under {mpact with calidbsr .50
AP M2 projectiles than did face-hardened plata. Howevwer, plates of
light gauge, even thourh of low hardness, somectimes spalled under the
impast of greatly overaatching 37 =zm projactiles. (Tanle II.)
Homcgeneous plate of high hardness, on the other hand, ox-

hidited no consideradbly greater resistance to spalling than face-

~20-
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hardened plaia., The face-hardened plate spalling, hovever, was
generally of a more serious degros than that of homogeneous plate.
The degree of spalling nay well de a measurs of the relative

merits of doth types of armor.

VI1. Effect of Obliguity on Resistance to Penstration

A, Cal,.50 AP N2 Projectiles
1. army Criterion
a. Odliguity - 10°¢

At 10° obliquity the averags plats offered
greater resistance to penetration than at normal incidence (Tadle
IV, V, Pigure 1) but in some cases (Plate 19427334 and Plate
194275C3, Table II) a plate offered less resistance st 10° than {t
did at ncrmal,

This apparent discrevancy iz resuits is not without
the reals of explanation, however. DBullsts in normal flight, ee-
pecially vhen immeded in their coursa by some slight cbstruction ’
such as that afforded by the metal foil of a chronogrsph screen,
20y yav as much as 7 degrees. This maximun yaw operating against a
plate installed at normal would result in an effective yaw of the
same order - 7°; whereas operating agsinst a plate set at 10% od-
1iguity 1t 20uld produce an effective y=w ranging fros 3° teo 17°,

A comdination of the }* effactive yaw against the plate set ad 10°
and a 7° yaw against the norsally installed plate could well result
in the inverted valuaes reported.
3. Odliquity - 20°
At 20° odliquity the average Y/U® plate was equal

in resistance to penetration to the average 1* plate st normal

-1




incidence; the average 5/8" plats was much better than the average
3/U® plate at norsmal, and the average 1/2" plate was much bat:ter
than the averaze 5/8" plate at normal,

In the light of thess observations it saens reason-
able to conclude that homogensous armor plate installsd at 2C° od-
liquity offers resistance to penetration aqual to that of armor plate
1.2% times as thick at normal incidenge. (See Inclosure 3.)

The 3/8" face-hardened plate No. 12 offered less
réslstanzn ° 0% than it did at normel, tut this phenomsnon <oubt-
less is attridutadle to the high spalling tendancy of this plate,

a. Cdliguity - 30°

At 30° obliquity the avaraze 5/8" plate ofZared
considsrably greater resistance to venstration than the averace 1"
plate at normal incidence; the avarage 1/2" plate wes very muc: detter
than the average 3/U" plate at normal, snd the average 3/8" piate is
about as effective as an average 9/15”" plate al normal would :a, ew- !
tizated from the performance of 1/2% and 5/8" plate at norzal.
Tﬁul we nay inply that horogeneous armor plate in-
stalled at 30° odliquity offers resistancs to penetration equal to
that of plate 1.3 ase Leavy at normal,

4. Obliquity - Loe

At 40O° odliquity the average 1/2* plate was greatly
superior to the average 1" plate at normal, and the 3/8" plate was

squivalent to the 3/4% plate at normal.

Thue arnor plate installed at 40° odliquity offers

resistance to penetration aqual to that of nlates 1.% tines as Teavy

)

ot normal,
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8. Obliquity - Wge

At U5° obliquity the aveiage 3/8" plate was equal
to the average 1" plate at normal.

This would seem to indicate that homogeneous armor
installed at U5° obliquity offers resistance equal to that of plate
1.9 timee as heavy ..t ncrmal,

2. lavy Critsrion

In zeneral, the increass in rosistance to perforation
engendered by increasing tLs obliquity was of the ¢nme crder as the
increase in resistance to penetration.

In the casse of 3/3" plate at 30°, however, the average
resistance to perforation was equal to trat of 5/8" plate at normal,
There was thus a slightly higher increass in resisiance to perforatisn
than in resistance 0 peneiration effected in this plate thicimass
by this increase in oblig:ity.

B. 37 WA AP K51 Prrjectiles

At 20° there was an averale increass iz resistance to
penotratior of 10%, and an average increass in reeistance to per-
foration of 143 in 1" plates testad with 37 MK AP MS1 projectiles.

C. la General

Whils a grsat amount of weight may apparmtly be saved by
installing plates at odliquities to ths line of expected fira, the
poesidility of fire from an unaxpsctad quarter should not de over-
locked. Projectilas fired froa the above or provelled from thes sround
with high trajestories may vell wreak havoc on installatiene designed

to withetand horigontal fire alonns,
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VIII. ZEfrect of Chbliquity on Resistance to Sprlling

In tho case of soze of the plrtes which failad to reeist - a

spalling when lzpacted with caliber .50 AP M2 projecuviles, for
example, 3/8" face-hardened plate ¥o. 12, 1/2* homogenscns plate

No. 18120642, and 3/4* homogeneous plate No. 1942733/, this failurs
was evident at normal incidence, and continued through all obliguities
snoouatered. In the case of 5/ homozeneous plate No. 196198-7,
spalling occurred at normal incidance, was resiste’ at 20°, dut re.
sppeared at 30°. The 3/U" face-hardened plate Su. 10 spalled at
asorasl incldence, but at odliguities 10°, 20°, ard 30° reeisted
spalling. (Tadle VI1.)

In 211 other cases wpnliing was resinsted at pormel dut occurred
At odbliquity.

All the plates impacted with 37 am projectiles which spalled
undar such izpact, exhibited this weakness at all obligquities ard at
norzal incidence,

In general then, it may da obearved that an inecrease in od-
liquity will tend to reveal in a plats eny inharent spalling vprepsnsity,
although it may not be evident at normal incidance sr at low ohliguity.

Although the bebavior of homogeneous plate No. 196193-7 and
face-hardened plate No. 10 does not align with this principle, it is
felt thers is an explanation.

Spalling tendency may be localiged in some plates, and inasmuch
as impacte in thie study were directed, as far as possidle, at different
arsas of a plata for sach odliquity, much localised spalling pro-

clivities could effect results of the nature odtained.

Rt

~

i b 0t 150 A oo



1X, Optioum Obliguity for Plate Testing

Frow the results odserved in this study, it appears that no
one odliquity will serve as a criterion of tke bchavior of s plate
in each and every position relative to the liite of fire. ’.{_t‘_u tn
be noted, hewever, that spalling tendencies, if at all irhereat, tend
to be revealed under fire at high odliquity.

Vhenever feasidle, then, it would sesm that plate snould de
tested at as nearly as possidle the obdliquity at vuc.ﬁ it will de
installed in service.

¥hare plate of the same Leat or lot is to De installed randomly,
ae 1s frequently the case, it would asppeer raascnadle that a statis.
tioally sound sample of such plate De auwdjectad to test at various
repredentative odliquitiss, In this way any tendency loward spalling,
incapable of discovary in a test at norzal incidemce, coull de ravealad.

X. Effects of Projectile Yaw

By placing s sheet of 1/8" Dural at an obliquity of NO®, seven
feat, six inchee in front of the prircipal arser, and another sheet
of 1/8" Dural at 0° obliquity threa fwet in front of the armor, it was
poseidle to induce in a calider .50 AP M2 projectils yaw which at the
point of impact with the arsor asounted to 90° approximately, This
divided armor construction ofrerad much greater resistance %o penetra-
tion than would a single plece of armor of the same weight at rormal
incidemce, (Tsdle VI1I,) It afforded protection, aqual to that of a
plate (at normal incidence) twica as heavy as the comdinwd weights of

its components,



Where divided armor of this type ia feasible and where fire
Bay De sxpacted from a spacific quadrant, a great saving in armer o
weight and/or a great increase in protaction may be effected by such
an arrangement.
However, the wveakness in this type of protective davice lies
in its depth, inaemch as fire from an unanticipated quarter, dirscted
at a targst dehind the principal armor weuld nct de directed through

the tipping screens and the projectils, although impacting the plate

obliquely, would be unyawed.
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TABLE I

Bffect of Obliguity on Ratio of Average Navy/Army 3allistic Limits

Caliber .50 AP M2 Projactiles

Plate Obliquity
Seuge L o 200 B W R4
3/8" - - - .43 1,29 1.12
1/2° 1.1 - 1.26 07 1.02 -
5/8% .27 - 1.12  1.06 - -
3fur 1.2 .16 1.10 1,04 - -
1* .11 .11 103 - . -
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