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Re-ort'In. 710/456 mb'
Wkt,ýrtecwr Arsen

"ROLL=D A~iOR

.Ball]istic PrOD--ýrtiea of Rolled Ence iFtnrd-ned Armnor Pnd.

Rolled {ornofaneous Ar.nor of Vfirious HIardnegisee

nt N~ormal Incidence ttnd at Various Obliq~iities

I. To deternintý t'-e~ r.-Intionship betwerr the bolliatic lirnAt

of plate bas#?d upon the Arziy criterion Pnd. its limrit bvned Upor. the

Niavy criterion.

2. To deterLmine the effect of vario'j* hvrdnesses on resistance

to penetrat~on.

3. To determine the relative resistancP to penetrnition of

rollIed face hardened. ahd rolled. homotreneous ar-3or.

~4. To determine the Pffpct of vl'rioua hn~rdnesses on resistnr.ce

to spalling.

5. To determine the rmr-xinu~n lhrdnicss i~partinir ort~i:T Rinul-

taneous reaietnnce to spal2.inig and pernetrs~tion for armor plate of

various thicknecs.s#! and Pt various deg:rees of obliquity.

6.To determine the relative resisti-nce to spallin?.- of rolled

face ha.rdened a-nd hormoger.douff arrlor.-'

7. To desteruiine the affect of o'bliquity on resistnnce to

penetration.

9, To determlue the effeet ofobl~qity on resist~flCe to SPalline.



9. To determine whetuier thore is an obliquity At which armor

could be tested to deter-ine what its behavior woulA be ijrder attack -•

from eny quad.rant.

10. To observe the effects of induced projectile ynv.w

.&A. 47o0.5/4915

V..A. 1,7o.51U•71,

The basic correspondenzo pertaining to t•te in~eu, tgation is in-

cluded in Appendix C.

CONCLUSI ONS

1. Against caliber .50 ANP •2 projectiles, the rT!.lO between the

ballistic limits of plates based on Navy criterion and those based on

the AM criterion (N/A) decreases with an Inarease in obliquity or in

plate thickness. (Table I, Chart F.)

2. Under fire of caliber .50 AP M2 projectiles, while the ratio

of plate thickness to projectile diameter (e/d) is greater than ,83,

resistance to penetration incr'asee with Incror•.rin plate hard-ee*

until spalling effects a decrease in effective plate thickness.

(Table IX, CMarts A to 3.)

3. UnMdar impact of caliber .50 AP X2 projectiles, at noemal

incidence or at low obliquity. tho resistance to penetration (ArMy or

Navy criterion) of face hardened armor is aerior to that of hem*o-

geneous armor. At 200 and higher obliquity the rosistaneo to pene-

tration (?avy criterion). and at 300 and hither obliquity tho ro-

sistance to penetration (Army critoreon) of hard rolled homoaenaous

armor to substantially equal to thakt of faee hardened armor. (Charts

': ~~~l l lll l ll [J TF N EL tl l! l l!



A to .) This a@quality of resistanoc to ponotration couled with tbe

superior ductility inhereit in honoxnenous armor plate and viewvd In

the light of the time advantage . production of this type armor dic-

tates th# use of hard hbmageneou arm or in those areas whert attack Is

likoly to be free l±it+.. .1tn fire of the above order.

I . There is a critical r•via of hardnooz (Bus 360 to 3M 4M00)

for plates in the thickness range 3/19 to 1" above which rqmiatanco

to spelling brieks down under impact with caliber .50 AP M2 projoctiles,

Within tWis blanket range, & splcfic ra.nge, in Inverse correlation

with thickness, exists for each plntir thicness. (Table 11.)

5. Inamamch as Iroistance to penetrntion Increases with plate

hardness, the critical hardness range cited aNove will define the

maxiusa hardness which will Impart optimum simultaneous resistenca

to spalling and penetratien.

6. The degree of epalll•ng i. face harden-d armor is groater than

in homogeneous armor of a hardness affording cote.aarablo resistance to

penetration under eblique Impact. Spalling tendency, in general, Is

considerably gpeater In fs4e hardene/d armor than in homoger.us armor.

7. Mounting armor in an inst-allation nt an obliquity to the

anticipated direction of attaock will rosult in a substantial Incr-ese

In resistance efficiency on the one hand, or a substantial reduction In

weight without protection loss, on the other hand:

a. Plate mounted at 450 obliquity offers resistance to pen#-

tration equal to that of a plate 1.9 times as heavy at r.ormal incidence.

b. Plate mounted at 400 obliquity offers resistance to pens-

tration equal to that of a plate 1.5 times "m heavy at normal Incidence.

s. Plate, mounted Mt 30 obliquity offers resistance to pon*-

* tration equal to that of a plate 1.3 tiaes as heavy at normal incidence.
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d. Plate mounted at 200 obliquity offers resistance to pone-

trution equal to that of a plate 1.25 times Ps heavrr et normal incidence.

e. Plnte mounted at 10" obliquity offers somowhat great#er

resistance to ponetrntion tkw-i the sti.m plat, e.t r.ormnl incidpnca, but

bocnuse of proj-ctile ynv, in some instrxcas it mey offer loss rn-

mi stance.

S. Spnlltrg tende;.ciox to.,d to LoJ rev;?Plpd vit',, inr,mslnr,

obil qui ty.

9. Uo one obliquit., w'il e *-e as i cri 1.-rion )or r.-,or bahavior

Pt ev..ry obliculty, b--t high o1).!tq ty toetis srd tu reval inherent

spalling characteristics.

10. Light plat# scrone4 by i.urnl ihe -t 1.n ouL e4 me;. ,r ns to tip

the projactile in flight to that It Impr.cte the plvtt %'At. P yaw of

approximately 00* offers res/stanc to penetration eqt.A to thrt of

plat* twict as hieavy ns the combined weight of the ur-or ant Duranl

screens.

Statisticel Clerk

Aproved:

Colonel, Ord. Dept.
Dirsctor of Laboratory

Si
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ZMODUCTICO

Yor some time it has been wondered whether the superior resietance

to penetration of face-hardened armor over rolled homogeneous armor

apparent in tests conducted with the plate normal to the line ef fire

warranted the additional expenditure of man-hours incidental to tte

.prodactia.n.

Inasmuch as most ballistic teeting to determine the resistsaoe to

penetration of armor plate is conducted in this manner, even though

a major portion of armor plate is Installed at obliquities to the line

of expected fire. it has frther been wonderLd whether this superiority

of face-hardened armor at normal incidence would be maintained when

the line of fire was wnried away from the perpendicular, or whether it

would diminish or increase by such alteration. It was felt that the

advantage of the face-hardened plate would be diminished as the

obliquity of attack was increased, but Insufficient data were avail-

able to oonfirm the contention.

Speculation as to the relative merits of the Army and Navy criteria

of limit resistance to penetration has lcng been rampant and Information

ooncerning the relationship betveen ballistic limits boaed on each

criterion was thought to be of value.

Whereas armor plate is installed in positions based on designs

contemplating attack from & particular angle and with a particular

caliber of projeot.la, it was considered worthwhilo to investigate the

effect of attt-t cn such plate with projectiles of unexpected caliber.

There has been some question of the custom of testing armor for

resistance to penetration at normal incidece vhen in service It may

• -9-



be installed at obliquity. The "haery solution* would @mom to be to

test plate at the oblicuit7y at which it would bi use, it, eervice.

However, plates of the wtre lot re~rtra.ntt-d at thi- proving grounds

by a single test plate no:' be installed in ver'ous p(,sitionn and at

rarious obliquities. Tus was th- r.h-py solution* rou;cd Pnd the

following query posed.:

Is there an obliquity which might induce in a plate btllistie

performance of a nAture suitable to serve as a criterion of the

performance of ;hAt plat, at any c,.'.iquityT

It was further known that a d--!ided arm'r construction corsiet-

ing of an armor plate screened by ?u•ral sheot so as to tip the pro-

jectile in its flight and cause it ta impact the anmc- ý.. high yaw

induced ii the mrr.or a rreai increase over its inherst. 7ecistnnce

to penetration.

Previous observation had bern made th.t when the relationehýo

between plate thickness and projectile dinmeter (e/d) was greater

than 1.0 r~siisance to pe'ot -~on Increased wi,ýh "••.inr plate

har(.ness. On the other hand 't had been observed that when the pro-

jectile diameter was Freatly In excess of the plate thickness, re-

sistance to pernetration decreased with increaingC -late hardnqoe,

There naturally was aroused some curiosity €noeerning the value of

9/d at which this inversion arose.

In view of these and othmr considerations a program of coopera-

tion with the C"..negle-Illinois Steel Coeroraties was a•gre'd to with

the following ends in minl:

1. To determine the relntionship between the ba1listic limit of

a plate based upon the Army criterioa an4 its limit 1zased upon the

-18-



Navy criterion.

2. To determine, the effoct of various bardnessos an rtsimtanCe

to ronotmtion.

:. Tb dote'rains tho r'mlative resistan::* to pensesrnton of

rolled face-ha~rdened aind ro~led homogeneous arzor.

~4. To determine tne effect of votricus hardn-'.es in homao'nseous

armor on rdsistmeec to spalling.

5. To determine' 05 m~xi.-= harin-ss iwpartinsacotimea simal-

tanineus revvistAnce to pentietation .nnd to ovolling for arw~r olats

of various thic"euuan &nd .nt vnrlieun stin.,e of obllizcitles.

,.To dete'rninx tit rolativo, rasistence to spallur a* rolled

face-harloned and rollod hooon4A Armor.

1.To dotor,-Inp tne offec'. of obliquity upon rosistanzet to

S. To de'termine the offoct of obliquity .4pon resistance to epalling.

9. To detormine whethar any otliquity exists at utieft armor plate

could b.. tooted to dot-rmind, what its behavior would be under attack

from any quarter.

10. To observe the effetcts of Induced projectile ykw.

Accordingly the following heat t~roatel plates of rolled bomogene'ous

nickel-chromo armor v.,re ai-ipp'od by the' manufacturer. Carnurio-Illinois

Steel Corporration:

six (6) plates - 3/8*x36x236,
Five' (5) Plat*' -_ /2nx36-136'
lIve (5) plbteu - 5/9,x36Rx3E,'
ligh~t (9) plAto. 3/4x36*xi6,
Ton~ ý10) plAteo _ Is x 364%c368

At -



In addiitiorn thart wfre on hand at this arsnat.l tnrie, face-

ha~r den, .e ck e?- o lyý d --- c...n&ýor plte t#an ~- fl m..1

O0.0 :!) plate - •" .c;6"X36t

OA-. 0') plate - l,',.'36Nx3b"

By roquisition froL Aberdeen Fr. -"nt Ground the f.ý!wing facs.-

herdend rickel-molyonCenv. armor T," .R wore received.

Or.n (1) plate - %d,'9"x36*x36r
One (1) plate - 5/q9x361x364
One (1) plate .- I '1 "x36mx36 "

All the face-hardened plats. "sre of Henry Diseton and Sons

manu factuz e.

7Me Lonogeneous plntee w-re c.. %arioub ;urLess~s, as follows:

- 3"n 229'.,311 .341,~415

3i ?'i 20'9,ZIl,?.3.4363,J78,39F,31ý
1' - 2N 242ei.72,279.34,361,363,368,37O,.(g

3&11101ý "'Malt

Ballistic tests "er" r.nduc.ted on a on,*-a'undzed yexd Indoor

firing range, usinv a caliber .50 Browning kainhi-ne Gun Barrel

mountpd In a rest permitting hortzental Pnd vertical orientation

of the run to control the placment of shots on the target and

compensate for any fluctuation in trajectory incicntal to a var-

lation in volocity. A 37 H)( &-A moe'nted. in a 3W field piece per-

mitting similar maneuverability wee used for heavier fire.

Striking velocities were determ-ined by the use of a pair of

Aberdaen Chronographs conr.•ctod to scromne of tetal foil mounted on



wooden frames. By this arra.neent the average veloetty of the prow-

Jectile over the distance between the screens In detersdned from which

the striking velocity can be computed from prepared ceweetion tables.

Before firing. powder charges were estimated te pmdme tbe re-.

quired striking velocity for each round and rounds wre accordingly

assembled from the following ompoente:

Projectiles - AP X42 Bullets. F.A. lot 418

Primed Cases- M41. l.A.
Powder - H.P. Co.. Lot ".05 l90,1 for 37 X M3

Projectiles - APC M51 Shot, P.A. lot 2737-153. 1941

- TP X51 Shot, P.A. lot 302341. 1941.
Cases - x16
Primers - X423A1
Powder - H.P. Co., Lot 450T, 1941 for 37 ma, M3

Plates wear mounted in a stand designed to allow subjection to

oblique fire by tilting backwamd.

Results produced on plates by projectile impact were recorded

l-mediately after each round. Results produced an projectiles were

recorded when determinable.

Pfysical Tests

Two sets of test specimens wore out out of each homogeneous plate

at right angles to each ether end Yield Strength, Tensole Strength,

]eongation and Reduction In Aroa determined on one specien by tho

Divider aethod ead on the other specimen by the Recorder method.

ive iompreeeione with a Standard Brinell machiae winig 300 K.

loa were read oa the plate cros.-eection and an average of these

readings taken as the representative riunell beatnen mnmber for



purpose* of corrnlation.

W=LTS 07 ThSTS

Ballistic Tests

A tomry of the b-.llistio test results obtained c,:.npan7 the

text as Table II. graphically represented in Charts A to 7. Detail*4

firing records for each plate appear in Appendix A.

Physical Toots

A s.iary of the phyrsical test results obtained appear as Table

VIII in Appendix B.

DI SCUSSION

I. Relation between BaLlistic Liaits Based e* Army and Savy Criteria

The ballistic limit of a test plate Is usually estimated by

averaginc two values. One of these is the highest velocity at which

the plate resists complete penetration., and the ether to the lowest

velocity at which such resistance breaks down. Mine is usually so.

tinued until the differenace between the two values is 50 feet pet

second or less. Thus the ballietie limit so estimated wtill v7 *arm

the actual theoretical ballistic nimt by no sere than + 25 feot per

second.

Newevor the Army and the VNW havw* different criterta of com-

plete penetration. The Army view Is that penetration Is ocoplete

when the nose of the projectile breaks through the rear of the plate

sufficiently to allow the paseag, of a beam of light upon the removal

of the projectile. The Navy, on the other hand. views as oomplote

that typo of penetration which is in effect a complete parforatlon.

,,Ti



when th. entire projectile, or a major portion of it, passes a.1l the

( y through the plate and out through the rowt.

fsme the snoe plate will have two ballietie 1i•te. one based

an the Army criterion of couplete penetration and tke other based on

the Navy criterion, so long as there is a diffrem in the plate's

resistance to penetration and to perforation.

Table I Is a eumnary of the values obtainesi I dividing the

average ballistic limit of plates of the soe thicsos based upon the

Navy criterion by their ballistic limit based on ths Army criterion,

It will be observed that as the obliquity at the plate is in-

creased, this ratio diminishes, indicating a decrosee ia the lag

between penetration and perforation. This some effect ti eident

as plate thicknese Is increased.

This lag between penetration end perforatim apparently Is Is-

pendent (in homogeneous plate) on the relationship between the effec-

tive thickness of the plate (which increasese with plate obliquity)

mad the ogive height of the projectile. The lag is peatest wheo the

ratio between effective plate thic eee and *give bght io small.

Is faco-hwarened plate, hovever. there is moely may lg be-

twoeo penetration and perforation. The projectile continually shatter*

upon impact against the hard case of the armor until a critical velocity

is reached whereupon a very slight inorease in volsety apparently

imparts to the projectile a property of resistamee to sbattering.

(This velocity may depend ea its relation to the ree of deformation

of the projectile.) Then and not until then doee A proJeotile proper-

ly undertake Its fieuntioa of penetration. The vels41ty attained by

C, this time is more then that aeeeesary foe mere penmtiona nd Is
-19p



often more than sufficient for perforation. Thus, in many cases,

perforation and penetration coincide in fa -hardened armor, result- A

Ing in a unity of Army and Navy ballistic limits.

As to a relativ, evaluation of the merits of each criterion it

can only be said that each ham advantages and disadvantages. The ArV.

critorion lends itself more easily to determination and is accordingly

an •asier tool with which to work in ballistic testing. The Navy

criterion is difficult of determination, unless special equipamt is

employed, and so is not so universally adaptable for testing. The

Navy critorion however. is more adaptable to mathematical treatment

than the Army criterion. nach test hme its particular field, there-

fore. - the Army toot for proof firing, and thc !Tavy tost for re-

search firing.

11. Zffoct of Hardness on Resistance to Penetration

In all thicknesses of plate and at all obliquities. an inarease

in hardness we accompanied, in general, by an increase in rpeistance

to penetration, vhen izpact was mad with oaliber .50 A? X2 projeo-

tiles. (Table 11.) This is in keeping with the contantion that

increasing plate hardness inorepea. resistance to penetration until

a point.of hardness it reached at which severe spalling lessens the

effecttve thickness of the plate and. thereby, its restitanoe. The

hardnesses encountered in this studv were evidently not of the order

to induce spalling of such @everity at to effect the resistance of

the plate to penetration to any groat extent.

In the case of those plates which were inpacted with 37 M

APC X51 projeottles, their resistance to penetrition by this caliber

S-16-4



projectile 4iainshed as plate hardness Increased, even in the range

( of hardness where @palling was not attondent.

Whom plate* yere tested with caliber .50 A? N2 projectile*

the ratio of plate thick)ess to projectlle diameter (o/d) rageed

from .83 upward. In the ose of the 37 sm AVC M tosts agalnst 1'

plate the ratio was .66. This would seem to indicate a value for o/d

between .8-3 and .6S6 st vich the correlation betwee plate hardnves

and resistanct to penetration is Inverted. rever.e, Inamauch a& the

sase effect of the 37 mm APO 151 iosuch reater for the same value

of old than that of the caliber .50 AP M2 and became the two pro-

jectiles aor of different construction this indication W be of

slight significance.

Yurther tests with caliber .50 AP X2 projoctiles against 1/140

plate (where o/d <.686) would be helpfal in resolving this queotions

1I1. Relative Resistance to Penetration of Rolled face-Rardened

and Homo••eeous Armor

The faa.-hardened plate tested at nor--& inct4once with caliber

.50 AP X2 projectiles offered greatly msperior resistance to penetration

than the best of the hoMogneous Dlate so tested. This superiority

wae greater In the case of light plate than In the case of heavler

plate. (Tables IX, 111.)

Rzopt In the case of 3/8' olate. where the diffarence was

oonsiderable, there was n6 remarkablo difference between the retsitanoe

to perforation of face-hardened plate and the best of the homegmneous

plate. although there still was considerable ranp betwen the per-

foram*@o of the poorest and best homoge•ne•o plate.

-lip



In the case of 3/14 plate all piates offered comparable ro-

sistance to perforation at normal incidence.

As the obliquity was increased, however, the superiority of

face-hardaned plate diminished, until at 200 the resistance to per-

foration, and at 30# the resistance to penetration of the beat of

the homogeneous plate and thi face-hardened plate was substantially

equal. However, there wae still considerable range from the poorest

to the best plate, so that on the whole the resistance of the face.-

hardened plate was suporior to that of the homogeneous.

In general, an increase in obliquity or an incroas, in plate

thickness tended to render more comparable the resistance of toth

types. It wes also observed that relative resistance to perforption

of the two types tended to be closer than their relative resistance

to penetration.

This trend in attributable to two factors operating onjurnc-

tivoly. On the one hand, as effactive plate thickness increaseo

plate resistance may be morn dependent on plate mass than on any

physical property. At the same time, on the other hand, the opro-

jectile velocities necessary to effoct penetration of henvy plate

probably exceed that range where the hard case of face-bardened

plate effects projectile shattering.

In the case of plate tested with 37 m APCO X451 the *ofter

homogeneous-plate exhibited slightly superior resistance to pen*-

tration and perforation than did the face-hardened. In general,

however, the resistance of both types was similar.



ITV. ffect of Rardness on •2sietance to Spallinc

It has long been believed that resistance to spalling do-

creases as plate hardness increases. The results of this studl

confirm this contention. Further, some light may be shed an the

question of critical hardness on the basis of reelstance to spal•tn•.

In all thilcknesees tested with caliber .50 AP X2 projectilen

plates of 3rinell hardness less than 3v 360 resisted spailing. A

I' plate of MM 366, on the other hand. spalled under ipact with

this caliber projectile. All platps of 3rinell hardness is excess

of 391 100 showed poer ductility. (Table II.)

This would inditnte a critical rante from MM 360 to 3 1400

for plates in the thickness ran•e 3/9" to 1I, on the basis of re-

sistance to spallin u pon impact with caliber .50 A? K-2 projectiles.

Previous observation has indicated that the critical hardness for

plates of lighter greue we"ld %Pe in the higher section of such a

range and in the lower section for plates of hoavier gaugo. A poor

distribution of .ardness tmeng tho Dlatpe of lifhter rAV* resilting

in no light plates within this ra•ns precludes confirmation of the

first half of this observtion by this stud.. Rowever, the r-srltp

in the caso of 1" plate '.dicate, thpt the lattor pert of the obs'r-

vatien was well made, - a -riticnl hardnoess iro-md 3 365 beiug

indieated for this plato thickness and this armor composition.

In the case of Inpacts with 37 m projectiles. resistance to

spalling in plates consierably overmatchod broke down at very low

har-4nees. Rowever as plate thickness (At 1l) afforded a seablanc-

of match for the projectile, no failures belov 3H1 3W0 wore recordel.
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V. k.aximum Hardness Imparting Optimum Simultaneous Reoist~ndO

to Peretrý%tion and kallin-

Inasmuch as an izcrease in plate hardness producee 3n increase

in rtlsistpnce to penetration up to the point when spnlling decreaves

the effective thic•caz.z of the plate, the maximum hardness izparting

optimum simultaneous resistance to penetration and epelling In pltee

in the thicknese range 3/8" to 1" under impnct with celibor .50 AP

X2 projectiles will lie with.a the hardness ranie critical to re-

sistenne to xpallin" suggested above. (S,,.tion IT.)

There is, thus, an Inclusive range, from BOM 360 to BPSr 4WO

for plates of the entire thick.eses range in this study, with a pro-

bablo specific range around 3H- 365 for 1" plate, rnd higher spect-

fic rnnaes within the inclusive range in inverse correlntion with

plato• t h.•c~ess.

A•,inst 37 mm APC X(51 irpact, inaesmih as resistaunce to sPall-

Ing and resistance to penetration vary inversely with hardnees, a

much lower plate hardness would seem to furnish optimum resistance

prcporties. .

VT. Relative Resistance to $palling of Rolled Faoe-4arlaned a i

Homogen.ous Armor

As was eroeoted, homooeneous plate ,f low hardness showed

much greater resistance to s-'',lin under !Iroact with caliber .50

AP ,•2 projectiles than did face-hardened plat^. However, plates of

light Cauge, evon though of low hardness, somotimes spelled unlir the.

impa:t of Praatly overmatching 37 mm projectiles. (Table I1.)

Homoenpous plate of high hardness, on the other hand, ox-

hibited no considerably great~ r resistance to opaliing than fac.-
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hardened plate. The face-hardened plate spallinrg,howevPr, was

generally of a more serious deroe than that of homogeneous plate.

The degree of spelling may well be a measure of the relative

merit@ of both types of armor.

VII. Affect of Obliquity on Resistance to Penetration

A. Cal..50 A? M2 Projectiles

1. Am Criterion

a. Obliauity - l0*

At 10* obliqlIty the average plate offered

greater resistance to penetration than at normal Incidence (Table

IV, V, Figure 1) bat in some cases (Plate 194273B4 and Plate

194275C3. Table II) a plate offered less resistance at 100 than it

d4i at normal.

This apparent dieeroeuane in results is not without

the reals of explanation. however. Bullets in normal flight, ce-

poecally when impeded in their coursA by sma slight obstruction

such as that afforded by the metal foil of a chronograph screen,

may yaw as such as 7 degrees. This maximum yav operating against a

plate Installed at normal would result in an effective yaw of the

eame order - 7e; whereae operating against a plate spt at 10 ob-

1!;-,uiy it could produce an effective yow ranging fros to to 17*.

A combination of the 30 effective yaw against the plate set at 100

and a 7? yaw against the normally installed plate could well result

in the Inverted values reported.

b. Obliquity - 200

At 2 0 6 obliquity the average 31/10 plate eas equal

In resistance to penetration to the average 1' plate at normal
C]
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incidence; the average 5/8" plate was much better than the av-rage

3/4" plate at normal, and the average 1/2" plate was much bettor

than the average 5/9" plate at normal.

In the light of thefe observations it seea reason-

able to conclude that homogeneous armor plate installed at 2C' ob--

liquity offers resistance to penetration equal to that of armor plate

1.25 times as thick at normal incidence. (See Inclowire B.)

The 3/8" face-hardened plate No. 12 offered less

sf stan=:%. 0e than it d1d at nor-al, but this phcneme'on oubt-

less is attributable to the high spalting tondincy of this plate.

a. Cbliquity - 300

At 30 obliquity the avaraee 5/8" plate offrod

considerably grpater resistance to imnetration th'nn the aver&ZP 1"

plate at normal incidence; the everage 1/2" plate was very muc- better

than the average 3/40 plate at normal, end the average 3/8" plate is

about as effective as an average 9/16' plate at normal would -i, ee-

tizated from the performance of 1/20 end 5/8" plate at normal.

Thus we may imply that homogeneous armor pLate in-

stalled at 30e obliquity offers resistance to penetration equal to

that of plate 1.3. as heavy at normal.

1. Obliquity - 400

At 140 obliquity the average 1/2" plate was greatly

superior to the average l" plate at normal, and the 3/8' plate was

equivalent to the 5/44 plate at normal.

Thus armor plate installed at 400 obliquity offers

resistance to penetrition equal to that of pl&At 1.5 times as heavy

at normal.
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_' Obliquity -50

At 450 obliquity the av.;-e 3/8" plat* was equal

to the average 1U plate at normal.

This wuld seem to indicate that homogeneous armor

Installed at 450 obli.uity offers resistance equal to that of plate

1.9 times as* heavy ..t ncrmal.

2. Invy Critorion

In srenera]., the increase in roaistace to perforation

engendered by increasing the obliquity wes of the gm*e order as the

Increase in resistance to penetration.

In the case of 31/* plate at 30e, however, the average

roeistance to perforation was equal to that of 5/8q plate at nortal.

T.here vas thus a slightly higher increase in resist.qnce to perforation

than in resistance to penetration effected in this plate thickness

by this increase In obliqtlty.

B. 37 4 AP M51 Pr'jectiles

At 20e there was an average Increase i- resistance to

penetration of 10*. and an average increase in resistance to per-

foration of 1A In 10 plates tested with 37 XX A? 951 projectiles.

C. In General

While a great amount of weight my apparently be saved by

installing plnt* at obliquities to the line of expectod fire, the

possibility of fire from an unexpected quarter should not be over-

looked. Projectiles fired fron the above or propelled from the ,round

with high treajetoriee may well wreak havoc on installations designed

to withstand horisontal fire alona.
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VIII. Zffect of Obliculty on ReeiqtAe.ce to 0 ,~lli

In tho case of some of the pl'.tes which failed to resist

"spallinr when Izpacted with caliber .50 AP X(2 projecvtles. for

example, 3/80" face-hardened plate go. 12, 1/2" homogencs plate

No. 1812C6A2, and 3 /4, homogeneous plate No. 194273! ý, this failure

was evident at normal incidence, and continued throigh sll obliquities

.noouatered. In the case of 5/!f homogeneos plate No. 196198-?.

spt.line occurred at normal incidence, was resistes at 200, but rf-

appe•red at 300. 1he 3/14u face-hardened plate No. 10 spalled at

normal incidence, but at obliquities 100. 200. and 30 resisted

spalling. (Table VI.)

In all other cases vpalltng was resisted at norme-1 but occurred

at obliquity.

All the plate@ impactod with 37 mm projectiles which spelled

under such impact. exhibited this weakness at all obliquitime aed at

norma.l incid€ncp.

In general then. it may be observed that an increase in ob-

liquity will tend to reveal in a plate any inharent spalling preponsity.

although it may not be evident at normal icincence or at low obliquity.

Altho-uigh the behavior of homogeneous plate 'o. 196198-? and

face-hardened plate No. 10 does not align with this principle, It is

felt there is an explanation.

Spalling tendency nay be localised in some plates, and inasmuch

as impact* in this study wore directed, as far as possible, at different

areas of a plate far each obliquity, such localised spalling pro-

ollvities could effect results of the nature obtained.
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Il. Optlimu Obliquity for Plat* Testing

-rom the results observed In this studr, It appears that no

one obliquity will serve as a criterion of the bchavior of a plate

in emch and every position relative to the li-se of fire. It is t•

be note4, however, that spa.llng tendencies, It at all inherent, tend

to be revealed under fire at high obliqulty.

Whenever feasible, then, It would sees that plate snould be

tested at as nearly as possible the obliquity at which It will be

installed in service.

Where plate of the same h^at or lot is to be installed randomly,

as is frequently the case, It would aqmpr rpawnable that a statio-

tically sound sample of such plate be subjecto. to test at various

repro-sentative obliquities. In this way any tendency tovnerd spaiine,

incapable of discov,-ry in a test at normal inci~eace, cou!"- be rvmaled.

X. Zffot of Projectile Yaw

By placing a sheet of 1/8 Dural at an obliquity of We0. sevon

feet, six Inches in front of the principal armor, and another sheet

of 1/80 Dural at 00 obliqcit" tbree f.eot in front of the armor, it was

possible to indwoe In a caliber .50 AP X2 projectile yawv which at the

point of irpeat with the armor amounted to 900 approximatelv. This

divided armor construction offered such greater resistance to penotra-

tion than would a single piece of armor of the same weight at rormal

incide•re. (Table VlI.) It afforded protection, equal to that of a

plate (at normal inoidenoo) twti as heavy as the coabitewd weights of

its components.



Whore divided armor of this typo in feasible and where fire

mw be expectod from a specifli quadrant, a great saving In after m

weight and/or a great Increase in protoction may be effected by sudh

an arrangement.

Bowever, the vesimnes in this type of protective dtvion lies

In Its depth. inasmuh an fire from an unanticipated quartAr, directed

at a targot behind the principal armor weuld not be directed through

the tipping screens and the projectile, although impacting the plate

obliquely, would be unyawed.

01
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TABLZ3 AND FIGURnZS



TAMLZI

_ffect of Obliquit r on Ratio o*f Averae le vay•Ar•ry 3aillstic Limits

Caliber .50 AP M2 ProJsctilos

Plato Obliquity

3/5, - - - 1.13 1.29 1.12

1/2, 1.3 - 1.26 1.07 1.02 -

5/5, 1.27 - 1.12 1.06 -

3/4 1.21 1.16 1.10 1.04 - -

10
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