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PREFACE 

.A UT:IOR I ZJ\TT.ON 

This study, authori~ed bv Buord ltr. rP/ A9 
(ReJ) dated 9 January, 1943, was conducted under 
:r$.va l Proving Ground '!:xierimenta l Department Prc,,j e ct 

J\T •~ 2. 

OBJECT 

To deter!:iline t 11e optimum depth of case in J/8 '' 
a 1 d 1/2" Pluramel t face ha rd ened li gh t armor. 

A series of 3/ 811 and 1/2n P luramelt plates 
varyjng in de ,th of face from 10% to 50% ware tested 
with caliber .50 AP M2 bu)..lets at norm8 1 a nd 20illL1 
H. E . at 20 • obliqvity . Results indicBt e that the 
optimum depth of fa ce is 28% to 40% for 1/2" plates 
20'h to JO% for 3/8" plates. 

( 

and 
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I. INTRODUCTION: 

For the past three years, the Allegheny Ludlum 
Steel Corporation has been producing face hardened light 
armor by the i r "Pluramelt" process. This process con
s.ists of building up a meta l lic layer on a base metal 
by an electric arc. The Allegheny· Ludlum Steel Corpo
ration rolls ingots of low carbon-ni0kel-molybdenum 
steal -'... nto slabs approximate l y 8 11 th1~ck. A 2" layer 
of high carbon steel of sirnil8r alloy content is me lted 
ont o the slab and the composite slab is then rolled 
down into the re quired plate gauge. The process is 

·flexible in that it er ·1its e variat 1on i:i the compc
sition of either the face or the back of the plate and 
,r, lso permi ts a wid,s variation in the ratio of face to 
back by varying th.13 t .1ickness of' the slab on which 
~~he 2" layer of _Ji gh carbon st eel is deposited. 

Previous ex 1Jerience of t he Naval Proving Ground 
with 1/2" Pluramelt light armor indicated that. a hard 
thick face supported bv a fairly hard back would bive 
the optimum resistance to penei;iration by Calil:>er .51 
AP M2 bullets at 0° obliquity.{1 ) Vlith 1/2" plates 
having approximately 40% case, limit velocities against 
caliber .50 AP M2 bullets of 2300 to 2400 f.s. were 
occasionally obtained - a margin over s pee if ications of' 
between 200 and 300 f. s. Ma ny variables, such as com
position of the face and bsck, decarburization of the 
face of the plate , back hardness, etc,, affect the 
performance of Pluramelt plate and hence it ~as found 
impossible to co~relate depth of case directly with 
balli s~i c performance, In order to determine the opti
mum depth of face for Fluramelt light armor, green 
_pla L63 were ordered from .t. llegheny Ludlum Steel Cornem 
ration in both 3/8" and 1./2" gauge. The plates were 
to be made from one b. Jat ,, the only variable being the 
uer cent of fac e . 

It is understood from compa ny representa t ive 
that every effort v,as .Ja de by tne .1\l l ee,heny Ludlum 
Stee l Corporation to have the gr een plates r epresentative 
of standard manufacturing practice. I!l order to have 
a wide veriation in face depth, ten p ~ates of each 
gauge v✓ ere made vJith 10%, 20%, 30%, 40l{ and 50% facB, 
respectively. 
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TI MATER I.AL: 

Fout- Pluramelted ingots were made , with 2" 
of high carbon fa ce and & tota l thickness of' 14" f or 
the 20% pl ates , 9-J/4" for the 30% platds , 7-3/4" for 
the 40% plates and 6-3/4" for the 50% plates. 1I'he 
ingots were heeta d bnd roll ed into 4" sL.1 bs 25" Vi_ide and 
cut to length. 'l\~o pie c es were cut fram the slc:1 b rolled 
fro t.: th., 14" t. hi ck ingot. One of these slabs had f •: 31 
removed froc the hiBh carbon fa ce by ma chining to make 
the 10% face olates . The slabs wera t han reheated end 
i-olled into plat es 1/2" and 3/8" thick by 22 -1/4° w.ide. 
'l'he plates were anne8 led, pickl ed a nd sheared into 36 .... , 
lengths. 

I t it underst ood from CQTipeny r eprasentati v 2s 
that considera bl a difficu l ty ;as encountered in the pro-
d ction of the pla es boc2 use of f a ce cracking end se pa ra
tion - especially ~ith the slHbs having a nominal face 
of 40% and 50%. Out of the hundred plat8s orderad, com
prisin~ ten plat as of ~a ch ca tegory , only 78 plat es were 
actually delivered . Ne 1/2" _;_:)lates having a nominal fa ce 
of 50% were received, 

The chQmica l composition of th0 p lates is jiven 
in T bl u I. It will be note d :hat the ba ck has Q. 22 1a 

c rbon ¼hile the carbon con ~nt of tha face vari8s in the 
four ingots from 0.57% to 0. 6 2% . The alloy cont t; nt is 
or,,ctica· ly const ant for all the ingots . 

ThBL~ I 

Back - Heat No. 53810 

C 1n p s Si Cr Ni M• 

. 22 .50 .011 .017 .3 0 1 1 J¢J9 .40 .... ,/ 
Case - J/8" nd 1/2° p l ates 

C Mn p s Si Ni Mtt 

10% and 20% 060 , 56 . 014 .019 .29 3.47 .4J 
case 
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JO% 0 0 S G 

40% ca se 
50% cas e 

C Mn 

.,? .55 
,57 .57 
• 62 • 5 5 

p 

.008 

.011 
,008 

s 

.018 

.017 

.014 

Si Ni 

,27 3.41 
.28 3.36 
.28 3.38 

.44 

.43 

.43 

A study was mad e of the plat e s, as r e ceived, for st ructure . 
decarburi7,ation and inclusions. Sampl3s wer e exp ur i 
mentally heat traat ed to de te rmine wh et he r a standard 
1560°F. quench followed by a 3oo•F, draw would give a 
uniform t emper ed ma rtensit e structure . Table II gives 
the Brinell hardness r esults obtained on these samples 
together ~ith 1 ~sults of microscopic examination. The 
back hardness deve loped by the hardening trea tment wa s 
about 41~4 BHN, and the fac 8 ha rdness was above 600 BHN 
fo r all plat es exc ept for t 11e J/8" plat es with 10% and 
20% f a ce. I t was conside r e d t hc t the heat treat raant 
wa s sa t isfa ctory s ince previous ex ~erienc e he d s hown 
t he exc ell ent pe natret~on r esi sta nce coul d be obta ined 
wi t h pla te s having t hese ha rdness ve lues. 

Th e ma cro-et ched s e ctions of t ~e anneal ed plat es 
a r e s hown in Figure I, Microscopic examination indicat ed 
that t he amou...'lt of docerb urization was slight exc ept for 
plat e GlO (3/8" - 50% face). This plat e had about 0~051 
pa r t i a l decarburi za t i on as is evident in Figure I. 

The amount of inc l usions in the f ace was aver
age for Pluramelt plates except for plata G4 (1 /2" -
40% face ) which had a bad stringer inclusi8n. Besides 
the lorge inclusions in this plate, the reg on examined 
was low in alloy contt:mt 1-- nd did not harden on 4uench
ing ir oi l , which resulted in a lArge band of pearlite 
b0J.ow the surface of the plate as shown in Figure 2. 
Such ba1,1ds had previously been found in Pluramelt 
plates,ll ) The penatration resistance of the plate does 
not anpear to be affected by them, but the ductility 
under shock is decreased. 

The plates were considered to be representative 
Pluramelt plates and thorefore could ba used for a study 
of the effect of dopth of face on the penetration re
sistance. 
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I 
I 

nr RESULTS: 

Thr oe pl8t cs from each group, 27 total, wore 
heat trea t e d as follows: 

75 minut es in salt bat h at 1560° F. 
3 minut Gs quen ch in agitat ed oil. 
1 hour draw a t 300~ F~ 

Th e pintes we r e tested with cal ibe r .50 AP M2 at norma l 
and with 20mm H. "G.:;. a t 20° obliqui ty und vr spe cifications 
O.S.2775-1. Results of ba llistic tes t s are given in 
Table III. 

Sample s war e:? cut from tha plat e s and examine d 
for depth of f a ce , ha rdne ss and microstructur e . Result~ 
ar e given in Tabl e IV togather with the ca liber .50 AP · 
M2 limit v~lociti es. The limits hav ~ bae n correct ed 
for va riations in gauge to a standa rd t h i ckn0ss of 0~375 
and 0'~500 for the 3/8" a nd l/2t' plat0s r e s pe ctive ly. 

By comparin g Ta bles II Bnd IV, it will be 
s aen that s amples taken fro~ t h~ same plat~ had ~irferent 
p6r cents of fac e and tha t plat:.0 s of t he s am0 nomina l 
per c ent f a ce he d a simil~r vnriBti on in thv pJr c ant 
of f a ce . SincJ tho pl8te s of th e sa mu nomi na l per c0nt 
f a c8 wer a roll Gd fr om a singl e sla b, it is 8vid ont that 
th e depth of faco vari a d in th0 slab. Thd per c0nt f a ce 
obt ained from a sing l G loca tion in a pl 8t ~ is th8re fore 
not chara cteristic of tha pla ~e and cannot be corr0lat ed 
dirGccly wit h tha ta llistic limit . 

I n order to obtain a corr dla tion betw0en tho 
per cent f a c e and li ·riit ve locity, it is n ec essary to 
average the pa r cents of fec8 obtai n0d on the micro
samp l 0s and a vcn ·sg0 t ilo li ri:..it volocitL:s obtained on 
plat 0s of th 0 s ame nomina l na r c0nt foc0 . The rosults 
obtained are given in Tabl a V and plott ed in Figure 3. 
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3/8" 

% Face 

9 
22 
28 
44 
50 

I V 

TABLE v· 

A VER.I\ G-~ VELOCITY LDHT Itr FT./ SEC. OF 
PLUR ~1,rr.,L'r ? LA "f":.'J OF V1~RYI!\TG 1?1R CIZNT 
FACE vs, CAL. ,50 AP M2 BULL73: TS AT 

NORMA L. 

1/2t1 

Limit % Fa ce 

1927 14 
2102 22 
2116 28 
2032 48 
1984 

DLSCUSSI ON: 

1i2" Pla t e s 

Limit 

2226 
2268 
232 9 
2307 

Fr om t h G cur v0s i n Fi gura 3, it would appear 
that th ci optimum deoth of f'e co f or pene t rati on r es istance 
of 1/2" plo t e s vs . c a li b~r .50 AP M2 bulle t s a t norma l 
is a bove 28% ond is pr oba bly a bout 35%. Unf ortunat ely, 
n o plates ware f urni s hGd v1it h a d0pth of fa c o b0tv1c:ien 
28% and 48% . Th i s ga p is in the r a nga th a t i 's most 
impor tant for 1/2" Plurama lt fac ~ harden ad armor. 

The curvG hD ~ been dottJd to indic cte o lack 
of ce rtainty in the shape of tho c urve and in thd location 
of th l.:3 maximum. In fact-, th0r o is somJ 0vide nce thEl t 
the curv is not a c .Jntinuous functi cn. Th 3 pla t a s with 
a large per c0nt of f Dc0 feil 0d with lAige buttons b~ing 
thrown from the b P. ck of th -.J pl 8te inst G':d of failing 
with clee n punchings A S is usunl for plAt~s of lowdr per 
cent fac e . ThG chango in thJ mLchanism of pl0t a failure 
probably ca use s an Abrupt broo k in li ~it valocity. 
Ve r iri t ions in plata composition, beck h::i rdnass a nd hea t 
treatment will offuct the pa r c Gnt of f:ic 0 for optimum 

ba llistic prop 3rti cs. 

An int er o~ ting f 0a t ur ~ of the r asults was 
thet thd li~its obtnin~d on a ll thJ plate s r~ gs rdless 
of depth of fA ca wore so hieh. Ev~n th~ platas with 
14% fac e had on a vur8~cJ li 'ili t 150 ft ./se c. ov er spe ci
fic3tion requirements for 1/2" plc1tJs wnil.a the av~rE:ga 
li~its of all DletJs bntwaan 23% f AC8 ~nd 50% fsca wns 
~bov~ 2)00 ft,/sec, 
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All the 1/2" plrt -a s pa cs-., d thu shock t ·s t with 
t h 0 2 0 mm H • E • 2 rr..m un it i on L t 2 O O ob 1 i c1 u it y ox c •:;pt p 1 u t e 
GL, which f 0iJ.0d by P.,iving 8 4-1/2" by 1-1/2" fac t; $pe ll.· 
Thd face sp11 ll wes causGd b~r tlle l ft r _c! p.aorlit0 b2nds 
found in th~ f 0 ce (F igur o 2). It should be noted that 
th is plate with 48% face had a li mi t of 2306 ft./sec. 
in spit d of the l ergd subsurfac0 duf~ct. 

Sinc e th ose plates hed aigh bAllistic liillits , 
it wos of inter0st to obtain c G~plat0 hardness distri
bution curvGs throu~h th8 plat8s. Th0 ha rdness r0adings 
vvero t a .ken v,ith a "Tukon" mschine Gq uippe d withe "Knoop" 
indJntor. Th-3 c urves for tll 0 tw e lv tJ 1/2" pla tds aru 
shown in Fi gure s 4 to 7, It will b l3 S don tha t c::.11 plEl. t Js 
hod o maximum hardness or ovar 600 Knoop sx,cept pls to 
Gl, A pl ate which h~ d a balli stic lio i t of only 2157 
ft./s3c. 

( 2 ) 
In Ncivr. l Pro vine Gro und Huport 12-43, it 

WAS st ci t .... d thnt 1/2" pltit vs would proba bly f a il the bEll
listic tdst 8g~inst c2 lib~r .50 AP M2 proj actil os 2t 
normJ l obli1 uity if the Knoo p hr rdn e ss wns l es s the n 
5~.0 ot a d 8.pth of .010" b8ca us0 th 3 p,m0Jtre,tj_on r e 
si st'lnce of fA~e-lrnrdGn dd ligi1t r rmor i s pr imP. rily d e 
pdn dant on th3 ~bility of ~hd pl~tJ to fr ~cture the 
coru of tho AP pr oj 2ctile. If consid~rAblJ dciC Rrburize
tion is prdse nt on th .J surfr ce of thd pl •t0 , th~ pro
j actilo is not shatt0 r 6d on i mpPct 8nd p~ss ~s through the 
plet e substanti : lly und C:! forrn. ud. Th 8 h~rdn Gss of' thG 
tw ...; lv . .: 1/2" _pl ates shown i n Figur- s I+ to 7 is wGll ti bove 
540 Knoop e t '! 010 bolow th8 surf11 c e of th0 f a ce . Howevar, 
th~ pl ates a ll show a !i ,: 1k0d drop off in hc rdness 2 t 
thu surfnce which is beli e v e d to lovrnr t.i.-iG b ,.: llisti c 
li _its , rnd is e lso prob .. bl.y one f octor r Js_ponsibl d for 
the \.Vid 0 va r iq t i on in b'l llistic li iits found in Flu.remelt 
a rmor. It i~ b dli ,:!V-:Jd t lY1t mor~ ce r,:i sho 1.; ld b.J t a k~n to 
minimize this slH rp dron in hr:irdnass rt th.J surfAce of 
r ~ce herd0nad Pr mor. 

3/8 11 Pl Rt J S 

Fro-n h~ c 1:rvcs in Figure 3, it would 8pp00r 
thg t the optimwn d0pth of c.:-. s c tor ponatrfltion rusist
~nce of 3/8" pl e. t\;s , gn inst c lib0r .50 AP M2 bull \j ts 
at norr.ie l is betw 0en 20~& nd 30% face. AS in t:1d c ,:ise 
of tl1e 1/2 11 pla t...;s, h-:3 r .J is c lnrge g-ci p in thd p0r c ent 
fAe e in this r ;=inglj . Sinc ,3 thdru ,. r e no plr- t\js wi tb !)dl' 
ce;nt f :ice in tho rc,ngo fr om 28% to 44% it is impossible 
to fix thd op imwn dt:!_µth of f ec0 wi ,h Cdrte inty.. As in 

-6-
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t he cr se of 1/2" ple t \'.rn , howevvr, all 3/8" pl 0 t t.:Js ho d 
limi ts above specificetion r eq uiremvnt s - even the pl at e 
with 9% - ✓ hile the varage limits of th3 plr es with 
2o% t o 30% f a ce wer e P bove th e r 0q_ uirements for 1/2" 
pla td s, 

Only the p l at es with 22% f a ca pa ssed both tha 
ca 1 i be r • 5 0 burst f1 n d 2 0mm H • E • s l1 o ck t ests • The ple t e s 
with 44% a nd 50% cr. s e wer 8 definit ely ovar the optimum 
dopth of f a ce sinc e l a r ge b~tt,ons WAr e thrrn~n in 111 · 
cAs es . Pl a t e s G6A And G8A f r. il ed on o. ccount of f ci ce 
spe1 lls v• hich wcr o probAbly ce us ad by pes rlit e bRnds in 
th t3 f 8 c0 . Flo t o G8B with 28rb f f\ ce f o iled th0 :::Drmn shock 
t est. No cAus e could be s ee n for th e f o ilure of this 
plat e except th8t the bnck h8rdncss of t h t.:: J /8" plqtes 
may be too h i gh for t nis g? ug8 . The ba ck hPrdness of 
a ll J/8 11 pla t es wr~ s a bov e 450 Knoop and e v0; n 2bovc 500 
in t h0 cAs 0 of olPte lJA (Soe Fi gures 8 to 12 ). It 
would seem that for opt imum ballist i c propGrti a s of 
J/8" f o ce he.rdenad or mor E g:;, inst cg li bcr • 50 AP M2 
bull et s or 20~n H. E., th0 ddpth of f a ce 0 nd the be ck 
herdnGs s should both be l es s thEi n for 1/2" pl c: t a s 
~ge inst tho s ame proj 2ctil ds, 

Th d p:;;r C1:;n t f nc8 @;i ven on t ll0 ha rdnGs s dis
t ributi on curv0s wa r e t , kan a rbit r erily 3t t he poi nt 
wher ~ tha hPrdness f el l s t o 540 Knoop, whi ch corrus ponds 
to 3p proxim~te ly 500 Brin~ll. Th0 ve l uas obta inod f rom 
t ho c urvos ch0 ck wit hin 2~~ fo r th0- 1/2 ° pL:· t0s Et nd within 
4% f or th o 3/8" plates wj_th those obt a ined microsc o
pifilly. No sign i f i ca nt cha nge in the optimum depth of 
f ,· 0 0 would r lis ul t fr orn usin g tha oar cunt f e ce obteined 
f r oro th0 he r dness curv~s . 

V 

From th ·J r es ults obtein.ad th~ optimum depth 
of f c1 ce of 1/ 2" Pl urnmv 1 t f '.; co h"' rdaned 9 r mor c gc inst 
c2liber . 50 AP M2 bull ~ts woul d R,pe~r to bd betw e~n 
28% nd 40% f ~ce , confirming the r (;l S"1lts ~ivon in 
Nbvol Proving Ground Report 3-43, \ lJ It is consid~r
ed po ssi bl e thr!t 1/2 11 Plurame lt f[lca h8rdcned rmor with 
th0 following char ~ct eristics would hqv~ limits consis
t vntly 8bove 2275 ft./sec., - ~ m~ r gin of 200 ft./sec. 
over present specific~ ion r eq uirem~nts. 

-7-



% Carbon Frrc e t.57 to 0,62 
Bc1ck 0,22 to 0.24-

HP.rdne s s F fl C G ove r 600 BHN 
B( ck 444 Brill 

% F <:1 c e JO% to 40% 

Th e optimum dapt h of· c ,<~ s0 f'or 3/8" Pluram-:: lt f o ce 
ha rd on ad ~rmor is be tw de n 20% 0 nd JO%. To obtRin 
rn.o ximum shock r e siste nce tho brick h,~ rdn8SS should pre
bDbly bo lowe r th An t he t for 1/2" plEi t c s which would 
Gea n P slightly low er cArbon cont ,mt in thc:J b:~ ck. It 
is bel i eve d th-:-.t 3/8 t1 Plur "mGlt f ~-: ca hord2nod 1-1 rmor 
v· ith tho follov1ing chnroct c.lI' iS "L, ics would h c:1v e limits 
consistently s bovo 2025 ft./sec. - . raa r g in of 200 ft./sec. 
ovar nre s 8nt sp0cificAtion r -J C: uir0oe11ts. 

cJ,, C2r bon Fr ee 0.57 to 0.62 
B1:1 ck 0.20 t o 0.22 

B>irdnes s F0 co - Ov ar 600 EHN 
Br.ck - 400 EHN 

% F -, C8 20% to 30% 

VI R":FTSff'""~ CES: ..... { \ 

(1) N?G R0port No~ 3-43 of 2 M" rch, 1943. 
( 2) NPG R0por t No. 12-43 of 30 Jun- , 1943. / 
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