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PRE CE 

i~. HORIZ.1 .. 'l'IO T 

his study wns reques ed in Bureu1 of Ordnanc 
letter SlJ-1(!) du ed January 11 , 1 43 . 

OBJECT 

To r,res n a co .. T)rchensive survey &nd r.nal sis of 
he hallis ic , e rfo n nee of li ,Iht nor 1Q£lnufacturert y 

t.te "?lurnhrnl t " proc cs., . 

SUI l..J..IlY 

J... compaYiso n is made o f t e pe1 fort.1D.n c e of pletes 
sub!.1i ted b:r dif' fe r en r.:a nufc cture r s pro uc i r;; 1 · c,ht , lr.!o r 
usin ..:, I'l urar:iel t ri l ates . . The l)erfor Lt n e of Plurfuaelt plctcs 
i s a l c-io conpar crl ·,1ith ttat of c r..r buri zed o n (1 ~i r i ded !'l n t s . 
h .. ur..1.Lm y of ez e1-i 1:1cntal l1eat t r ·e. t 1Jents by t h e J.; vnl P r o vi a 
Gro und i s incluc.ed toe.e t h er v1i th t h e b lli s tic r esul ts ob­
tc.in cd before e nc aft e r tren t .1cn t. 

tho. t: 
The analys is of light orr.1or perforr.mncc ind i cc.tes 

(t) Pl&tes manufactured by E. C. ~~kins and 
Cornpuny and U. s . Spring nnd Bumper 
CoI,1,Pany f ran Plurrunel t lwve npproxir.iatcly 
the s axe b8llistic qua lity at the present 
ti.oc. 

Light arr:~r produced from plu tes manufnc­
tured by the Pluramelt process shown 
greater varintion in ballistic propertie s 
thnn pletes case cnrburized and burdened. 
Total failures in 1942 of 1/2" nee eptuncc 
test pletcs of Pluraflelt amounted to 164 
out of 928 (17.7%) us compnre d to 17 
cnrburizod plate out of 723 (2.4~). 
Hir,her .lir.1.i ts vrnre o bto.ined ~t tim.cs with 
Plurnmel t plntes and th y genernlly shm·rnd 
excelle nt shock r es istance. 

{c} Results of e xperimental wor k i ndic a te thet 
Plurnmel t pl" t c s n us t have 0. hich surface 
ta1·dncss to pu s s the balli s tic t e t. 
Flo Je s hn vin{~ low s urfuce hardness been use 
of incorrect hent tr c t .1cnt or of .., rfacc 
d carburization v1ill hnve 101.v re~ i s o. ncc 
to p enetrntion. !Jo correlation could b e 
mad e with other physical or chc,uicnl _,w~rtics.1 
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I . Ii • OIJUC IOIJ 

Focc hard n0d ligh r. 1D Las c n mc~de or Lm~y 
J •a1 s lJ ca!.3G cnr burtzing ond hm doninG a lo, cr.rbon 
,:.t •:ol . his he.a t r c I cnt ccvclops a hardn ss of ov r 
GOO ·r i ull c , tht. fncc of the le. c w i h a bn ct hc.r cL .or ~ 
ust.r.. l ly [' r r und 400 Br i n el l . ~pprox im..'1 tely t\ 0 Yl..!fll [; l.t , ' 

ti1.e .llcfl eny LudlllLl Stee l Cor p_') c ion inv._,s i [l.t(.;d re: 
Pv' :Ji bilitius of np ,lying . ir " Plururrc. l 11 !)rncus~ to tLo 
c:'- nufacturc of fc.c8 h 11 d~ncd l i ght armo r . Tl1is ~roc0r..J 
COLGists of bt.. i ldir (1 u ... 0. LlGtfll l ic lr:;ycr on 8 basl, uL~ l 
by c. n L-lcctric 111 c . .. 8 0.ppli ~d to lig1t ru1.101· , the LlJt..cl10ny 
LUd l w Steel Cornon:: t ion r ol l s in ot s of laH cc..rl>on- nlcl. , l-
1 olybd1.,nLu.. ctoc..l· ir tc s2.ubs RI' pr oxifilf ... t e l y 3" t l i ck . 1' 2" 
luycr 01' hi gh carbon steel of' "L,li l nr alloy content is 
j vltc..ct onto t he slhb,.. nd t hls c o,1;'"los itc sla b in tl e1 r o l :1.\.,d 
dm,n i r t o tl.c 1 cq uir cd l e... tc c.a U ('1,; . 

Zx J. ~riii.cn...,e..l. h -.:n t trea t t1c nt s o f t ... i 1;L, t er i a l h -
B . C. 1.tl-:in s vnc.1 Co.1r ny oc rly in 1941 <., nnbl cd t his 
COL ponJ o q u &li fy o s a [J1 o dl.!.c e r of li r, . t e r u o1 f ol th\] 
U . G. IJevy . = S ms to be, o xpuctcd , e:n r ly 1osult s v:c rc 
so t.-w hu t iuconsist cnt n L e ccnsidcrabl : nur,1b ur of pl ct c 
L .... ::. lu ...:·1.;s occu.rr1:;d . \;i th m.or-0 c.;x;:iuric,ncc, E . C • .Atkins r.r. d 
Co •• p ,n obtai ·d cor...sistE::nt r esults i~nd had lLss tl1L.l t\·,o 
p t-1c u nt of fw. ilures in tr..e first four 1.no nths of 1 9L~2 . 

In Larch, 1942, ths l" . 0
• Sprint; and Bumper Co!.l:'f..ny 

CJ UDlifiGd to produce; li ght u11.1or fro!J. ?lurai,w lt and sub-
1.1i ttc d their fir- CJ t ecc c ptance t e st platus in J._pril, 1 942 . 
_;,. hi c-11 pm·cE..:nta ~o of fuilures occurre d 1v1hich is & c o 1.:ut1011. 

expc rie11ce fol coupanics sta rting to uu nufncturc e r no r 
nlate. Eo11vuver , by Soptem.b~r , 19 42, thu nu.u1b(;r of f c.ilur <., s 
had be en reauccd to thrue percent which usually is c on-
s i dt ud &ccoptablo . 

In Noveni.bcr, 1942, failures increased rapidly 
until L.1or-c; t han a t l: i1·d of t he a cce ptance test plat e s of 
bott. co1..1panies wor u f a iling. Sane improveucnt wa s obtuincd 
in DGC1,.;I..J.bur- , but tt8 pcrccntue,e of plate f c1i lur us V\6.S 
s-i:;ill too hid1 and, in consequE.incc , th(.) producf:..rs of li[ ht 
a r 1..ior using Plur·w.wlt instltutod an invc stigutlon in a n 
undonvor to c,'~ tob.!.ish th u cnus o of fcilur es nd to ta.Lo 
corrective steps. 

It should be noted that c.. 11 P1urn 11el t is £m c bv 
the J.lloghcr,,y Ludlu.r. Steel Col pore t t on. The I: . C . .,_tti~ s 
Coll .l nny end l" . S. SJ ring e nd Bw.ip0r Coi:1peny " uu t tr •nt 
and f ubrica t l'.;: the Plu1n.CJelt us rec eiv ed fro1o1 1..l l ue,hcny 
Ludlwn. 
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mLis I rort co prrcs the p• fo UfllCC of 1· ·1t 
__ oduc •ab tLt. C:.i f rent J£..nuf•.c lJrs ·nd ...,1..HJ .. -

r.,· 1 1 Zt.: s t 1e 1 csult s of cn.p ' r i t.:n i .. l hcl t r 1.;;n tine of 
Pll lf' ,~l e tl'lc oval :..o iri£, Gro nd . 

E . C . J .. kins rnrl Co .. !)Cny £nd tL".; l . S . Spi in{', "r .. 11 
Blu,1pL.r Cor...J'U!l'' nro t1,E t\10 1,.1 ge JJl oduce1·8 0~ li,~11t [,Y l O~.' 

for the; . S , :Jevy uc-i1g plctt0s nuC:c bJ' tte ?l_t...ln; t~lt 
J1r oc us"' . Die bold 3 fe (. rd Lock Co .... _rr ny nc'i Her ry D.:.,.. ston 
nnd Sons furn:.C'h Bullot ?roof Steel (BPS} I ~fidu of cf.re c: .r­
burizc.d nd r..&rdencd plates , w .. ilc th E,J c~inGHru:ware 
Co1 J. ornt ion s u.pnliod uany plr, t es in 1941 v1hich hod r;81:..n 
hu d Lsd by nitridir:g . 

Cou.._ r ison of :-..:.llisti c pc.n fora, nee hr.G bcon ll11it cd 
o c.cceptnnce t<.;st plet0s of J/8" and 1/2" plnt ,s ~· · nco 

the:::ie t,w nures r.r · r:ioJt frcql~ently s:.1baittud for br.llistic 
c.:::;t . '1:11 G ovurs.11 .~Cl or t.encc of ht dif f r.Jnt ty e s o 

.rl1... e t=;g inst . 50 cr.11 . liP projectiles is c: ven bc lm•_; in 
Tn bl c..: I t~ c,G t h.~ r with thu per f orI1£l.11c E... ol u:1c h iJD. .r.uf c. c t;z- er' s 
product. 

~;J3LE I 

Per f or1.1.enoc of 1/2 11 BPS J .. cc €.;ptnnc Tl)s t Pl t s . 

Type of Tota l 
1u:·1...10 r Plntes ---

Plu nnel t 54 
Cc: r burizcd 71 
iH t ridcd 41 

Co11p ,ny 

1~t}: ins ( .P) 54 
USSc.cBCo . (P) 
Diobold ( C) JJ 
Di s t_;, t on ( C) J8 
RGndi.n[, (N) hl 

i·~tkins (P} 50 
USS Co . ( p) 
Dil;bold ( C) 11 

( p) = Plurnmel t 

1941 ----Pla tes r ,o To tn l 
Fuilud Fnilur 1.; S Plntos ---

22 41~ 928 
9 lJ~b 723 

11 275~ 

22 41$& 553 
J75 

3 9% 44 0 
6 16% 283 

11 27% 

3LB" Bullot Proof Gt ucl 

.lJ 26;~ 113 
24 

0 oc1 ,o 21 

( C) ::: Cnrburized 

- 2 -

1942 
Plntu s 10 
Fni cc, Fu "luros 

164 17 . 7/o 
17 2 .45~ 

66 12% 
98 26~ 

1 o. 2'}b 
16 G~; 

5 L~% 
3 9'f,~ 
0 oc' /<J 

(r) = !Jitrid d 
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J r n . 
Fe b . 
"--:. r . 

,h.f,!' . 
11,.c.. y 
Ju :c 
Jul y 
.r .. U{.; , 

p . 
Oct. 
Hov . 
De c. 

47 
15 
' ri 4-t... 
27 
31 
20 
7 5 
68 
48 
64 
"Q ., ,, 

57 

o b,, .:.1 
.... ') • v1 .l:' 

of 

.on~hly Perfo r:.1'1GC of ill" BPS_durL1 1 9/.,.2 . 

1 
0 
1 
0 
4 
0 
2 
8 
8 

11 
21 
10 

2 
0 
2 
0 

lJ 
0 
3 

12 
i7 
17 
J6 
18 

5 
15 
39 
29 
28 

105 
59 
16 
79 

5 
(i 

17 
27 
4 
3 
l,. 
6 

26 

100 
40 
44 
93 
14 

3 
7 

JS 
33 

Di ebo ld (C) 
To tel l!'t1 i l ed ~ 

53 
l , 7 
22 
47 
39 
34 
9 

32 
2 

63 
59 
33 

0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 

15 
G 
r 

2:!. 
l G 
2L,, 
64 

9 
37 
37 
:1 
21 

0 
0 
0 
0 
0 
8 
0 
0 
4 
1 
2 
1 

1 94" 553 66 12 37 5 26 440 1 0.2 283 16 

( P ) = Pl urur.iu 1 t ( C) = Cr. rburizc d 

In an cf fort t o obta in [ c ri to r ion o f c o.mp:11 i s on 
oth er tllr. n thc t of p - ssing or fn il ing bnl listic SJh.J c.: 'Lf l c " ­
t ions, ""'. n uttu1:1p t h us buon I ndc in t his r c;port to obta in 
r.n nv~ r ag velocity lin i t of' l ir,ht nr rno r r,l t tc s u b1. ittcd 

y tllu \' n1i ou s 1,lElnu f cturcr s . Si nce l L 1i ts 'JCff1.,; e, u no.:; r c .. ll y 
no t obt n i 1 ud f or pl .to c o ns i d.e H: bly ub ovu or bulow sp1.: c if i­

r: tior~ <::.U o lity , o.n cv 1:;rngc li .1it VtJ loci t y c~·, n bu o bt inc. d 
f r o1.. onl y . f ew pl nt e s. Ho\WYur, by tn ki ug t he highost 

- 3 -

0 
0 
0 
0 
0 

33 
0 
0 

11 
J 
6 
5 

6 



• 

, ·on ob ·n,.,d onhi ·. · .1 · y lrt1.,;. d 
\: s.., co. plet1.1 pL!n-.; 1 ion on 1 L il l) d . l· tl!'' tOGL!tl. 
_ ~ veloei ty · 1..i t for p r l!S o kn \ n q l., ty , :. t 
<-ible to obtn.:.n ". il~di n velocity l.i .... it for · 11 

· cc i t nee, \., t plr. as which is indicntivc of lr.te CJU • ..1.i ", J . 
TL<; 1..0di· n velocity limits o plo s oducc:,d by tht: di f-
f !....!"1.: n · -~· nu , ct urers r.~ o Gi ~:en b clO\J : 

( p) = 

1/2 11 BP§ 
Humber of 

Pl ts 

.. tkins (P ) 
USS&B (P) 
Dit;bold. (C) 
::>:..se on (C) 
E ; d i !'lf_:, ( u) 
3pucif ten ti on liui t 
( 0 . S . 5 9 5 ) Tc( b le I 

)i_8 11 BPS 

611 
412 
483 
') 15 ..,,.,, 
42 

1',.tkins (PB) 145 
U~SE~B (P) 15 
Diebold (C) 32 
Snccificntion limit 
(o .s . 595) T. bl I 

(C) = C~rburizcd 

licdi "n 
Vcloci~ Limit 

2117 
2116 
2161 
2136 
2075 

2050 

18 7 
1 941 
1890 

1750 

i . s . 

(n ) = l~it ride;d 

It i s interesting .. to not e th8t th e se vclu,; s ~- e 
c.:o nsi s t c nt ith the results of c cceptr nc c tusts . Di ebo ld 
pl~ tus h nd he b~nt pcrformr:nce n nd h id f' ffi(: di .n vuloc ty 
l i ni., of' 2161 ft ./s ec. Vih il e U . S . Spr ing r. nd Bunpcr pl r:tos 
•':ith c p r m~t es t p er c cntr.g0 f n.i lurcs in 1 9L.-2 h r. d n 1.1edi~n 
V8locity liLlit of 2116 . Thus, thb , ver ga Diebold p~ t e 
~:.e filf I gi n O V C r s p u C ,_ f i C' t ions Of 8 bo l t 10 0 f • s • ' vlfil i 1 C 

• S . Sprinc. c:·nd BUJ:1pur Conpnny plntt;s h:..ve , . JE.r e,in of 
only 50 f . s . Th e~ p t.;rc u nt f , ilurl,c would h e expected to be 
mucl ('.l uc. tel' \vi th th e Sl'.l[ l l er t:1c r g in • 

..,_hu nitl'idcd nl£t 0s produced by t h~ f.aEcling HrrdwA.J P 
CoI,:Jmnv .h r d e cor11nr.u1t.ivclv lo J rr.rdi n v clocit•r limi.t -

" j "' ... • 

2075 f. s . , ut this lh.it prob!1 bly do's n o 1 oprcsc nt th 1 : 

o tic r ob tGin.bl u by nitridinc . Ron dinf did not ob ~in 
ud cs untc control ovu the ir nitridinG fill na to begin 
wi .,hf nd nitridc d both f ccs of thl ir· .rlc cs . The n vl.n c.re 
liI.ii · for bcir lnst t\lenty-fivc e cceptr nc t cc~t plrtus 
"',J[' Cl 210 3 f • so 

- 4 -
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On J '1 lb , l en 2 , • S. . int_. " cl B . C l Con. y 
J 1 '. ,B4R ( ': 50 ctu<J u G) frile h(; b'll:s ic t1Jst 
H·t ·, CO!:lT,lute ') nc r,, ion" 2060 f . s . Tle ,J. or '!ld 

l.:)jt.-ctil<.J.111 o r.to ry \1rs r qut.:J c.,d v rent trcnt this 
p f l.! in 01dcr o d utt.-rL inc w. t. ltcr tht- plr L could pr.;:; 

hl.. s )CC lf icr t ions Whl..n hu r 0r tiJd ttndt-r controlled 
conditions . The.. plrtt;; ,~c.s h nted to 1560°:B' ., ht.ld 30 
1uinutus [ t(; ,~pur urc, i., n u1 qucnch1:;d l nd dr• \ ✓!l ont; ho 

t J00°F . T e br.llistic lirii .,,r.s r ,isud to 2140 f . /,..l.,c ., 
70 ft . /s~c . cbov th~ spucific~ ions for this hickn ss . 

Furtht.r frilures of 1/2" BPS tren ud by U. S . S rirlf, 
and w11pur Cor,1}X,ny i.10.dc it st: .Gl t d visnblc .o strrt nn 
inv e s ti gr ti on to de turi:1i nv th cc use of f nil ur c r.nd 1i1e,cns 
of i ilprovin, the lli s tic qunli ty of licht e.11nor 11~d from 
Plura 1elt, . The first expurifill nt wc.s to d1Jtcrrni11c the Gff ect 
of Lo quenchinG 11 dium on ballistic pro!'{:rtics . Four 
1/2" ple tes we re sul1:.- c ted at r nndon1 ond tro nted (• s before 
with the only vnr-i bltJ buin the quc ch. RL.sults we re ai:-; 
follow : 

Pl .t e 
no . 

JB51R 
NBl0R 
1JB68 
:rn69 

Ef e ct of Q,u c: nchints l\1 odium. on Belli st ic 
Properti ,s of 1/2" Plura mclt Pln t us 

Brinell Bnllist ic 
Hardness Licit f . 8; 
·Ft,co Back 

-=-..:..l. 
Cnse Duptl1 ~uench Befor e 1..f te r --- ----

.14" 532 430 VJ'n ter-s prey 1813 1 91 0 

.17" 555 460 Vint or-still 2048 2150 
• 20 " 578 477 Oil 2160(pp ) 2220 
.19" 600 286 .1~ir 2190 1970 

Fr om the e.bove it crm be seE.n thn t oil quenching 
1, uy provide n suffi ci en t ly 1 npid qu~nch to develop full 
11£ndncss in tJ.1e plc. t e . -2:v en E ir cooline, resulted i n 600 
Brinell in t he f nce al though t he low c a rbon buck f n iled 
to hr,rden nt tl1is s l ow r t e of cooling, 

Pla te IJB51R f niled top ss specificntions ~f t er 
v-Jftter quenchi ng . This ft ilui e is believed to be ca used by 
the lovv f&ce hardness. In 01·d er to che ck tl1e effect of 
l ow f Ll C C hnrdness on tnlli stic pro per-tics, eighteen n dd i­
"'v ion'11 1/2" plctes v1 e r e sel ected for inves tiGRt i on . IJir 

- 5 -



\H.: e U _ s. Spr ins f n Bwn ) Coil.IX ny le tus lh ich h 1d fn.1. lcd 
to ss ,.,he bollistic test , f ive vrnr c u. . Spri11G end Bumper 
Gu1.:1y-.ny pl,..,tes .,ti1 c hod pr.ssP,d , r nd four weru .1.tld .. ns pln es 
\Jhich hLd nlso pas:;ed s ccificr.tions . Results of hcrclnt..s::, 
r..nd cc sc depth i.i.t.msurt:I.J(.mt s vJur i: s follows : 

Plv e Ho .. 
U .S .Spr:_in.g~_Bumper Co .. 

NB74 
!IB 58R 
iffi76 
lffi29RR 

rrn77 
NB78 
~ffi7 3 
?JB75 
NB 79 
lffi 46 
!'1362 
1m 50 
1rn44 
NB4JR 

2060 - Fel l ed 
1 ~5 70 - Fa il ed 
2030 - Fo il ed 
1278 - Fc ilcd 

(LCP) 
2070 - Fail ed 
1915 - Fn iled 
1930 - Fn i.led 
20 20 - Fn i led 
1 00 - Fa iled 
21 70 - P-1ssed 
21 JO - Po sscd 
2115 Pnssed 
2095 - Pes sed 
2115 ... Pei ssed 

E. C • .1.tkins Co, 

G57H 

G50H 
r;81H 
G95H 

2l(j Q - Pns s ed 
(H.PP) 
2160 - P!1ssed 
2139 - Passed 
2092 - Pas sed 

{HPP) 

Br inell Har d_ a 
Reported 0 bt a i ncd 

by L fr. by l lPG 

601- 477 
601-4 77 
601- lt-44 
601-477 

601-444 
601-444 
601-477 
601-444 
601-444 
601-514 
601-477 
653-477 
601-477 
601-477 

627-477 

65)-477 
627-495 
65)-430 

53 2-444 
477-387 
512-375 
4 77- L~l8 

5 32-· J87 
532- lt02 
512-460 
532- 387 
532-378 
5 55-477 
555-444 
600-477 
555-444 
55 5-444 

555-460 

555-444 
600-477 
600-387 

Cose 
Den,h _....._ 

. 15" 

. 16" 

. 17" 

. 18" 

. 18" 

.18 " 
• 20 " 
• 20 " 
• 20" 
.15'' 
.16" 
.17'' 
.1 8" 
.19" 

.16" 

.18" 
• 20" 
.20" 

Hnrdness va luGs reported by the mnnu:focturer r r C: 
c onsistently over 600 Brinell which docs not correspon d with 
1 esults of h r,rdness tests mndc E'. t thu Lnvel Provi.nr, Gr·ound. 
It is thoucht thnt the discrepnncy is pt1rtir.!.ly due to the 
diff erence in f,uount ground off the surf~cc before making 
the hardness t est. If the surfncc is grounfl. sufficiently 
to r emove a ny dec nrburiznt ion, o correctly hont t rented pl a te 
i.Jill have n her dness of 600 Brincll or higher. 

However, none of the pla tes thr.t f r. iled hrd r fc1ec 
hcrdness as high ns 555 Brinell regardless of t he fHuount 

, of grinding. I,, icrosco pic cxHmina tion of rapl s f rol,l t.he 
pla t e s did not st~ow an e xcessive num.b~r of inclusions no r 
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:i of ~l..!lfr. cu L:Ctl urlz tio .. . ':i.1 l1 "•J of t 1v c 
: ... 1 1 tr~[ t1..;d y hole.int., hirty .Ul l! \., D i. t 15vU0

:'. , 

0 .:. 1 qu 1..., r.cl irg • 1 d dr1.wi :, -... nl, holll t JOOt-F . ~.12. th1 ; · "'::_ c.s 
,~ 5 ~11 ti,t, c• _i-..:cifici.ticns by uOl\, then lJv f . /,.,1..c • . f . r 
:: t 1 1..;1, _ 1: , . ':'!.1.. tcllistic t ·st 11...sults -.:fort. ( n: uf 1..r 
1 ~:r ,_ · \_;... s it- f.. i Vt.:n b1...,l \J t0g1... ii r •,1.:. L her dnr..:Ss Li. J:..sllr1...,­
! . • · nt. - , r.t cL.1 ban con l-It t . 

?l · te 
l" Oo 

n73 
: ':. 7 Iy 
.;:,79 

LT inc 11 lir.J' dn~ GS 
t • .r... I"' r ... r· , .. 1 nt .l.:.:.::. -.J ' J.. .. ...., V L: l L, L "--" 

::.'"'cc B~1ck 

6 00 
600 
c:, 5 ~ 
,I ) 

430 
4_8 
375 

62 
55 
55 

24 
15 
15 

T) 1~ • • ~ • 't , r' _ .1 .. G _ ~ C • .:::..1 C ~- .. 

1' . s . 
Be::t'or, ---

1930 
2020 
1800 

J.ft \... i' _ ___ ., _ 

~J_.,0 
2:7u 
2170 

I vi 11 bl.) no c t hr:. t i,B7 J ,.J i th o bOO .i.31 i n---~. l f':. C1..., , 430 
:-3.riLL-ll bee e nd£ ci1:10 t 11.l. ckncs s o 0~·20 - 01~ cl...so - h£id 
L l .. i). t of 23 ] 0 f ' . /s-..c . Tl:. is liuit i.:> c0r,si ,.'0~:·.bly c.bc,'rc 
-: .L rt;I E.tf (;; r 1 -- i nc.icr · hc.t l. herd thick cr.r1..; sup_ or ,cd 
ty o f i ,y h 8-l ' &c ·. will 1 csult i1 •~ xc ullc nt 1 L-S i tt,r.c c 

o 1 t..:1 t. trr tion . 

Th •.; diff · Cl!ltius c:1count 1... n, d b ~r th~ T. S . S_prir c, 
' nc. 31w_ ur C01 .• -r n_,r c. pc..r u to lie c. uc to i ncor r t.c t l ·, -... t 

1 fl t . 11..: • t in tl' • J..£ x · fJWi 1lU dnus s vvns r.ot C 8\'C l opu d in tho 
• f c-.1 of t .... i1 i.3~S r l c t es . · .ncn thc . l r, t c \ ! l l ~ r utrcrl tl!d 
,~:~G.; r c ontroll \;;d conditi ons , r1ll th(.; oi l c,u l-nc ht.,d n d 
t c1..pc1·cd pl 1 tes pl.,SSt:d c•puoi fic r.~v i ons . Rt.1sults of t: e 
:; xpcri... .• Lnts c cmuc ud ot thl! IJ vol ?roviq~ '}r ._ und wc;._· c 1c ·.c 

· \c il~iJ lu t o the U. S . Spr .Ln 0 .nd BuJp1... r Cor.1.pr. ny r,t L c or.. -
.• \ ,2 u1c c on ,.u l y 22 , 191+2 . By 1101: i ng s ui t n b lc c hc _ :::,c s in i:.t c 
. •,Lt .,__ll, ,ti G fu nnc ' , th e co .:p,;ny 1 educcd is ;JvrCt,!1 : t [,L-

.L. u ::..lt..r· t, s fr o1.i. 931~ i1 J· 1· to 3,; i n Sc t ;..;1. . ur . 

l;u1r thl:J lnd of 19 42 , both U. C. '"; : rinc ,. nd Juupt..1.. 
( ."d .1. t.l: in b (.; nn t o t .:: .vv r.rt c xc ussivo mu. l.><.,· o f _:--il n.te 
:uilur 1,.;S . Ohl1...n- Bi shoJ. Co •. 11 £.n r , L subcontn c o::- 1'or .,_. tl.ins , 
2ls:J l n .i.,1[.ny I I.Jj ·c ic :is. In ~; 0'1<.1 ... bc~ Encl ... ic c ,.1b c.. r , tu1 
.t 2.i.:1r.., t-lt pl~,t.l: S v, c 1 ...: ~l-t~ r.~e. te; d I t t h ,, 7c v : .i P r ovi ng .,.r o und 
'i. :' ., CL-;:-,,~ c,u ... r!chin f r 0 .1 l 5b 0°}' . nd ci.rciv ✓ i 1t:, ·.t 300°F . ,.11 
::-' ::.. t' t '..; ff.S'ud +:,}1 ,_ r•pt.:cific1, tions 0 11 re LS t . TlJ' l ,tcs 
' . L l 1.; -.J u 1...,1 cu t..1cl.Ld b~ c L, US,,j 110 f, ,c il1til- v!l- 1 1., ~ v, il ,:,b lL- or 
( UL:IlC L_;_ r~ L 11 s . ZL- pli. tL;S il oil el l d uc c uu:.,1_; pH .. "i.JUG 
•..;::- rw i l. :.c<.:: .:., ~u::i..'' l 1: · s ·_o\ ,n 1· ·t- t lc d i1ft.r .; .. Ct. c c.. us ~d by 
'UtL .J. .. hod of q_ u1...,1:cl:..inb . 

V ~t 1Jr, one ( 1) 1; . 8 . S r r i n ,. ncl P UJ. r Cor,p-·n~r l r 
!"rl t r un ( ; ) lt.; i---t3 nhop plr t u JfdJ: o rp1r: nnh .cl ins en d 
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0 \Jr, d q u ~nch\.,d. T\K) 0 h f'.)U pl 
lis tic t1..,S r er r t... I u, t . Cl • mhL: pl; U f . i 1 

our d to h ... vc low surf[ c e h'1rdnu S:J pr esui:r . bly d uu 
lov er hfl1 dE:in'' bili ty OJ.. r dE:. c r ur iz d lr.y t.:r un hu 
of he pl[ us . Since thL pl , tcs hr d b L:e n hefl t t1 0n ed 
· ..: fo1 ,_ LhL. o rit,i1ml testi1 at the IJr.vnl Provine, . ound, r.o 
r ,~ lirble 1..,stii tc of thu initinl r, ,iuunt of dc crr urizn b n 
could bl,; !J.E'd but it uppcwr d to hnv bun over 1•1010 . 

1. hm·dness survey of fol'ty- wo plr cs subL i b:· 
bo tt. J.ttins c,nd U. S . Spr- ing end Bw, ur un h s iz d 
11uc1-;ss ity of hn v i ne, E hi13,h fe.ce h rdness since r.11 

c <.;S th.rt fr :i l ud gnve lO\J Brin~ll hrudn t.ss r \...[ dines . o 
c011'clfl i on cou l d bu 1.1c. dc with othl! l phy ·c,..,l or cheu ic<:!. 
pr-o_!)c1 tics . ~l1..,vu1 U. 3·. S r i ng nnd Bw.1, er Cor:: nny plr :,1.;s 
sho1,:in6 l i her 1 i[,h or lm, b r. l list.:.c li'.i·ts t l e lic-tc,d 
bt; l O\, t oct.;thu r vi i th their dr. i n chm r..c t i:;r i s ics . 

T., .J3 LE 4 
P .s s ud --- Dc cP. r bur i zut i on 

r:c-.r i n Brin C; ll P;: Pronounc e d ·bon 
Plntc ft. s e co Fc. c · Back )~ fl§.£ S = c-: l i ght _ Dn ck 

35 7 + 12 5 55 5 401 26 p 59 17 
361 + 139 601 401 33 s 53 20 
~6 " ✓ b + 135 555 363 22 p 58 17 
374 + 244 555 415 24 p 54 19 
375 + 145 601 401 33 s 59 15 
387 + 213 578 415 33 p 57 17 

-',..v -~r ,gc + 167 5r/ 4 400 28 665~ p 57 18 

Fnil cd 

348 - 522 477 415 33 p 50 20 
34<) - 452 514 477 33 p 51 20 
356 - 537 495 415 24 VP 58 19 
36 0 - 109 534 375 26 p 51 17 
380 - 183 51~ 422 20 p 43 17 

., .. V Cff f.l GC - 360 507 422 27 1005; p 51 19 

I n order t o ,i:1..1<. e . thorough study o f t he c~usc o f 
l rtc fu ilur ·s , the · ur un u o f Ordnc nc e r ~quus t c. d JJ. l :g.w ny­

i udlu1i1 r.nd J.tk i ns to f urnish t h e iin vnl Provin G1 ound \/it h 
six 1/2" Pl ur no e l t pl t e s in the ho t 1 o l l t) d o nd c nHl; _l e d 
cond itio n . J.n exnwLY tion of .ipl ' S cut f:r oi. th e nlrit · s 
, s r c c e i vud i ndic~t e d tht.; f o llowing : 

- -- ------



Brin 11 
l" (! HL:U t c,1 s cpth Case.: Bi ck Sur fnce Cr.s ~ --

11988-5 0.10" 267 229 • 007" DucLrbur izut ion . 
JJ 11988-5 0.10" 267 229 .007" Docnrburiznti:Jn. 

D 21017-5 0 . 11" 248 262 Ferritu Bonds to De .. h 
of . 025". 

"'J 21017-5 0 .10'' 248 262 Fe r 1 te Bat1ds to Derth 
of . 025 ". 

1 11936-5 0 . 14 " 269 288 Partial decDrb to Den h 
of . 005 ". 

r,,2bF. 1 965-10 0 . 11" 262 253 Par tinl de curb to Denth 
of . 005" . 

Plat cs Gl8J and G2DFA ,1ere cut in half o perL1i t 
both oil rnd :uter quenching. 'l1he plates \Jere hr.rdened 
by holdin6 thirty .1inutes at 1560°F . and dra\ling one .t:our 
at 300°F . Fla tes JJJ and Bl-I v101 e ti vcn a pr eli1i1inary 
norualize at 1650°F . fur thirty r,1inutes and ai cooled. 
Samples cut fro1. the plntes after hnr denin we1 e found 
to have the fol l o\ in8 characteristics: 

Br-inell 
rla e g,uench Face Back Surfac e -- --
A. Oil 637 ,~ -.5 ) Thln layer fn;e ferrite 

T Oil 627 hlO )"" surface . j 

B Oil 611 Lt-2 1 ) Banding not noticell bl e 

·~t 

excep 
m; Oil 601 415 )- for occasional pea1 lite layer . 
18-0 Oil 601 388 Fully r,mr tensi tic. 

Gl8 I \ iater 653 415 Fully 1aartens it i c . 
-,20-0 Oil 601 388 801.ie free ferrite in cas e . 
G26- Vl \.'ater 62 7 415 Ful l y unr tens it ic . 

Results of ballistic tests are g iven below : 

50 cnl . AP l.i2 
Striking Velo-~ity 

Plate ~ench Gau~ Required Liuit - --
A Oil O ~'486 2030 2140 
.1J Oil 0~'488 2035 2164 
B Oil 0 ~' 500 2065 2262 
BN Oil 0 t' 501 2066 ?.220 
Gl8-0 Oil O'J495 2053 2226 
Gl8-VI \:a ter 0';492 2045 2262 
G26 - 0 Oil 0~' 500 2065 2155 
G2u-\l \/a ter 0 ~' 497 2058 2272 

From these results, it i.s possihJP. to r,1ak.e s 0 ~.1 e 
PPn°~Al obscl\ati n . 
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igure 4 

Plate G-26 
oioular terrlte 

Oil ("\uenoh d 
the case 

lOOOX 

Plate G-26 - Water Quenched 
M!y mrtensltlo surface 

Pio:tal Et oh 



I 

iffec of Decorburi~ation. 

Surface defects app ar o be 1,10re de rLien al 
tlnn Gefects in he body of BPS plates. In FiBure 2 , 
photo,1icrogra phs of he edge of plat e,;;J A. £ nd B as anneAl ed 
._:,ho dec,:n bur iza tion t ~ e. depth of • 007 " in J.... e. nd fer r i "e 
:)c.nding to c epth of . 025" in B. "hen hardened, lu e A 
hr d [ lnyer o ferrite at the surface while B lrnd lL,tle 
-' er ritc et tl e su1face but Lnd long pea1lite bands elo1.: 
tl e "Ul face (Figure J) . These pea lite bands ar J f or •. 1ec' in 
l0\J alloy r erions in oil qu •nchinc the _pl te . The p11.,;:;L!.ce 
ot thes1.; lo\ olloy r e£;ions \Je1 e st1own in the ennealed .::)tr.~,e 
by .le fcr·ite bands . On ballistic tcstinG, Pl&tc B\:e 
1::, nd to hav 120 ft./ s c . higher lL.i.it than 1 .. . I ·s 
tnou1::.~ht tre.t this di.fferL:nce is due to th p1cisence a:· the 
~r1ite layer . Th~ Drinell test docs not indica c his 

·u1fnce c.c.f'ect becnusc tht:: fen.it layer is re :oved by 
grinding \:Jh1;;n prepnr i1 ; he sr..u1ple for hc:rdnt.:ss v~st · . g . 

( b) :;rfec --
r.i: c norDalizin 6 of' r·nn al 11 ·, · ur 1 elt ple.tes 

b efor e hu ni g had little 01 no efl ec t on he ballistic 
lir.ii . r11ll o f'.dd i tionol h £•. t tr 1 .. mt1,1 n t .rrovides fur t.rH;r 
-...1_jj l'K'H i.: ni ,._,y f 01 :::, u.r face C.~curburizntion £nd is , hur cfort; , 
not considcr·ed advisabl e . 

( C) LfflJCt of ~uenchint:7, i •• ' diurJ. . 

Pl-- tu ~-18 had p pl oxi..c, a t c ly the "c.1 c lirni t on c., i h8I 
oil or \v8 t() q u t.-! ncl ing, ;bil e Plc 1., u r,- 26 hna 8. 120 ft ) Sl; C . 
lo\1e r lluit when oil qu nchLd then 1i,h n inter (JU8nchu d . The 
.1i cros 1 ucture o f the face of the oil c. nd wnter r: ucnchod 
lfttes fu1n i C' hes E.. possible uxplanntion for these 1 0sul s . 

Plate G-18 \m s fully LJElrtensitic a the ...;ur face in l!i thcr 
quenchir g .w.cdiw.. , but Pletc G-26 dCVL- lo:;;ed sorJ.e aciculn1· 
f -.)I i tt: \, en oil qu o nchud while it \ fully r f rte .:::l t i c 
on \ ,n tt::r '1uenching (Fi uro 4) . 

From previous wort on Plm·aI l;lt an {" 1 ro1.1 ttri 
bov c data, :i.t i s t ou(-;ht thut in th e abst.::nc,c of s .:c f'ace 
cc rburization, oil and \IJatcr quenching \Ji}J ,.. ivc si.11ilor 
lli "tic I 0,..,ult s . Hith partial dc cn1 buriz ", l. .n, th water 

c .. uL:nchine, v,ill c iv c: hi.c__:hc1 b llistic lif.iits; \ .-:.i le tH.mvy 
clL- c,rburization v1ill rusult in plate failur- c s ow o.:.th0'.r 
\ ,atl;::. or oil que:ncl ing . 

Little data is ave. leblc on the pE;r.1oi.ssnble dc Jt, r'.. 
of c. carburi zation of tho ft .. ce . Plate A abov JLSSt.: t} u· 
spucificntions by£. margin of 100 ft./see . and had . 007 ·· 
d •carburi7.qt.inn~ Pl.rt.e J:P. 1 56 test.en :i11. J~1n1w v (s •· J 
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.1.ppend~_x ) eiled \ hen ail ruenchen ana 1 el~' passed •, 1;rnn 
· c to_ .uenched . Tl.is p::.ate !"Jd over 0 . 020" cecnrlmrizE bn 
\JLic:!:1 tl11..:.s ust be considered an excess.:.vo rnount . 

:v DI SCUSS Im: 

Light 1:11 r.1or r~ronu,ced f r oiu J J.g tes i.:nde by the Pl, r :.nel 
,;roces::; h9.s haa en excesc;i re rc1cen ~.;c ::,f tn ilu: es in J.~~.2 -
'i.7 . 71~ of l/2" f1Cce"tc.:1ce tas~ rle+cs . '1hr fnilureR cn!1 tc-
, ..... t::. ... i buted o e : rge ej~~ ent to tLc tltt; t t !1r t Plu1rI,it l t :. ., · 
u' :;_ ,, ~ ec er.tlv 'b n usu0 1C or c: r uor T"lPte en.ft l ,r lt :s 
·-.~ ec. cd by 1.:innufact u:r·e1· s ine:xper ienc ed in its 1 r oc1 uc t i "'n . 

'.::".. c; )vrfo1..nr.ce of S.S plt .. tes t.L t,tcd. oy r .. ti inc• f r..11 b .. 1 . .:: . 
" "'l -..,n E. r.d 3w per Co :.1peny h,ns Of!L.;l s i J..1ilf r c't.:.J ir1c he ;ir $t 
s.:.x .,Dnths • 

.1..t y,1 es ent , t li.e i "' in ~iea l-: !1c QR of ?l1 rf1 , Glt p l3.t e" ~s 
the i.1 ' de v or int .ion i n ren ~t1ati o11 r ~c:_:3 t l.nce sL~\ 1!1 by u :.:t 

::!..c t :::3 . Gev ernl 1/2" tCCept,ar.ce tv·t plt.. tes of Pluro.mul t 
! !: vc .. acl hiGh, liuits ( r.tove 2300 ft . /s c c. ) 11.t.m tls cd 1ith 
. jO c&l . L? , . .2 b lle ts . 2300 ft . /scc . is hich1.:1 tte. n E.ny 
2-:. .::. ':.s 61J t ur u inec'l fo1· c a rb~rizcd or r:.itr.idcd pla te s u t 
.,uuL! .. ~ov nl r -:n -i!1t; vl DUn d . ··.Lu l a .1c l ' .. s al.:1 sho r tu~ ·~11.. ... 1.1 

Sllc ck r 1Jsis tu. nee . ~ r~d .;1 t he new spcci f _cut ons , ::3uo r d 8 ;·0c. 
O. S . 2775 , c: -.:ventl 1/2" corbur· i zed plt... t <.; s huvc failed tl1c ~ cl: 
t 1st • .. i t h 2'Ju ... ~ :~~ pl'o j ·c ti2..<.,s while ell lun ... £a(,,l pl utu s :iev e 
· ... c c e s sful J.y pus seu. t.tis t 1J st . 

f. c cont fui l ur1,;S of plrt-.;S :.unufe ctur ud by 1 . c . i.t:~ins 
i i!l d Col,l_ r.1 '..y t.:nd by t l1e t; . S • .:)_ .rirl[; ond Bw:1 p01 Go ' e.ny c&n 
\ . pc-..: tly &ccountl!d for uy su1fac · c.ccn1 buriz· t ion vr~d.ct, is 
::· ,; 100 ucc.d durinc:, hsut t1eati ng , ~--.. nd d u r inG 1olli - · 
-~.!. , 4,.. l ine o :)1..l at!. or, s by t 110 .. . 1 c gll ,tiy Luc: ltu 1 St<; ol 
~ .:..oit. j-l,.l . rossiblc i ~WHI'..S shoul d O(J US ·d to t .' nLnz c.: : 1 i 0 

~~~ uc t ~ 1 Brs tlntus . 

Results of uxp0r im(.;ntal worL ot th1J :-uv&l Prov:.ng 
1~·;;- ound indicu te thr t Plurcu:wl t pl c tE.:s hi:..v ir G hi p~h st.:1 fhc c 
·1,,,.1 dnuss i.!dJJ- Love .... uti fr, cto:ry ballistic propc1 tius . On thu 
J·.:- ~~~r h r. nd , ph.t u c, lu. vin .': lo, , su1fa c1J .. £ 1 dn:.:s[, rluc t o i iCOII'l.C~ 

~-'•JLt t l l!Utmt.;nt 0 1 L o t,; X0 cssiv0 surf'a c o d Lc r..1buri...,r tl r \ ill, 
:.n gun e1,1l , J:nvc lovi r esis t ' nee to rC;.I1Lt1r,:. i on. 

For the pc.st t\iC> y um s , tcnsil 1) t ,1 r.gtl1 G. t n fm·~:i s h ii 
b? L :1. ' ufnotw: 01 on th u low ci.11 bon bc...ck o f Plur r.i.1cl t '"'l e t 1; 1 

!~(·'-~ (,; be t1 r1 ~. s foll ov,s : 

:.."i l-ld ?oint ~ur.sil u Str8np,th 1; I• cd . J.1 ..:u _____ .___ ___ _ 
171 ,230 211 , 660 11 li-2 



I 

These hysicul ;iro p ]tie~ arc o littl e vcluc f or pu ·· ... es 
of' corrc n.t o since they c.ve not varied vJith uh&nces i n 
cLemicnl nn lysis, ~nu.Ge or h et treatuicnt . I is qucs -
ionuble \11h 0thur- it ir,, neces ""'n r y to obt · n toh ~ .l e tc. t 

rL-, lLs 01 i3PS pl .. tcs 0ut is is ossent i q). th£, t the l ow 
cu·bon bi.er. have snfficit. n t hnrdern.ubility t o lw1den t.1YO1.lgh-
0L, t on oil quunchin " Brinol l hcrdncrn.., r e, d i n s on the beck 
of n1 1 £.i,tclt plc tes should be tcken b gl' i nding do ;n b~low 
LI y s rf£.ce de.co.I tur izE t. io n bof o c i kine t he iL 1pr cs3ion i n 
01du. to obto1n Lr prescntu iv v ulue . 

V A.PPEI !DIX 

LXJ?C:r ir,!~ ~c1 l Reh )n t Jre~ t ment of 1/ 2" 
lurrunent u t thu 1 nvnl Pro ·1ing Ground 

U . c . Spring nd Bwaper Cc, .llQl}I 

Dnt 

J une 16 ,1942 
J uly J 
T U. , " ~ 3 
uly 3 

July 3 
uly 17 
uly 20 

July 20 
July 20 
July 22 
Sept ~ 22 
Dec . 26 
J .n. 2 , 1943 
J un . 2 

. tkins 

Oc t . 2 ,1942 
Hov . 3 
:o v . 3 
Ibv . 3 
D c . 26 

Pl ate 

lIB4R 
IID51R 
HDlOP 
HB68 
NB 9 
1IB51F. 
NB73 
NB75 
HB7 

1ID29RR 
NB14 
NB315 
NB356 
1m356 

G4E 
G46D 
GlF 
Gl6C 
G46DR 

( ucnch i ng 
Medium 

·:nter 
' .'n tor-spray 
1;,n. tcr,- ctill 
Oil 
Ai;r 
Oil 
Oil 
Oil 
Oil 
Oil 
. ,ter 
\la tor 
Oil 
1.ln tcr 

Hnter 
,:ate r 
\ 'n tor 
'.'ate r 
Via tor 

• 

- 12 -

Ballistic 

2060 
1813 
2048 
2160 
2190 
18l3 
1925 
2020 
1800 
1278 
1925 
1940 
1510 
1510 

(LC P ) 2140 
1<)10 
2150 
2220 
1970 
200 5 
2330 
2170 
2170 
2100(PP) 
1954(LCP} 
2209 
190 
206 

2325 
215.0 
213 
2180 
2220 



Ohle_g_:_Bishop 
Bnl!_istic Lir.li t 

Q,uenching ft c1 -·Rch1..;nt 
Dnte Plat L,edium l .. ,.s Subf..li.tted Trcn t 11ent by 1·pc --~--. --
D_c . 26 ,1942 18 Vfote r 1712 2401 
D c . 26 29 '.ra ta:- 1955 2238 
DG c . ?6 40 \'in ter 220,1,, 2411-4, 
Dec . 26 50 'l.!n ter 1883 2367 
D C • ~o 43 \Inter 2130 2280 
-run. r 

.) ' 1943 18 Oil 1712 2058 
J o n. 5 29 Oil 1955 2129 
Jnn. 5 50 Oi l 1883 2188 

_)l~ g,..l-ien:r- Ludlum 
[ G:r e en ln te s ) 

Jan . 23,1 943 A Oil 2140 
Jo. n . 23 JJf Oil 216h 
J&i.n .. 23 B Oil 2262 ,· van . 23 BN 0.:1 2220 
Ja n. 25 Gl8-0 Oil 2226 
Jn n. ~5 Gl8-W Hat er 2262 
Jn n. 2 5 G26- 0 Oil 2155 
Ja n . 25 G26- Vl Yfn t er 2272 
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