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Coiiparatin Coete of lmO and Wat• ::·town ArHD&l 

Laboratorz RHearoh and Denlopmet on 

.u-aor Plate 

Coa1parathe Coate - APJ"il 1942 \o l Jan. 1944 
II.Ile ProJect• (b-oa Bpt. of DiT. 18 - l Jan. •44) 
Watertown Ara•nal. Laborato~ 

Difference 

OollparaUTe l • U-tecl Oo• h - .April 1942 to 31 AUC• 145 
:IJllC .ProJect1 (on baai1 of ••tiaatea in Rpt. of 
Dh. 18 - l Jan. •44) 
Watertown Ar••nal Laborato~ 

Difference 

- $398,350.00 
- $171,010.00 
- $227 ,JII0.00 

- $726,375.00 

- ·~~·226.00 , ,1119.00 

••ote& Watertown AJ'Hnal J.aborator,- Coat• &N the Illa of actual and/or 
Htimated expenditure• on Al'IIOr lxpendi tur• Orel.er• (45, 51, 1260, 
1242), plua 5<>:' to conr coat of work on other hpend.1 tur• Order• 
diNctl.7 or indirectly perfor11ed to au,;aent .Araor Plat• reHarch 
and denlopaent. 

US!lllO!ID 

- ---------~lllllilr.iil , 



1. Alloy OonHrTatlon Prograa 

~. Brittle Jracture in Balli• tic hats at Low Temperature 

3• lonballlatlc Te• t • 

a. libre l'ractur• hat 

b. Jracture Teat tor Steel SoundneH 

c. lotched Bar Tensile lllpact 'l'Ht 

d. lotcbed Bar Tensile THt ud Static 'l'en• ile Teat 

e. lotched Bar Iapact Teat 

4. Ca• t Al'IIOr :0.Yelopaent Prograa 

5. Teaper Brlttlene•• in .t.naor 

6. J.irora!t J.raor 

7. .lxaaln&Uon ot Doaeatic .vaor 

8. BelMt Progru• 

9. Boq J.raor Prograae 



41101 ConHrvation Prograa 

When, in :rebruar7 1942 the WP.8 notified the ca,t and rolled 
armor induatriH of expected Bl.l&I'citiH of 11, Cr, Mo, and Y, Metinp 
of th• a.raor 1ubco11111itt.eH were ianediat•l.J' called and plan• aad• for 
t he denlopaent of lov alloy compoai t1on1 capable of Meting th• ballistic 
specification•. Dat.a preHnted b7 Waterto,wn .ll'Hnal and b7 th• individual 
producer, vere u1ed u the ba• 11 for Hleotion of the ooapol1t1on1. During 
the aonth• of March and. April Nnral hundred caat and roUed ballhtic 
teat plates 1•, lt•, and 2• thick were produc.d, heat treated and balli •-
tioalq tHted. Iuaeroua uapl•• were forwarded to Waterton AJ'Hnal 
wh8r• the compo1itiona were eT&luated vith reapect to bardenabilit7, 
welclab1lit7, and microatructurc:i. In addition, the re•ulta of the ball11t1c 
teat• were anal7sed. ~igbt r9POrt• c0Yeri11« the ••tal.lurgical and 
ballhtic ~H were dhtribute4 to the 1.ndub7 through the :rerroua 
Metallurgical Ad.Thor7 Board between the month11 of .April 1942 and 
JanU&17 1943. Jroa the exaaination, ad• at Water tom ArHnal it waa 
concluded that drutic water qu.nchi~ treatment• were neceaear;r to hard.an 
the low allo7 1teel compoaitiona emplo;red, that Yanadiua could be entireq 
•11.llinahd from ar1110r 1tHla, that chroaiua could be reduced fro• a aaxi­
of J~ to a 1118.Xilrua of O.Go.', that nickel could be reduced froa a -.ztmma 
of 2.5:' to a aaximua of o.~. that 110ly"bden1111 could be reduced b7 approx-
1.aatel.y one third, and that aangan•••• which•• not a critical eleaant , 
could be increaaed to proYide adequate hardenabilit7 in the low allo7 1teel1. 

Balli1tio failure of low alloy- armor plat•• examined at 
Watert~w .u-aenal were traced to -

1. Inadequate hardenabili ty. 

2. J'oor quenching practice, ruul ting in rejection o! 
ferrit• and pearlit•. 

3. J'oor •t••l quality; exoeaeivt lamination• in rolled 
araor and interdendritic ·1nclu• ion networka in caat ar110r. 



Bri\tle J&ilure Under :Balli1\ic Attack at Low !ealperature1 

During the 11011tha of .January and JebrQ&ry 1943 ballhUc t eeh 
wre conducted upon caat and rolled armr plate•, armor 1tructure1, and 
araor welclMnh at the Ordnance D9part11e11t Winter Detacbaat, Ordllallce 
PnTinc Outer, at CUip Shilo, l&u.Uo'ba, Oeneda. !M t911peraturH of the 
arar T&rlad betwen -15 u.d -:,5-.. duri.nc the pariad at tHUJI&. .\ nr7 
larp proportion of the cut araer failed in a brittle faahion when sub­
J•c'8d to the 75 IO( elug •hook teat specified Ulld.er .AXS-1192, Rn1• 1on 2; 
nU1Nrou1 plate• breakin« in~ Hnral pSecH. Rolle4 U'IIOr beband, 1n 
gelleral, DON 1at1daotoril7 tbaa cut anaor at low teaperaturH. AD 
inv.&Hd t•Ddeft07 to baokapall wa, bownr, noted 1JI Hnral rolled 
plate• at low teaperatur• aa coapared to •t• plat•• tHtad at roo• 
taaperature. 

In Naroh 1943, all pertinent data regardia« \he plate• tHted 
at Oallp Shilo were analy-.ed at lfatar\oa .\r.-.l aad \he reault• were 
dlatributed to Ordnallce and iJlctuatrial agenoiH ill \be for• of caat and 
rolled araor 1ubc011111 tt•• r9J>Ort •• It vu ooaclu4ad that in • azl1' oaaa• 
the poor aboct reehtanoe at re41108d tnperaturH wu '1-aoeabl• to 1....-,: 
qaata hard.enabilit7 result~ in the precipitation of terrU• d.urilaC 
hard.eninc. Seotiona :f'roll t.h1rt7 (JO) caat ud 1nenMen (17) rolled platH 
frOll the Shilo Cold Teet Jtrogru were exa•1ne4 at Waterton Arenal. !be 
reaulta of the e.xperiaP.tal work conducted at th11 anenal were pu'bliabed 
in two reporta, one oonrin,; eaet araor and the o\ber rolled araor. Good 
correlaUon1 between the balli• tie and • et&l.lvgio.l properUH of cut 
araor were obtained b7 9D1Plo71D« the fibre 1rao\ure 1.!eat., Y-not.oh Charp7 
i11pact. te•t •, and • ioroaoopic e:u• lnation. LikawiH, goo4 oorrelatlona 
ltet.wn t.he ballhtlc aad. • etallurgieal properUH O'f rolled armor wre 
obtained b7 ea;plo7~ the J'lire 1ractun hit, the hacture hat fttr StHl 
SoundnH1, V-notoh CharpJ" l11>act tHt•, and aioroeooplo a:a• illatimi. 

'l'he pr1aa17 cauae• fer poor low t-.,erat.ure •bock r••htanoe wre 
traced t.o •1tber 1u.daquata bardanab111t," or poor pnohiDc praoUce, both 
of whioh rHulted in \he toraation of noDMrhnlitio procblch whioh an 
charaoter1• Uoall7 brit.Ue at. low \e•perature1. Jaokapallin« of rolled 
a1.w,r wa• ueoalatecl vi th 1trlncer• of nomaetallic 1.Doluaioua whiah J>NT1c1e 
plane• of veakne11. 

!he Shilo Oold 'feat Progru and t.be IUiHCUJlt report• bJ' 
Watertown .\reenal bad an ~rt.ant effect upon the anaor 1Jlduat17. .Brittle 
failure• at reduced temperature• u4 1enre deO-H• of baokapallin« 
eaphae1H4 the uoeHi t7 of Htabliahin« 10• eort of cont.rel onr the 
beat t.Nat• ent of oaet. an4 rolled anaor and onr t.be qaali '7 of rellad 
ar• or aad proTicwd the aeaea1&17 illpe tu l•acU.nc t.o the • • ar!hl IMUMPbDCM 
b7 tbl Ord.Duce ».partaeJlt &D4 'b/' the araor 1D4net17 of tbl J'l'bre Jnot.ure 
Teat ucl t.he Jractur• hat tor Steel Soundu... !be lncorporaUoa of then 
two taste into araor apeoitioaUona •• the logical oonaequeno• of t.ha 
prograa. 



1. :ribre lractur• Teat 

.u the rnul t o! the aetallurgioal uamination initiated in 
JanU&r7 1943 on the fracture teat developed at the Union Steel Caetin«• 
Co. !or the purpoN of deterai.nin« the best te.pertD« cycle• for cast araor, 
work vaa atar~d in rebruary 1943 at Waterton ueen&l. to eatablieh poHi'ble 
aorrelaUona between the appearance of the fractured surface of e\eel and 
it• ae\&llurgiaal and peydaal prc,pertiH. lll~ota of ateel were quanch 
hardened vi th Tal"lou1 degeea of atf'icleney, i911p9re4, notched, and trao­
tursd. Metallurgical tesh conducted upon the blocb were the deter11inat1oa 
of their hardnaaaea after quenohin& and after tapering, V-notch OharJ>7 
1Jlpao\ tee ta onr the teaperature ran,;e of +70-,. to approximatei,- -10047,., 
and aebl.lographio examination. 

It wae eatabl11hed th&t fibrou.a tract urea are aasociated vi th coapleta 
\ran1formation to aarteneite upon iuenchin« and with the op\laua iapaot 
propertiea conaiatent with hardaeas over the entire range ot temperature 
innsti&ated. Wholl7 or partial.17 cry-stalli.Ae fracture• are aeaooiatad 
vi th inooaplate tr611DaforsaUon to aartanai ta and w1 th reduced impact 
propertiu, particularly at the lover teatinc tuperaturea. 

'?be value o! 1uoh a aimple teat capable o! indicatin,; the reeponH of 
ateel to beat treatment and 1 ta tendency toward duotil• or brittle traoture 
waa 1.Jlaediataly recognized. Aa early- a• ~U 1943 at91>• .. N undertaan 
to incorporate the tHt, know aa the .libra haoture Teat, in armor epeoi­
:t'1cationa, and SpacU'ication .us-lf92 (Bn. 3) .-nue, 1 waa t1D•ll7 
aocepted. in .A.uguat 1943, on a tent.tiff non-rejection baai• and waa aada 
aandatoey 1n October 1943. Thi• 1peoi!ication OOTVN ti. applio&Uon ot 
the :ribre lracture Test to cast armor. !be teat wae incorporated in rolled 
anor Speoifioation .us-488, Reviaion 2 1n '"9ber 194.3. -In UT 1943 
•peolal oour•H ware giTG at Watartovn Al'Hllal to the ordnano. iAapeator• 
ot out anor !or the purpoae ot explaining to tba the ph1lo1opbT ot \he 
teat, faa111at-b• thea with the rati~ ot tracturacl ~l••• ucl t• prort4-
tham vi th n!fioient taalmical baoq:round to gin Ula a proper appreciation 
of tbe tunot1on1 and the lirdtation• ot the tHt. A ai.ailar oour•• w.a 
preeenwd to the ordnalloe 1.napaotor• ot rolled anaor 1A S9pteal>er 1943. 

It ha• been oonoeded b7 all ooapanie• and apno1•• 1:nolved ri t.h the 
:ribr• J'raoture fut that the teat introduced a control OTer the heat 
traataallt ad aboct reeiataaaa ot anaor which waa Nrioual.7 laoking prior 
to the d.enlopaent of the teat. The qual1t7 of the armor produced. adi9r 
•pecificaUolla 1Ja which the :ribN Jlracture hat 11 incorporated h 
reoocnised a• 1uper1or to that pNTioual7 accepted b7 the Ordnance Departaeat. 

2. Jlraoture 'hat for Steel Soundneu 

Work on the problea of the qual.1 t;r ot rolled armor vaa in1 tiated at 
Watertown Ar•enal 1n lebruar;y 1943 follovinl; tba viait to the plant• ot 



T&rioua rolled ar110r manutacturera b7 a ••ber ef thil laboratoey. luaeroua 
aaaplee o! armor which !ailed and pasaed the PD> ballistic teat whi«:ili ia 
cwaip.ed to reveal spalli.D& tendenciea were forwarded to thh araenal !or 
exaaination. '!'he exuination conahted of !?'acture te,ta. aetallographic 
examination, maoroetch tests and magnaflux teat,, wbereb7 it vaa reflal.ed 
that laminations were traceule to aegregation o! elonpted nonmetallic 
inolu11ione. Aa a result o! the taste perforaed it wu decided that the 
!?'acture teet prodded the ••t u .. tul. and interpretable ga«e of the baok 
spalling tendenoin of rolled armor. J'racture a\aJldarde were deTitlope4 
at thh areenal upon the baaia of the balliat1o beh&Yior of tha aupl•• 
1nnet1gated. The incorporation of the :rracture !Ht !or Steel Sound.neH 
in rolled N"mor specification AXa-488, ReY1e1on 2 vu propoaed in Augu• t 1943 
and made mandatory in lo·nmber 1943. A courae in the appl1oat1on, philoeopq, 
and interpretation or thil fracture teet waa ooncobd at Watertown .U-Hnal 
1n September 1943 fo:- the benefit of the ordnance inlJ)ectora of rolled araor. 

The J'racture Teet !or Steel Soundness baa produaed an awarene• a of the 
1.llportanoe of eteel cleanlineaa in armor and ha• re1u.lted 1n a ~n•ral 
inoreaae in the level of qual.it.7 of rolled anaor. Sfferal. 1118DU.f&.qtarera ban, 
aa a rHult of thh fracture teat, chan«ed their deondaUon and t.n«e>t prM­
tice to improve their product auff1c1ently to meet the requireaent1 of tu 
teat. 

3. Tena11• Impact Test 

At the request of Mr. G. S. )U.kh&lapov, Superrtaor of Weldin« Reaearche 
lational Re•earch 0ollllc11, thh arHnal inveatiptjtd tba appl1oat1on ot 
the WlDOtched ten11le impact teat aa an indicator of the balliatic qual.UT 
of rolled homogeneou.a ar110r. !eata perforad llpOll .,._r Nctiona ot 1'U'1.ou 
'balliaUo abaracteri•Uca 1.llclloated that no correlaU~n axi• h be,wea tba 
teneile lapact propertiea o! armor at roo• tellp8rature 11114 lt• balliatlo 
propertl••• Reither waa a correlation ob• erfld bemen tenaile illpaot 
propertiH and hardne11. The reruta of thia inn1U~t1on were r-i>0rtecl bl 
.1Ul719i.3. 

4. Jlotohed :Bar !en• ile feah and Static Tenaile fed• ACrOH the o.«e of 
Liied lrmor 

'l'e1ta con4ucted at Oarnegie In1ti tute of Technolog under IRC-6 ehowcl 
a goo<\ correlation 'betveen tbe back apalling and oraalr:bl« tendanoiee ot 
rolled araor and the duct1li'7 u • -..ured b7 a •'--'1o tenaile tHt aoroH 
Ule ga«e. TH ta were undertaken at Water tow Ar•aal to "8termlne if aWle 
tena11• tHh in the longi tud1Dal and tranaverH direot10111 and no~ohed 'bar 
tenaile teah in thl longi tudtnal and trananrae teata aleo oorr.elate vi th 
baok apal.llng and orackiJag t canc:1••• It ,.. oonoluucl that Ph1°•1oal ta• ta 
of the t>'P9• d.a1oriba4 abov ffi4.enoe ot oonelation wUh \be balll•U.o 
behavior of relled ar•or, but that then teah are ao ezpenaiYe u4 tiae­
conauaing u capare4 to ... 11.T pertoraed traanre \eda that the plJTaioal 
te1ta ar• uaehl on:LJr aa aaadM1c reaearoh toolJ whn'M.8 the fraot\U"8 ten 
1a 14-allT applicable for blapeoUon aD4 -.peoi(leaUa pvpo .. a. !l,e renl\e 
ot th!• blnaUptton wre r-i,orud in .lebr11a17. 19". 



5. ~tohed Bar Impact Test 

The firat d.eaonstration at Watertown Arsenal of a good correlation 
between ball istic behavior and 'f-notoh ~ impact propert1•• waa obaened 
ln an 1Jlyeat1.gation of 4• to 6• thick gtm ahiel4 armor vhioh vae publ1ahe4 
1n ~ 1943. subsequent 1nnst1gat1one oonoerned with the developaent of 
the libre 7racture Te1t • the Shilo Cold Teat Program, and nWBeroue sample• 
ot production armor !orvarded t,:, this arsenal troll the 0"t"dnance Reaearoh 
Oenter and by Tarious producers of cast armor ban provided a lv.ge allOUJl\ 
of data which demonstrate the exMllent correlation between the behanor 
of ar1110r un~er ballistic shook teats and lt1 notched bar impact properti••• 

Sinoe a good oorrelatlon e:z:iata between the re1u1t1 of the Plbre fracture 
Teat when applied to armor up to approx111atel7 41 1n thlokneaa and the notohet 
bar illpaot propertlee of armor, the 1'1bre :fracture Teat ls preferred for \lie 
routine inspection of production ar11or 11.nce it 11 11.llpler, l••• ooetl.7, ~ 
aon rapidl7 perforae4 tlaan are lllpact tHt•• Bae• Y-aotoh CharP1 t•at• 
wre ne..-er ad'9'0cated Al a speo1f1oat1on teat for light armor . 

In October 1944 this arsenal was requested b~ the Office, Chief of 
Ordnance-Detroit to !orJIUlate a non-ballistic .peo1f1eat1on for the procure­
ment of armor in th1ckn,eues 1n exce88 of 6•. .4 non-ballistic speoiflcatioa 
W&e made necessary by the lack o! 1uJ.table armor-pieroin,; proJeotllea of 
auffioient caliber to provide a good ballistio te1t of very hea.,,. anaor. 
The l'ibre J'ractu.re Tea t could not be applied to these heaT,Y ae0t1on1 beoauae 
tha hardens.bill ty and hmper bri ttleneu problems become ao extreme in he~ 
section, that it becomes virtual~ imposaible to produce fibrou1 fracture• 
throU&hout the crou aection of heaTY armor at the hart\nHaea con• idered 
d.eairable. Since the 11bre 7raoture Teat 11 inapplicable when 0011plet.el7 
fibrous fractures cannot be obtained, the spec1!1oat1on of' miniJltul T-notoh 
Charpy- impact req\lirements was oona1dered the mo1t aat1sfactory- meana of 
controlling shock properties. 

A tpeoifieatlon !or 4•-12• thick cast ar110r was propoaed in March 1945 
and one for 4•-12• thick vroucht araor 1n .41>rU 19115. A comprehenah• 
prograa o! notched bor impact testing of' 4•, 6•, s•, 10• and 12• thiak oaa\ 
armor produced by the Tarious manufacturer• of he&TY cast al'llOr waa 1n1Ua\e4 
at Watertown .Arsenal. PreliniD&ry resul. ts were reported to the Office, Ohief 
of Ordnanee-Detroi t and to the oa.at armor producer• in a •eting held 1Jl 
:Detroit on 1 June 19115. 



With tM application ot the .Jibre hacture Teat in October 1944, 
aanufaoturera of oaat araor eeoUona in excea1 of 21 thick increaeed the 
barclmaabllU7 of their e t.ell b7 inoreulo« the allo,- contents. Unexpected 
11114. at that tlMr UDUp l o1neb1• 'ballhtic fall.urea, poor shook propert1H. 
aa4 un•\bfactor,- traohree reaul ted, neoe11l \&ting the val nr cif the 
:rtlare :Jruture ha t requireMllh tor cad araor abne 21 in thickneH. 
llamlfaotvere rr.•'11nle4 to their foraer lov allo7 • tHll vh1oh were, in ao1t. 
oae••• of laaldi"ioiea\ barcla&blU t7 to penal\ through hardenin«-

WaMr~wn Ar•enal _. nque• ted b7 the Offlog, Chief of Ordnance­
DetroU \o Wldaz-t.ab an 1D·Nlti&at1on of the pro'blea of de1igD1.Dg coapoei­
Uoaa u4 heat veau.at• to produce the dHlrecl properti-• in Ma"t'7 cad 
armr. A prop-u wat aooer411lcl7 lnltiat.ed la :rebrua17 1944 lnTOlrin« the 
oa• Uac ef 22 uah lllto lt1 , 3• u.d 6• t.hlok ee0Uon1. The eteeh nre 
heat \nate4 in •-all HcUon •h• u wll a1 'in full Hotton. Cauaea of 
nclDMd. propwt1H ot •arloua • teele when heat treated in full Hctlon were 
•Ml'lda•4• !bi• inn1t1C&Un Ht.abllahed that taper brlttleneaa 1• the 
fut.er ll•UiDc u.. -.xillua bar~ .. of araor 1n HOtiODI abOTe 4• in 
UiiaJau•• • U uaa 48tendnecl that aany coapoeitlon, aa,y be emplo7ed to 
pronda a69qua\e haruublli ty 1Jl 6• thick Hctione to perm1 t co11plete 
vaa• feraatioa to aarten1lte, but •ome of the•• 0011p01itiona cannot be 
eap1~4 'bearm of eXCM11in •uaceptlblllt7 te teaper brlttlenee1. '!'be 
lllp,rb.Doe of water quanohinc after teaperiJI« to &Told turper ellbriUleaent 
-.. re-eft\abliebed. A nport emboqin,; the re1ul h obtained and the 
.. Mt.llu:rgtoal prinoiplH infllnd in the alloying and heat treat .. nt of 
.bN.Y7 anaor HOtlOD• vu publlebed in September 1944. 

A• \he reault of the procram conducted at Watertown, contract• 
1Ml'e let \o the Contlaantal J'oundry & Ne.chine Co. and the General StNl 
Oli.eUage Oorp. for the pour1.nc aad. ~t treat•nt of uperillen\al. beat• 
~ 3• ud 61 thick &l'IIOr oa• Unga reapectinl.7. Prelim1Dar7 work both at 
tu plant• and at Wate-rtova .Ar•enal indicate that eat11factory propertiH 
OaD be obtaine4 wit~ proper heat treat•nt. A rc,port oOTeriog the pre­
U.11inar7 work oonducted on the Continental beat• vu published in July 1945. 



In Septe• ber 1942 ilw Wa"rtown .Araenal outlined a procraa for 
the inn1t1.«at1on of teapor brittleneH u. call\ and rolled araor whioh. 
wi th til. ~ roYal of the lerroua lletallurgioal Ad.Ti tor, Bo~d. ..,. oonductecl 
in cooperation wi ~~ the Ordnance Jieaearch Ceaier 11114 the 'Yal'ioua araor 
IIWlulacturera. The aanui..:~1U'era aub• itt.d bal.l11t10 t,ut pla"• ancl 
coupon, from the ... o heats, ao11e i:,! ,,,hioh bad been 1lowl7 cooled. an.d other• 
rapidly oooled fro• the te11por1n« teaperatur-.. Ball11t10 heh and -tal.­
lurg1cal exaa1nat1on renale4 that tho alowl.T cooleci ~L-tH were 1n. g81Leral 
tape>.> ellbri ttled. Shook failure•• poor tracturH, ad low i'- .:!'t.oh Qa.rw 
lapact properti•• were found. to occur in nwaerou, casee, 10Mt1 ... • aaa.;::i•t•d. 
with taper b:-ittlenou and ,omeU.aee a1•ociated with inadequate qunoh 
hardenin&. J. r91>ort coTering these inn1t1gat1ona - • publiahed 1n 
Deoeaber 194 3. 

Tho Physical Metallurgy Section of the Watertown .Araenal Laborato17 
became in tereated in the problem of temper br1 ttlene•1 beoaUH ot it• 
rediaooTeey in &r110r and gun ,teela. 'l'hla aeoUon of the laborato17 con­
ducted an axtenahe aurTq into the lit.rature of the taper brittleneaa 
plw,noMnon, and 1n Ju'U.JflZ7 1945 publiabed a r-.-pert preaenUn,;, probal>l.7 for 
the fl:ut t~•• an integraMd pie~ of the nature of the piu.noaa.on. .A. 
subaequent report largel,7 baHd upon the for811altioned report an.d contain!JIC 
1n ad.di tion a d.eacription of \he Tarioua Man• of el1atnat1DC or ainllli11JIC 
temper brittleneas 1n ordnance steel• wu wi dal.7 411'1'1buwd in Jul.7 1945 
through the lerroue Metallurgical Ad.Tiaor1 Board to tu Ullberahlp of the 
Suboo1111a1 tteea on Cast 8D4 Jtolled .Armor and to ..-.rioua Orc!mmce ac•not••• 

Becauee of the wort bein« done at lfatertow Arsenal upon the 
4-nlopaent of auUable ooapod tiona and heat treat .. h for Ma~ armor 
aeotlon•• 0on1lderable attention baa been CWTOM4 M \U probl• of taper 
bri ttleneH beoav•e thia phenoaeno-. h one of the ohlet factor• oontrolUag 
the -.xiaua hardne11 whioh can be aohine4 vi th aoco~ eaU• taq\c>17 
ahook propertiu. l. total of ten (10) reporh were published oow:-hc 
inTeatigatlona of hea~ araor 1ectiona in vhloh tNlper brittle--• pia,.d. 
a proainent role. 

J.a a reaul. t of tu d1atribut1on to araor IIUUfactvera durin,; 19* 
of \he ln.for• ation which vu aoCUIIU.l.ate4 at thl• arND&l (rep.rd.inc taper 
brl ttleneH) the 111111ufacturera were «uidoecl 1D \heir NleoUon of araor 
ooapoaUion.a aad. heat treataent 0701••• Water qwmohbac after teaperuc 
waa a1Teraal.ly adopbd bJ the 11Mutaaturer• et . tu •n h1«bl7 allo79d u4 
thicker araor steels. 
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OooperaU·H pl'0£1' .. were carried on vUh industry durin« 1942 
to dlnelop noa-aapetio 1teel• for UH 1n aircraft anor ina\allationa. 
~ aulma ooaalltent n11ltanoe to poutratton. unloped. in 1uch at.el• 
1a onl7 about S~ of that aharac\eri•Uo of ferrUia 1teell. .u a reault 
a IIPNlal speclfloaUon. for tba proo\11' ... nt ef 11on-..p.Ua ar•r (VD-165) 
had to be deT1• e4 • 

.A. GOll)Nhall'ff IU.l''H7 ad analywl1 of all a:taat data on tha 
nela\aaoe of aircraft anor •terlall, conducted 4'11'1-« 1943, di•cloNd 
tbat aluaS.Dua allo71, 2lt6! u4 7511' an4 J>owaetal, a aapHl\DI allo7, • ight 
aftor4 better rHht&D.ce to penetration than aiq equiYalen.t wight of non­
aapeUo ateel • 

.AccordinilY', in Septaal»•r 1943, when the colllllenh of thil arHnal 
WN requ• ted concerninc a propoMJ. Joint .AJ'IIT-k"7 speoifioation for 
no» ragneUc ( ateel) aratr {.UIOS-J) it waa ~•ted that such non-ferroua 
allo79 voul.4 prebablf at!or4 better reaiatanoe than UT aaterial. procurable 
Wldn' tbe propoN4 9Peclficat1on. The reaponae \o thl• eu,;geeUon bu not 
'Nft rapid. bu, reoent indloatlona are that au.oh a l'Ub1titution will 
neanall.7 'be .... 

!he •- ooa;prehtmain 1ur·H7 d11cl0Hd cond.1 tions of attack 
1lllcler which ~T Dval11111Jl wv.14 afford reailtan.a. •uperior to that offered 
b7 U. beat faoe-b&rclene4 steel &rlllOr. '1'he findin,;a were J)NHnted in a 
MP-er ··0&1culated to be of great aaatatanoe to the dealgur of aircraft araor. 

StudT of th. rHiltanoe of DowMtal to attack with Tariou armor­
pi.-o~ proJectilea acl under aclea of attack up to 70• •bond. that U · 
follow•cl a well erclffecl pattern Nat expreeHd b7 the for11Ula: 

Yn • 1535 <••/4) e.5 

I aoa 0 

where 'b l • tM •~lball11t1c lillit, e• h tba th1olcuaa of ateel equi....-
- I -1•' 1n wip~ per-ai'-rea M tu aubJect aaterial, 4 1a the d.1 ... ter of 

Iha aUaokiJlc proJeotlle and ! \he an&l• of obl1quU7 of attack • 

.A. oOIJl>NMA1in flrillc proCJ'•, ooapl.eted. in Septeaber of 1942, 
lan1Upt1JI& the oeapwattn reai• 'an.oe of taoe harcleud and boaogeneoua 
aJ'IIOr to penetra\ioa b7 caliber .50 APll2 proJectilea indioatecl that the 
tlall, IIOM7 and aupowr ui,en4-4 in tu producttoa ot faoe hardened anaor 
aiCla' .. , 'be balooe4 b7 • ; inoreaee in onr-all n1ia\a1u,e o·nr that of 
boaltcn,eou• araor. SllbNquat atadiH ban llhon that oD.l.7 ader tho• 
aead.ltl••• vMrein tba h1gmr faoe harduaa ot th1a al'IIOr ncoeed.a in 
fraot\11'1.ac t.h9 attaoltiac proJectlle h it 1uperter ,.. Jloaopneoua an,aor. 

_______ .,._ 
, 



Siaoe U '1'a7 reaeonably be aaeuaed that proJectUH reeiet1118 fracture 
'MT be denloped the e!!ort• of thh laboratol"1 ha..-e ll!IOre recently been 
diNO\ed toward the denlopmen\ and adoption of araor which d.oH not 
baH 1\e Yalidit7 eolel.r u:pon it• ability to fracture the projectile . 

Cone1d.erable thought has been dnoted to the d.enlop• ent or 
ph1loeopb1•• o! ballht1c tHUn,;. l. e\athtioal analyaie o! tiring• 
oond.uoted undar epec1fioat1on ilOS- 1 dlecloaed •eTeral diecrepanoiea, 
a.ad e-ucgeatione were • ade 1n October 1943 for illpron• entl and equal.1•t1oa 
1a \he 11peoification reqv.ir-• -\1. The aodificatione ,ucgeeted h&Te been 
adopted iJl a • ajorit7 of ouH aDd a .. thfactorT epecU'icaUon (57-115-3, 
jprU 1945) guaraateeinc the procsureaent of hip qua.lit)' aircraft armor 
baa reaul tad. 

Work ha• recently been concentrated on the developaent of Joint __,...._TT apeoittoaUona. While tlMtre h reoopiled IOM reason !or the 
trad.i Uonal dinrpnce betVND ArWT and ll~TT philotophiH of tHtin& 
heaT7 ar•r, the effort• of th11 a.raenal h&Te bHD •~ded rather •uoceae­
t'UllT aa recarda airon.ft araor. 

A coaprehen11T• in-.eetigation of • -tallu.rgical and ro011 tuipera­
ture ballhtio propertiH of HTeral low alloy faoe h&rdened araor 1teel• 
wu conducted at thil areenal 1n 1942 to find out whether the aircraft 
1.Jlduatr7 could 1ubet1 tute low alloy 1teel• for the 5~ nickel coapoai tiona. 
U •• foUAd that the Or-Mo-Y t7Pe and a 3~ Ii-Cr-No type were aat1afaotor7, 
but \b&t lower allo1 eteele which were not quenched out exhibited interior 
ehoalt reahtance. Thie 1nveet1gat1on indicated to the aircraft &rJIIOr 
1ncbl9tr7 the danc•r of reducin« the alloy content. 1A !ace hardened araor 
t. tu point when inooaplete quench hardenin£ occur• upon heat tre9:tant. 

In 1944 uother utallurgical inveetigation waa conducted on an 
D tn,e face barclened anor made under DO 30. It waa •bown that the 
•book propertie• of the low allo7 • teel were unaat11factory at low tHti.n« 
t.....-ature l>ecauee non-aarteneitio trane!oraation atruo t ur•• were forae4 
upon qunchiDC. 

:11.&ht (8) laboratol"1 report• on thie phaH of armor han been 
ia•uad. 

' -



:lxaainatlon of Doautic ArllOr 

One of the aoat illporta\ :t'anctiona of tbl Ar110r Section of the 
Wat.er town ArHnal Laboratory inTOlTea cooperatiou wt th the manufacturer• 
of araor and vUh the Ordnance B.eaearch Cont,ar 1n it• be..l.Uatic tHtin« 
progr•• inTOl'rl.n,; do••tio araor. Thia 1\.1:-.-eaal wu inaU'UIIC'.ltal in 
aaaiat~ nev -.nufacturere to qualify aa illZ'II01" produoera b7 prondin« 
tbea w1 th all available 1nfol"'llation regard.iDc allo79, beat treataenta, ud 
special proceuH inYOlnd in tbl production of araor. Araor aanu.tao,urer• · 
•hipped M1Q" detectiTe armor sections to Watertown Ar• enal for N\allurgioal 
innatigation to dhconr the oa'l18e ot the difficu1t7. '1'1.M and again thi• 
l.&boratoI7 atreued the illportance of adequa,e hard.enab111t7, throu«h quench 
hard.elliJa«, quenchin,; fro• tbl teaper when nece• a&17 to a-.o 14 temper 
brittleneaa, and the neo•••1t7 for good ateel qualit,-. 

Ooursea were giTen at Watertown Araenal to aeeiet Ordnance 
inapectora of armor in understanding the nature of the var1oua armor inapeo­
tlon teats developed at th1a arsenal and incorporated in armor specifioation•• 
Manuah deacribing var1oua teat• end armor manufacturing teobniquia• were 
prepared at this laboratory and d1atr1buted to indu.trr. 

Thi• laborato17 conducted numerous 1nnat1gat1ona oovert.n« the 
Mtal.lurgical and physical propertiea ot araor ued at the Ord.Dano• lle•earoh 
Center for determination of the balliltic propertiH of Aaerican arw,r. 
The results of these balli1tic te1ta were used as the bui1 tor aodif71nc 
ex1at1D& apeci!ioationa and for the p'Ul"pOee of d.eTelopin,; new onea. 

A total of 103 report, coTering the exa11inatton of doMat1c ar110r 
production were diatrlbuted by Watertown Araenal dur~ 1942-1945. 



HSLMIT PROGRAMS 

In April 1943 the O!fiee, Chief of Ordn&noe requested that 
Watertown u • enal 1.Ditiate the euaination of a group of JO. helaeta which 
ha4 craolc9d in aerT1.oe. !hie araenal wae noUfied that examinati on of a 
quarter of a •1111011 helaet• in the Borth African theatre of operatioa. 
diaoloaed that 2.5~ o! the hel.Mte were defective due to cracking which 
occurred idter the heillet• were h •ued. Duri.D« th• course of the inTeaU­
p.Uona the plant• aanufaoturing the helmet and th• bel.Jlet steel were 
ri•1 tad b7 a aeaber of the laboratocy staff. 

!he belaet •hell it foraed by a Teey Hnre deep drawing operati•n 
\hat lea.ea the abell in a ht«hl.y atrHHd condition of\en •ufficiently 
H..-.re to oauae craok~. Steel defect. traceable to inadequate}¥ oontrolle4 
proceednc techai~• greatq ~an.te the cracld.ng tendenc7. '?he need for 
a specif1oat1on t e control the qualit7 of the auatenitic • angen••• ,teel 
9111>lo;red fer hel.aet• wu recognised and thie laboratory- suggested the 
P1-.er•H• for au.oh a 11pecif1oat1on. With the approTal ot the Ofiioe, 
Ohief of Ordnance a tent.the apecificaUon vae dratted bT Watertown ueenal 
ta hpteaber 1943 aad finally Jl&de 11&11dato1"7 in March 1944. IA. notable 
illproyeaent 111 ateel quality ha• occurred • 1noe the inception of Spee1!1cat1n 
AD-1170, Steel, Bon~etio, Sheet and Strip (,or Rel.meta and Jody .Araor). 

The hel.aet aanufacturin,: proce1eee were next aubJeoted to aorutlJQ" 
and atepa nre undertaken to reduce the high reaidual 1treuea ot the hel•et 
1hell. In cooperation with peraonnel ot the St. Lou.ii OrdDano• Diltrict. 
Watertovn A.r•enal helped dewlop the ed«e-e,m•&l.ing proceu which h&8 
greatl.7 redUced the Hrdc• cra.old.nc tende11C7. 'lb.ii proceea hae now been 
M4a • -ndator,- at the pl.ante o:l t.b9 helmet 1111D.u!&0t11Nr1. Thia laborato17 
baa reoei-nd a letter o! 00 ... ndaUon !ro• Br!«. Gen. Kirk tor Ha part 1a 
the CWTelopment of tM edge-anneal.la& proceaa. 

In March 1944 the Bel.Mt Induetry lAtegratlon Comm! ttee wa• !oraecl 
wHh a member of the laboratory 1ta!f aa a m .. ber ex-officio o! the co•UtN. 
baeroua aeeting• were held at which data collected at Watertown .t.reenal 
were d18'r1buted M> the belJlet • teal and lwl.Mt prod.uoere and to the 1nterHte4 
OrdAance perao~l. SeYeral lnn1t1gatio111 coyering each of the tollovinc 
RbJeoh were oondllcted at Watertown .uaenala 

1 • . ~aakiA« of Ill 11.1.llet• in ••"ice. 
2. ..tallurgical clefeoh aeaoclatN with Bad.field aan«aneee ateel. 
J.. .BalliaUo properUea ot aancan•M ateel abeet and helaeta. 
4 '7PH of proJeaUlea e11plo7ed to teat bel.Mta. 
5. Affect of Tariation1 in helmet thickne11 upon itl balliatio 

propertiu. 
6. lJaTe•tigation o! • enganeee • teel 110difiecl vi th 3~ nickel. 
7. InTeatigaUon of •~anneal.in« prooeHu. 

A to\al of eighteen (l!) report• ...,_.iac tha Tal'iOU pbuea of 
the helJNt proCJ'- were di• tributed b7 WaterM>Wll A.raaal. 



llODT .ABHOR 

In the aprinc of 1943 a prograa of deYelopaent of 11,-er •• 
Pro\eoUff .A.raor v .. undartaaa b7 the Ordnance Departunt. The opinion 
ot thta laboratory vu a•lcecl concerning factor• to be controlled in the 
proeureMllt ot ateel for &r110r coaponent• of body &ra0r auembliH. 

On 10 .JulT 194J it vu reco-.nud b7 thi• laboratorr that 
Badtt•lcl wuganaN awel be uaed if tta che• iatey, ~. 1urfaoe condition 
and lMtat treataent a• well u 1'• •chanical, balliatic and DOD-M«Detic 
aharactert• tio• were oaretul.]Jr controlled. 

•e~lurgloal aa4 'balliattc innatiptton ef •aaple• of the 
•tffl bei.ag uNd in boq araor UN• bliH indicated that IIUOh of 1 t wu 
prebabl.7 of poor quall '1' u4 on 17 Decaber 1943 1 t •• urged that unleH 
a aaquate apeolfioatin m the 1teel to be UNd v .. 1-diately aet up 
and. rigtcllT adhered to, proper protection of per•onuel could not be 
gaaru.tee4. 

0a 17 Saptea'ber 1943 the tire\ draft of GOA a apecifiaation 
(AD-1170) vaa pnpare4 at thi• laborato17 and after Nffral oont•renoe• 
with nprHentattwa ot Ordnanoe and 1n4u.atr7 it va• adopted of!iciall.7 
on 10 .Jaava.rr 19~. AD aMndaellt incorporatillg laier lmowled«e waa adopted. 
Oil 24 hltru&r7 19114. 

Ia UM• OHIIWli•UoJI of 10 Jv.11' 1943 u vu alao N0OIIIIHacled 
\hat laaed1ate at.pa be 1111dartak• to ateratu the ooaparatin rHhtanoe 
of Ba4fleld a•npneaw at .. 1 and oertatn non-terroua allo7• to perforaUoa 
b7 utual frapenta of higb-e2;Plodn abell, dno• other wort b•1ra« doa• 
at the laboratoJ7 l:ndlcated that certain alualnua &1107• and n•n Dcn,Mtal 
abeul.cl atferi r•• ta\anoe ,uperlor to non-aapeUc • ieel. '!'he la teat 
reaul ta of actual f!'ac-ntation teat• indicate that ....-eral non-.ferroua 
alloy• haw h~ N • htanoe to auch attack \baa Bad.field wanpnHe • ieel. 

ProJeoUlH nre 4ewloped h•N between Deoaber 191'3 and 
1e1-ruaz'7 19114 to • tall.ate 1n a aillple, reproducible and .... urable • anner 
'- 111,pu\ et ac\1J&l trapenh of h1'}1-aplodn •hell. 0lle noh proJeottle, 
the oaliNJr .22 Fj7, baa •• .-pwd u u. ottlolal proof proJectlle and. 
la NiDC 'QNd to uiel'lllM \be oontrol of qual.l V of •terial l\1b• itte4 
__. lpeolflcattoa AD-lyt6. .At tM aacgeaUma of thta laborato17 a nn 
applloatlCl':1 of tlM. quallQ" coatrol teolmiqu vaa lla4e to tlw balltaUo 
\e• tln« o:r boq- arar aaterial, and h 1nclu484 in tha lateat Tfflion ot 
\bat •peoifioatlon., elated 18 APJ>il 1945. 

Scor•• of •t•riala - at.ell, non-ferroua allo7•, laminate• 
Md. faltrloa - ba..-e ltffn tHied fer their redataaoe to trac-nt-• laul.atinc 
preJecUl•• aD4 caliber .~ ball proJectilH. While, u ,-t, no aaU1factoJ7 
oorrelatlOll 'bewen balliltio li• it teat• an4 actual tng.ntation tHt• 

- ~._,,, _____ ,....n ... 



obtaina, inTaluable intoraation regarding the r•ai•tanc• of T&l'ioua 
... teriala to T&rioua type• of perforation baa been ~ available. 

StudiH of the original. dHigna of boq armor THtl undertabn 
her• indicated that the dN of the armor plat•• uHd wu too 111&11 and 
the aetbod of inteuation unvielct_y. It waa reoosmended on 1 .Tul.7 19~ 
an4 on 12 October 1944 that larger 0011p0nenh be utilised eTn 1f thil 
neoead\ated invoduoin& a different a;ratea of integratin« the ooaponenh. 
'the lated de•ign• incorporate the u .. of larger ooaponenta of an aluai.nua 
a.1107 with a new qatu of integration. 

Y1.ft,--.1Ae (59) laborator, uporta ha·.-. been written on the 
Tarioua pb&Ne of thia project. 

" -~._..._,..,.,,._UIIO_, ____ .. 
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eo.parat1. Te Coat• et EJB0 and Wa"r\oa Ar•--1 

Labora torz Reaearch ud Dffelopaent on 

OollparaUn Co•h - .A.prll 1942 to l Jan. 19~ 
llllC PHJeot• (froa Rpt. of DiT. 18 - l Ja:a.. 44) 
lfa'9rtown u••nal Laborato~ 

' 

Collparat1.w l1t1.aated Coah - ,April 1942 to Jl AU«• 115 
llllC hoJech (on baai• of Htillated in Bpt. ot 
DiT. 18 - l Jan 44) 
Watertown u .. nal wboratorr-

r,1tterenoe 

- $398,350.00 
- $171,010. 00 

,221 ,3Qo.oo 

.. otea Watertown Ar•enal Labore.torr Coit~ are the eua of aotual au./er 
eitiia"d upen.diture on .A.nor bpenditure Order• (115, 51, 1260, 1242), 
plua 5~ \o conr 001t ot work on other ~n41tUl"e Order• directly or 
tn41recti, perfor•4 to aupen\ ArMr Platll N1earch 8114 UTelopaent. 

Jlll!B.IC!SI> 



&C PROomCTS 

Watertowa Ai"••Dal Direct Liaiaoa 

D.0-4 - lttecta of Hydroeen, •ttrogen and O:Q"gen 1n AJ'IIOr Plate 

IB0-5 - OorrelaUon of Ketallographic StructurH and BardneH Limit 
1n .uw,r Plate 

&0-6 - lonballhUo hat for .u-aor 

&0-l~ - Lov Alloy Steel• for Araor 

JII0-23 - n.. Bardani.D« et Boaopuoua Armor Pl.ah 

DO-Jl - lnnatlption of Boron 1n .l.rmor Plat• 

lfa\tt\owa .A.raenal lot Direct Liaieon 

DO-~ - Jlanufactun and W•lcllD« ot raoe Hardened ArmOr 

DCr29 - lallutactvin« and W.l41nt; o! Hoaogaeoua .A.ra,r Plate 

DC-JO - llazrataatur1.Jlc ad Welding of Cu• Carburhed I.nor 
Plate fro• •on-all.87 S\Nla 



lll0-4 - B&ttelle (IoT. 1942-0ct. 1~4J) 

lftect• of Hydrogen, Bitropn and Oqgen in Ar110r Plah 

llaporh publhhed unar thil project illcluded (l) th• 1tuq of 
fraetioDAl ncuum tu.aion anal.y••• of armor plat• NIIJ)lH and (2) the rHulta 
of aD 1nTHt1gat1on -of 1ntergranular fracture found 1n caat ar• ot atHla. It 
wae ahovn that Talu. of the 1tuq of ga•H in araor atHla wu ali&ht dace 
it vaa indicated that yer7 few ballhtio d1ff1ouU1H WN aaaodated Yi th 
exoe• ain ga1 content •• It h noted that an opportunitT waa loat b7 tbt 
inve1tigator1 to 1tu.dy the effect of ga1e1 on teaper brittle••• neoeptibllit7 
durin« the progreas of thi1 raport. 'l'h', tHul ti of the inTeaUgatlon on. 
intergruul.&r tra.ature in caat armor include the factor, produoin« tlw 
intergranular f,:-aotur• and atape which -, be taken to elilllinate this type 
ot fracture. This information waa of particular T&lue to about two 0a1t 
W"IIOr manu1'acturer1 who produced out araor haying tracturH of thh brl ttl• 
t1P•• On the other hand, it waa the rHult of WaMrtown .ArHnal rHearoh 
that deaonatrated that intergranular fraot\U"H weN related to poor pbylioal 
aAd balli• tic propertlea. 

Six report, were publi1hed under Project BRC-4. 



li.0-5 - Jattell• - •OT. 1942-0otober 1943 

OorrelaUon of lletal.lop:aphic strucwr•• ud Bard.neaa Lt.au 1.ll .lraor Plate 

!hh proJeot wu ooffJ"ed b7 •icht report•• !be proJect con• i • te4 
of two inTe• Ugation•, u follon: (1), .. ta1.largioal u11111DaUon, 1Aollld1DC 
•taJ.legraphio exaa1naUon, low taperatun iapaot t•at~1 ad. JoaiJaT •JMl 
~h ie• h, of pa•• iag 8114 failtac (ballhUoalq) 1•, 11•, and 2• out 
ad. rollecl platH ud (2), beat treataeat of for\r-fnr i• rollecl plate• \o 
Tariou• bard.DH• leNl• b7 Ml quanohinc aDCl tellperin«, 1.lliercri Uoal t('IDah-
1.nc, and partial botheraal iranafonaUon follow4 lt7 ielrperinc to •neral 
hardaeH lnel•; balli• Uc ie• tinc of the plate• with eel •• 30 ~ N2 proJeoUlH 
for re• i • iuoe to penetration and vUh cal. .50 Al' X2 for Ja!P te• tiDc, a4 
fiDal.17 •tallurgioal exai.DaUOD of the plate•• 

-rm fir• t pbu• of the proJect vu eHmtiall.7 a duplication of 
inTHtiption• preriou• l.7 ~ b7 tba Araor Plate Departaat· of WaiertoWD 
.A.raeD&l on correlation between balll• tio perforaance u4 •tallurglaal abarao­
teri• tio• of oa• t and. rolled. &l'IIOl' aa4, al\ho•h oonf11'111nc work perf.,..4 at 
Watertevn, did not ooatribute new bovl•d.&9 or oono-,t• about the nbJeot 
llJl(WJ' inYHiiption. '1'he r-•ult• of the BaU•lle lffe• ttp\lOD• WN r-,orted 
in report• dated 15 Jul.7 1942: 15 October 1942: l Naroh l94J; 21 ~ 19~3. •4 
pro'babl.7 October, 1943. Oorr .. pon41Dc and preoedlnc Vatertcnm report•• whioh 
wen ll1ICh 110n 1.llforaaUN and pertiAent thu tba Battell.e npori• (nob a•, · 
for ln• talloe b7 the application of the fibre traoiv• te• t 1.ll a report date4 
16 411CU,ai 1943). WN iHlWd on th• follov1Dc d.ateu 25 April 1942. 16 lq 191'2; 
4 June 1942, 24 .t.ucu• t 1942; 7 October 1942; 21 JanU&rT 1943, 19 March 1943. 
and 16 .lup• t 1943. 

!he 001aoluaio11• dn.a for the •eoon4 phue of the proJect did not 
atfec'\ production practice • ince it bad. bffn prnioual7 oon• idered that 
teapered aarta.• i t• vu the optim alcro• truoture for araor . plat•. lloreonr, 
reoeut lnTHtiptiona ban oontraclloied the conolu• ion• ~ that teaperecl 
babl!te aicre• tructure• are better tbaa t •-p•red aarteu1·te for red•tanoe 
to penetraUon. 



D0-6 - C. I • T. {Juq 19 42-IOT. 194 3 ) 

Jonball1• t1c hat tor ArllOr 

~ proJeot bu rHul.ted in th• denlopaent ot two teat• which 
correlate wltb two characterht101, reeiatance to back spalling and re• htanoe 
\o FMslrtnc,· now cwterained b;r ballhUc teeta. The teet dneloped for 
apalllag u11cwnciH conaht1 of a teu1l• tHt aoroH the thickneu direction 
vh.eNia, for the thiokn•• aH •~•4, reduction, in area of onr 3~ are 
a • aooiated vi \b •at11faotor"7 plate wherea• reduction, in area ot leH than 1~ 
an ueoola\ecl with fa111a,; plate. ~ Charp7 1.llpaot tHt 1• pro7,>01ed u a 
auatUute tor the balli• Uo •hook teat. In the thiolmeHH innatigated, 
illpae\ Talue• of greater tbu 25 foot pound.a at -4o•:r. are aHod.ated wit.h 
nOIICll'aeklac plate. 

!b9 abon tHt• an te9la1oal17 eound but cuaberaoae. '?he qualitiH 
1.D.-olw4 OM 110re •1111>17 be ~teraiMd by the fracture tHt tor • teel qual.1 t7 
Md tllil fl'bn fnotun t~•' fer 1hoek re• i • tance, rHpectinl.7. l'llrthenaore, 
\he \eaa11• te1t aero•, , the ,h1eJme11 direction ii re • tricted to comparatinl.7 
~ak plate, pro'babl.1 onr 1 1.Doh in thickneH. ill of the•e obJection• are 
O'ftrcoae "b7 tlM traoture tHta wh1oh ccrnr t.tw total thickne1• and do not 
infllTe aoouratel7 IIIIOhina4 1p..S..na. !ha traohN tHt• were accepted b7 
the aamafae'11Nn -.d are •• lnoorpo.rated in tm •peo1tioat1on1 tor the 
pneQl I enl of rolled. and out &l'IIOr. '!'he two tHh cleecribed. uncwr project 
D0-6 wn net aooepted b7 lncbaltr,'. 'fbrN report. WN publilhed und8r 
proJeat ncr6. 



,\ 

110'1il4 - :Batt.ell• (July 1942-!o J».te) 

lllproveMD t of Low Al107 .&.raor StHl 

The project D0-14 wu divided into fittHn part• conr~ nnral. 
ph&aea of araor reH&roh undar\abm, in «•neral, to add to the Mt&llurgie&l 
knowledge of the araor incluatr,- and Ul.e Ordnance DepartMnt • 

.6. literature aurfl7 and. aubaequ.nt inTeatigation reTealed that boron 
1a etteoUT• 1n inoreuing hardanability vithout 1.Jlpairin« tha -ohanical 
propertl••• Sino• the rHul ta ot thaH experiJlenh 1n uall ••ctions ahowed 
pl'OlliH la ~•ta ooapletecl 1n llarch 1943 a ac,re ooapbte 1nnatigat1on vu 
Ht up lllldar 00-Jl. 

!be effaat, of a wida n.riet7 ot ho110genhaUon treat•nt• were 
4-terlliMd. Oil two-inch thiak 0011Mroial out araor. 11n platet were innatieatecl 
aDd the reauJ.h publilbed in llaroh u4 Nq 1943. It wa, found th:&t tblre vu 
no aioiiticant effect upon the .._...•nabilit7 or • eobanioal properti•• .. a 
reaui, of the homopnhin« treataenta eaplo79cl. !hit information confiraed ttw 
fact that abort hoaocenhin« treat-ta were •atlafactory for low al107 armor 
•web. However, the oaat araor ind.uatr7 bad alr•adT reduced their hoaogenha­
tion 0701•• when tu7 changed to low allo;y at.ell 1Jl 1942, and the C)"cl•• were 
not chanced u a reeult of thh inTeatigation. 

In S9J)tuber 1943, an inTeatigation was completed on a method of 
oontrolling the 118.XillUII carbon content in the carburhed case ot ftu,e hardened. 
araor b7 the ad.di Uon of a chloride and a silicon bearing aaterial to the 
oarlturi sine ooapound. 

» inn1Upt1on on tha effect of 1~ nickel upou the low teaperature 
notCMd 'bar touc}meH of low al.107 araor ateel• vu conducted between 891>teaber 
and loT•'ber 1943 aad ooapleted. in hbru&r7 1944. Although there waa a wiu­
apre&d opinion that niokel 1.llproved the lov temperature impact propertiH. 
thi • 1nnat1gat1on thoved that 1n heat treated 1teel1 no improveaent in touch­
n•aa results fro• the addition of 1~ nickel other than that retulti.nc tr011 an 
increase in hardenab111 t;y. 'lhit work corroboratet the reeul ta of the metal-
l urgioal illTeetlgat1on oond.uoted earlier in the yta.r 1943 on the platea wbJected 
to low teaperature ba.ll11ti0 teat• at OallJ) Shilo, Canada. In this latter 
inTetti&ation b;y Watertown u,enal, it waa ahown that o.bemioal co11podt1on per•• 
UUMd a relaUnl.7 aiDor effect upoll toughneu aa compared to bardenab1l1 t7 
and heat treat.eat effioienq. 

A • tati• Uoal ,tuq of the aeohanical propert1 .. of Yarioua low 
alle7 araor ooapoai Uona VM uadartabm and the r.nl ti publiahed in llarch 191'4. 
Thi• innatlption waa oonduated at eenral. hardntH lenla ou et••l• beat 
treated la aall HcUoH. !hi• • tudT renaled that abort draw ti•• 7tel-S.d 
the beat properUH in ,teela .uaoeptible to taper brittleueu and that theN 
1a a crad.ual drop 1n illJ)aet propertiea •• the tHt111« taperature 1a reduced • 

... - ......... ______ _ 



Thi• irrl'oraaUon increaaed our baa1o knowledge of the lov t.lperature 1.Jlpact 
properU•• of lov allo7 ,tede, but at thia ti• 41ff1cul.i1e• were enooun\ered 
1D the aallu!ac~ure of thicker araor which required hlpr al107a. Prel1.ainal7 
1.Dfor.aUOA regarding the teapar bri ttlene-• of theH hi.pa al107 et.el• vu 
ob\ained h'oa the 11 ~ratUN b:, Watertown .AraeD4l ad na-•Uou were lllld.e \e 
Batt6ille to 1.aTeattcate the u•e of ht«ber alloy ete•h beat tre&ted 1n hea-r., 
Mctiou. 

Ia .April 1944, an investigation waa cOllpleted ln vhioh th. effect 
of Tariationa in melting practice in oaat and rolled araor waa da1ienained. 
The reaul h increased the bade knowledge of eteel llakin« al though no direct 
application to production armor ateel 11&11utacture ooourre4 • 

.A. etw:17 of the cauee of 1.Dtergrariular fraoturea wu aader~ 
w,.dar thia project, but h vae co11pleted under m?C-4 and will be d1aauaed 
mre tull.7 under that project • 

.4 atudT of the effect of beat tree.Un« nr1ablea on the aechanioal 
propertiea of two lov allo7 et.ell WN ooapleted in liq 1944. In thi• r9POrt 
it vu oonoluded that lncoarplete auten1t1saUon oaUN4 the foraat1on of 
microatructural con• tituent• exhibiting inferior tou«hne••• Thie • tlldT 
corroborated the inforaatlon alre&d7 &Tail.able vbioh ebowd tha\ the tou«}me-• 
of tftl)ered 1atermediate an4 ht,:h teaperature tranefoniatlon conetltllmlta, 
eapeciall.7 ferrite, vu l.llforlor to that of ~Nd aarten•Ue • 

.A.a a re811lt of uein& the higher alloy ooapodtlou tor bea'f7 pea 
a.raor plate, re••arch vu 1n1 Uated und.er thie project to duq ftol"iou ~• 
of the probl-, ad tba rewlte were pu'bliehed iJl reporh hM1.q tbe tollowtnc 
UtlHI 

1. illleatin« ad Coolin« I.at•• in BeaY7 .ArllOr Plate ancl 
Calibration ot J.1r Cooled. llard.aaabill v &peel.Ila• .• 
Jae 1944. 

2. 1Bardenab111 ~ 811d leotheraal 'l"ra• fOJ'llatlOD Cum• 
of S•Teral Prepoucl h&'f7 .A.raor Plate AnalJrae•. • 
.Tune 1944. 

3. ••chanioal Propertloe of Var1oua l •'o\henall.7 Dffelapecl 
StructUNe Coapared with lfho•• of llal'haelte Teapere4 to 
the a... Barcble•••• October 1911.4. 

~. 1 fhe lftluatlon of Coutant 'fe11peratan !rueforaaUon. • 
J>ecmer 1944. 

5. "'lh8 OauH of QDench Crack1nc in Cut Armr Steel.• 
Ye'bruary 1945. 

6. IIJ>etoraluUon of llarten• i te Tran• foraaUon Pointe.• 
April 1945. 



IRC-11'- (Cont'd) 

Thi• group of •ix 1DTHt1p.Uone baa added oon111cl8rabq to our ba• ic 
knowledge of high allo7 1tHle uaed tor heav •eoUone. •uch of thi• work 
ii - ad,ju:not to the 1nforat1on obtained at Wat.rtow Araenal. which ha• 'bee11 
wulartaken to daTie• coapolitione and heat trea-.nt1 capable of 71el41.Dg 
aaU• facto17 tou,;bne11 in armor oftr 4 incbe• 1n thiabeH at a hlgbar h&rclDllu 
than that eaplo,-d tor production araor at preeut. !be nault• of tbaM 
atwll.e• haTe balpecl ilaD the heaT7 anaor probl.a aon aPRabl• to 1nftett.p­
t1on, and added to the Ordnance Depart.a.at.•• kMvleclC• • tbl T&riou 41tt1-
oult1•• of aakin,; bea..,- araor, which require• knovledp Df the tolloviBC 
phue• i quJICh cracking, ooaparbon o! bo\heraal CllJ'ft• wUh re•ulte ob\a1ne4 
on contlnuoua ooolin«, and deteniination of tba aarteaait• t.raa• ton1&Ucm 
poiai•• Howenr, tu N •ulh obtained to date haft aot •olnd tba bea'f7 anaor 
probl•• J'Urther renarcb will be n.ec•HU'7 tor it• eoluUon. 

A tokl of hat7-tnr raport• were aa4e UMr thi• proJect which 
conatitutee aa 1.a,portut oontribuUon to the •tallvgical upect• of al'IIOZ'. 

Th• cl1recUon ot the •tudiH waa cloNq ceordlnated with work ooacluctecl at 
Wat.ertewa .Al'Hnal. Part of the •twliH vere aa.dart.aba to oonfinl throi.&h 
aore C011Plet.e lnnat1p.t1on1, oonoluaione obtained at Watertown .Areenal u t.M 
reault of 11.ait.ed 1nnaUgat1one. Other•, •uch a• , the 1Dnatiptioll of •Uine 
practtoe ud qa,ench crack 1uaa.ptiblli t7 of high alle7 et.el•, wr• ortgim.J. 
atwll•• udertakeD to overoo• or clarU'T tba araer pn4D.oere • probleiaa. 

ID thia group of inTe• tip.Uone one nr, iaporknt cri Uoiaa which 
~ be MU 1• that tbaN wu not autt101 .. t retere1101 to publi•hed l1t81"atun, 
partiaularl7 u reprda tba probl- of taper brUtleuH. In thb OMe the 
work dou unur th!• project to a great erlat ctaplioatea infl• Up.Uoae ooa­
d11e t.e4 twen\7-fin 7ear1 earlier b7 Qreaft• and. Jou• at Woolwlob .Araaal., 
~laa4. Had •re aAet(Uate reference been llade to extaat 1Dforaatloa, tha 
work dou muwr thh proJect oould ha•• bNn aor• eftioientq organised an4 
aore effort oould haft been ezpencwd - ~i.. tor whloh ne aolution ba4 
'been preytoul7 MHl'llined. 



naae Hardening of h•goneoua .t.rmr Pla\o 

'fbo proJoct conra tbo ro•ulh of flaM bardenin« t, 1, ad lt inoh 
thick platH of preheat trea\od •cl11D-Carbon, lw all07 boaopuoua araor, 
and the re• ulta ot naae tof~ of quaolwd boapneou araor of thl .... 
th1ckne• H •• It vu det.rai.Ded ,bat the lapro ...... , ill ltallht1c propert1H 
of n ... -bardened 1 inch thick roll•4 &r110r 1a not ooa• iclffed auttioient to 
warrant it• UH on co• bat nhiolo•• !he fiaM ~llillg of 11 inch thick plat• 
did not 1Jlpron the balliet1c proPfft1••• It wa• found that flaa• eoften1nc 
of quanohed 1 inch thick plat. • bowel aoae pro•i... Oa• of the aerioue 
liai tat1one of the tlaae bardtalng prooeH wa• found to bo diltortion, 
part1oularly in the tlaae hardniJI« of ½• lhiok plat•. 'l'h• reeul ta of thh 
inneUpUoa indicated that flaM bardelllllg ff Mt a praeUoal .. thod for 
faoe hardening mediua-oarbon, low alloy ho•geneoua Bl"90r. Senn report• 
.. re pul,11 ebod under proJeot D0-23. 



no-31 - U.S. Steel, Bureau of Standard•, Batt•lle (In. 1942--.Apr. 1945) 

Innatigation of Boron 1n Armr Plat• 

Thh proJ•ct inoluud ho bYeatigat1ona, JLaMl.7 -

(1) I.otlu.enc• of boroa cm eo- properUH of experiaental 
ateeb containing 0.3~ C and Tar)'U« uounh of 
MDganHe , ohrolll• aa4 110 i,,tde:nua. 

(2) InTeatigation of boron in araor plate. 

'1'he obJect of inn• UpUon ac,. 1 vu to da\erab• th• illfiu.nc• of boron 
addition• with ferrocaTboa and graill&l. Io. 79 oa th9 • tructure, grain • he, 
harclenabili t7 and notch touchnff• at ro• •4 low taparaturH of expsriaental 
ateel• of tlw t7P• aot.d abon. ~ harclenab1llt7 due to boron Yarled with 
th9 baae coapo• iUon, th9 UIOUDt of boron retai.Md ad the OOIIJ)Oaition of 
Uut addition agent. It wu dateraine4 that, 1D general, acldiUona of 0.0007' 
to 0.001 percent boron var• JION effeoUn tbaA 0.0015 to 0.006 peroent aD.d 
the ad41Uone with grainal Io. 79 .. ~re aor• effectin than with ferrooarbon. 
'fhe not.ch · tougbne •• at rooa IIDd low '-1>erat11Ne of MIT harci.ned aad 
tgpered •t••h vu not appreolabl.7 attected b'r nlaUn}T uall add.1 tiou 
of boron, wbareae tlw notch wuome•• of -.zl1' of the ••la w1 th high boron 
waa interior to that of the at.el• ·dtbout boron. !he relUlh of thie work 
inoreaHd our baaio lt:nowl•d&e on· tM ,11, ffeot of boron on the propert1•• of .low 
al107 • tee la. 

The illn• tiga.Uon lo. 2 pN• ente th• re•ulte of CS.terainaUona of 
grain •1• ud noraalit7, iDclualon ratlac, bardaabl11'7 and ta•U• and 
eDduraaoe pr,.,perUH of ••fll'al oo• eeruial boroa oontalat.ac carbon • teela 
aad &9400 t7P9 ateela. b reault• of thio bnatiption preHDted TW'7 
lUtl•..., intor•Uon ud wre of e• Hntlally no Tala. to illduatr)' or to 
tu Orcmano• Departaeni. 

:rift.en report• wwe pultliahed llDUr proJea\ Der 31. 



.l prooe•a tor the aanutaoture of taoe barclem4 &r11Dr plate, troa 
grai nal treated • \eel• containing lUtl• or no allo7 without re•ortille to 
the u•ual carburidng proceH, vu 4-Yeloped. b:, U.. Ju1ok •otor D1Tia1on of 
General Motor• Oorporat1011.. Plate• b7 thh p~ooeH wn bate4 to a alfona 
teaperatUN throughout and quenched on tb9 f!A09 Olll.7. !be ~th ot bardaine 
we.• dependant on the hardenabi1U7 ot the aewrial vhioh va• re«U].at•d 'b.7 
the --n,;aneH contat. .&a initial plat• vac aa48 vhioh perforaecl •atiatac\or1]7 
balli• Uoall.J' aad. a• a re•uJ.t of thia teat, Buiak YU award8cl the no-~ proJeo\ 
contract . Bovner, Buick va• nnv abl• thereafter to 411p11oat• U. renU• 
of the initial plate,and, therefore, tu prooe•• vaa M'fV \riecl in procbloUoa • 

.Aro and spot veldad Joint• Ila.de vUh the gra1Dal-\rea\ec! plain carNa 
1teela weN •atiafactGrT ball1•Ucall7, bv.t ainoe \he t ... baruAiDC prooea• 
wa, a failure, the vel41Jac re•U• were not of 'ftll.111 . 

Ca• report vaa pubUwd •d9r proJeot ---~. 



,, 

&0-29 - Gaeral Motor• (Sept. 194~ 19114) 

llanufacturhi« and Weldin« of Boaopneou A.raor Plate 

'fhe re•ul t1 of thil inn• tigation were r91>0rted 1n ,e.rt I ouid 
Part II. 

Part I daall with the 1181lllfacture of aaohiaable ad hleh hardAe•• 
bo-«911eoua armor from bor0111. treated plah carboa u.4 lw &1107 1teei.. 
Sat11factor"7 prime plat•• lip to Nld iaclucU.n« i tDoh \b.lolr:An1 WN prodllNd 
frca plaba oarbon boroa treate4 1te•ll contablillc YU71J1c oarbon ud 90CN4H 
content,. l>ll9 to low barduabUU7 it vaa found that mat tnatiac ooD41Uou 
lllllt 'be ooau-oll.ed. to a degree vhioh oamaot be oon•ldared c_..rcial. Satb­
faotor,- priM aaohillable hoaopuou• araor waa prod.""4 'Ud.er laborato17 oo•v.l 
an4 ooaarcial.17 tro• D 9400 1teell (boron tre::.ted aAd. tm\reated) ill thiolme•N• 
up to t•. Sathfaoto17 l• plate• were produoed o ero1&1.]J' froa 91M>O •tMl, 
boron treated. Sathfactor," hard hoao«eneoua plate• i• \hick wre pro4uoe4 
fl-OIi the D91t00 t1P• ual.71h. Hard boaopneou• araer, l/4•-l/2• thiok pro­
CHHd froa plain oarbon, boron treated steels were not entire~ uUd'actol'7 • 

• 
J-art II deal• w1 th tM welding of IIIBchinabl• aad hich hardnne 

boaogeneou armor proc.• Hd froa plain carbon au. low alley NJ'O& \reate4 
1teel1. Th• initial work eoneieted of tests to determine the uaabili\7 of 
TariolU t;n>H of ferritio and au1teni Uc eleou: 111._ la -..riou 11qu.aoe• 'b7 
flana of a torture teet with aitd without ohill bara. Work 011 torture \e• ta alMl 
chill bar coolin& vae dropped •arlT in 1943. J'erri Uc wlding wa• dropped io 
prennt dupl1aa.t1on of work b•in« carried out \Jll&lr IIJBC proJeote. hoo'-
wa1 cont1Jraed. deterainin« wldabili V of ara>r 48T91oped undar thil proJec~ 
"111 platH we-• welded with au• teni tio eleotrodea. 4 few platea vere weldacl 
with D0-2.A ferri Uc eleotrod•. In general• the reaul t1 e! th8 'ballilUc tdlNk 
teeta on •H• welded plates from all oategoriea were Wlaatis!actoey. 

The proJect vaa initiated with the pu:rpoae ot deteraining whether lt 
1e po11ible to oon•en• all07a in h!&h gag9 araor. !be reaultt uow4 that 
there 11 a definite l1111t to thl extent to which bard.eaab1lit7 ooul4 be 
reduced wi\hout cw\riment to the ball11tic propertl•• of coaeroiall.7 heat 
\reated arao:r. 

ho reportl were pubUabed under proJeot IB0-29. 



·IJl0-30 - Bu1olt Mo tor Division (Sept . 1942-Dec . 1943) 

Jlaautaoturtni and Weld~ ot OaH Carburhed ArllOr Plate troa 

ion-allo7 Steele 

'fhit iayeatigation wa1 and.ertakan to deterain• prooe11e1 for the 
manutaotur• and weld.ing of oarburhed lov alloy (boron treated) Md plain 
carbon atHlll. .,.:a.bough no oubtandin.g arllOr """' obtained• the atudy did 
renal t.bait. thin !aoe hard,~n•d araor tHhd at noraal taperaturea could be 
proc••••4 fro• the boron treated 9400 aeriee ateel• u11ng gaa carburising. 
TAt :tinal r.port •• publilhed 1l1 Maroh 1945, but as ,-et no armor produoera 

, b&N uplo7ed g ... carburidD4; in the production of faoe bardened ar110r. 'l'h• 
UH ot D tn,e •teell hu not u yet proven aatia!actor:· · under all typH of 
b&lliliio attack (Hpeoi&lly at low h11perature1) and h not employtd in 
produotio~. 

On. report waa publiabed under project iRO-JO. 
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