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W.A.Tlll!OWI .A.RIDAL LJ.!OIW'ORY 

lqNOWDOM RIPORT BO. WJ.L 710/691 

1lnal a.port on Problem B-4.45 

~tallurdO&l IJM1nat1on ot Sampl11 ot 

:. ~ : ~ w ' . 

/1 l 
30 ~t 1944 

2-1/4• Thick Rollfd Boaogeneoua .lrllor Manutaotur,ct_lz 

.QArntd• llliqolf Steel Corporation 

line 1amplH of 2-1/4S \hick '1arnlc1e-l·U·tnof.1 rolled 
hoaogeneou1 a:r11or ••••- a11 a part ot t41 eff,ot of aaz:4nfl• 
progrp were subJecte4 \o a aetallurgical eDJaiaation 1.ulu41ng 
fracture te1t1, hardn••• nne7a, aacr01cop1o and aioroaooplc 
e:zutlnation, har4m,.abil1'7 \e•ta and ch•ical anal.791• • •. 

With the exoeptlon of three platH which thowed eT14ence 
ot pronounced ••creigat1on 1n the fracture•, tran1Ter1e to the 
ma.jor direction of rolling, the balance of the 1aaplea were 
ol' 1athfacto?7 1t, •l 10,mdneH. .l goo4 correlation wa• 
e1ta~li1hed between the fracture te• t for ateel aouadne11 and 
the macro1tructure and nomaetalHo inoluaion oonten\. All 
•ample• vere 1ati1faotoril7 heat treated, resulting in tibrou• 
fract·11ree and un1for11 hardne11e1 aorou the 1ection1. The 
hardenabilit7 of the 1.-ple1 vae adequate for the thlckne11 
inTolTed. 

• 
-... .......... 

1. .u requet\ed °11' ~• Ord.Dance RHeareh Center, .lberdeen1 • 
•etallurgiC&l examination he.a )ee completed. on nine (9) ...,1., of 2-1/4• 
thiok rolled homoge~eo111 &n10r ·,lat• aanutactured b7 Oarne«i• lll1no1• 
Steel Corporation. Detail• of \he 1aJ1ple1 submitted tor ezaa1nat1on are 
g1 Ten below • 

1. 

A• 8l1e ot 8AIIJ)lt• 2-1/41 x 10• x 241
• 

'b. 14.entUloatlon of •.-i>lH -
- '"· IA. 2, U. 3Ae 4, l&.l, 5, 51, 6.t.. 
<lo.ta laapl• .\e nten ... " 1n para«l'lfPh 2 of 

no,ed. below. _. Jl&rke4 lo. 2.) 

.ao 470.,/1~9 - ••(k10.,711 .. -. s llll.7 ·1944. 
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2. Metallurgical examination consisted of the following testQ: 

~- fracture teat 1 !or 1teel aoundneu and :fibre 
oharaot.eri lltio•. 

E.• He.rdneu survey,. 

.9:. M.acro aoopio examination. 

.!• Micro100pio examination. 

!• Jomi.Jcy' hardenability teat,. 

3. The rel\ll t • o! the aboTe teat a in detail are presan ted below: 

.!• Chpie&l M.alz•e1. 'the drilling, for cb.aaical a.nalyae• 
were taken in a atanclard uzmer b7 drilling halt~ thro\J&h the aeotion. 
The var1 .. t1on1 in ohellioal aul.7111 uon& the ,neral platt• 11 intereetin& 
•inoe 1 t wa1 known that all ta11pl11 were from the aame heat ot 1teel (G-83355). 
It vUl be ob11rTed upon reterrinc to Table I, \hat vi th r,1peot to alloying 
eluent1, the ind1vicm.al analy1e• check very clo11l.7. BoweTer, large 
ditterenoe1 mat w1 th respect to oarbon and 'boron content,. The variation 
in boron content 11 no\ Rrpria1Jl8 1inae the percentage recovered 1a known 
to deareaH in the aetal poured toward, the l&\ter part of the heat when 
the boron 11 added in certain torm1. The carbon Tariation (amountin& to 
.06~) 3Ppe&r1 to be high amonc nine ran4oll umple• teated. 

b. lraoture Teet,. '.the result • of the fracture te1t1 for 1teel 
eoundne11 and fibre cbaracteri1t101 a.re giTCL 1n Table II. Pronounced 
l.amina.tion1 were evident 1n the tranner1e tr~tur•• of •-;ple l101. 2, 2A. 
and 4. The 1teel aoundne11 wa.1 u.U 1!aotory in the remain4ar ot the plates 
examined.. JJ.l aample1 uh1 bi ted. a ti brou, traoture wh111 IUbj ected to the 
1tandard teat. 

,2. Jrinell Hardne1, 'l'e1t1. Brinell bardneat te1t1 were made 
on care1'ull.1 ground surface, and aro 11 1ect1on1. '?he .,.:Lue1 reported 
are the &Terac• of tour 1mpre• aion• on the surfaoe and eight impre11ion1 
on the a.oH 1eot1on1. The resal ti are reported. in Table III. l&ch 
1nd1Tid».al pl .. te waa heat treated to a unitol'II hardneH acrou the 
•eotiono 

!• Maoroatructur,. The ll&Cl"o•tru.oture of the longi tu.dinal and 
tra.1uTerH 1ecUon1 after acid etohiJ:lc 11 abow in figures l and 2 • 
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REST RI CTED 

Sampl•• 501. U., µ_ 5 and EiA are relatively free fr om ,et-;reie;at1on wUl e 
aamplu 1 0 1. 2, 2A, 4, 4A and )A e!:ow the presence of ¥A.ryin: '. alllOnnts of 
eegregatton in the central area of the croae 1ect1on of th8 p lates , Gt11nera1ly 
1peaking, the samples vh1ch ahowed the most tnti,nae se r,re r.ation by t h" mac r ,., 
etch test exhibited a •n• fracture in th~ aection, tranaverae t o th e major 
rolling direction. 

~- M1cro1trncture. The di1tribut\on of nonmetallic inclusion, 
and the t7Pical micro1tructures of the samples are show in ligurea 3 and 4. 
The two main t;ype1 of nonmetallic inclueion1 found in the 1ample1 cona11ted 
of mangane1e aulph1dee and alumina 1tringer1. A few 1cattered, fine, short 
m.angane1e 11Ulphide1 were preAent in the good quality pl&t&e Noa. U, 3A, 4A, 
5 and 5,A. Some tine aluaina 1tringere were al10 found. in plate Bo. 5,A. The 
poorer qualit7 plate, 101. 2 and 4 contained 1egrega.tion1 of elo~ted. lllAD.'1:&neae 
1ulphide inoluaion1 and alao plate Bo. 2.l of in!erior qualit7 cont~.ined 
1tringer1 of alumina, Figure 3. Sample No. 6A which wu of aati1factory 
quality al revealed b7 the fracture teat but ahowed evidence of woodineaa in 
the fracture contained fine manganese 1ulphide1 through.au\ the 1ection. Un­
doubtedly, the presence of these fine elongated nonmetallic 1..nclusion• in 
theee 1amplea 11 correlated with the •voo~l appearance noted in the frac­
ture •, ••• Table II. The micro1tructure of all plate, wa1 characteristic at 
that of tempered 111arten1ite. Carbide particle 111e wa• au.tf1c1ently large to 
be capable of resolution at lOOOX 1n the caee of plate, tempered to the lower 
hardnellH. 

!.2.ll1 Photomicrographic work va1 conducted b1 M. Yoffa. 

t,. Jomisz Hardenab111t7 Data. Jomi117 hardenab111ty tnt1 
were 11&de on IJ)ecimen1 aut from the nine platea. Eaah Jominy bar wa1 ground 
to a depth of .05011 prerloua to making Rockwell C hardne11 tests and micro­
acopio examination. The result, are plotted in figur11 5, 6 and 7 and. 
I\UIDD&r11ed in Table IT. ~ 1urve1 of the Jominy hardenability CUl'Tee 1how1 
that the ha.rdn••• of 1ample1 Noa. U, 2, 2A, 3A, 4, 4.1 and 6J. decreased fairly 
graduall,' from the quenched end of the bar. Micr1l1copic examination of these 
bar• indicated that the d11tancea from the quenched and at which the etructure 
wa1 90~ martenaitic (balance intermediate temperature tran1formation products) 
"aried from 26-4o dxteentha. In sample• Bo,. 5 and 5A, however, an abrupt 
drop in the Jomi117 h&rdne~• aurva1 occurred at 16 and 22 1ixteenth1 re1pect1vely 
from the quenched end. Thia Y&I associated with the fact that t~eae asmple1 
had lover hardena.bility c~racteri1tics thal. the other plates. It wa1 noted 
that martenaite per1ieted from the quenched end of these two Jominy bare to 
a dhtanoe 16-17 • irleentha of an inch. !'he balance of the st rncture con-
1 i1ted of intermediate temperature tran1formation product,. 

!'here va1 1ome degree of 1catter not~d in the Jominy curve, ahovn 
in 11gure1 5, 6 and T but thi1 11 to be expected becau1e of allor and carbon 
segregation in the plane on which hardne11 reading, were made. 

1. •st~ of 1Wood," lraotur11 in Rolled Armor Plate• - if.A.L Jtpt. No. 716/664 1 

dated 19 June 1944. 
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Rl1STRI CTitD 

Th fll reou.lta of t h eo e t eeta i nd icate that the tne of co mp oa1t.11)n 
i nve e t 1gated ha• su!f1c 1ant hardenab1l1t1 for the thtclcneu of plate 1n 
qwuti,,n . 

4. The result, of the 1a.tallurgioal examination ind1oate t~~, w1. th 
t he exc9Ption of pl8.tea Noa. 2, U and 4 v~ich shoved p:ronounced 1egregati on 
in t ~e tranaverae direction, the bala.noe of the plate• may be con11dered 
1ati1!actory vith reapect to 1teel aoundneea. Satiafactory oorrelatione 
ware f'lstabliahed between :fracture teeh for ateel aound.ne11 and macroacopic 
Md micro aco-p1 c examination. 11. broua fracture, vere ob l.ai.ned in theae e1,mplH 
vhich v~ried in aTera,;e croae 1eotional Brinell hardneaa from 228 to 298. 

APPB.Ovm>z 

1;fi'; llkuk~~>" 
1( 4., birHJWs 
Major, Ord. Dept. 
Chief, Armor Section 

·- ,. ·-

~-

- - .. 

~/.Xd.L#{. . 
!. L. RUD 
Reaearch Metallur~iet 

- - - - - - - -- -----



r. 

,· 

'l'ABLI I 

Platt Cs11Bioa.1 CallllQ1iil2A 
lo. ~ _._ Ji _l_ -1.... ..!1 _Qi: ~ ...L _!,__ Ti _a ..A.l 

• u .34 1.26 .21 .023 .018 .84 .80 .39 nil .001 trace .105 .03 
r · - ·• "·- -

2 .33 1.28 .22 .028 .020 _g4 .S2 • 4o • .0025 • .10 .03 

2J. .35 1.26 .21 .028 .017 .85 .so .39 " • 0027 • .10 .03 

}.t. ~34 1.25 .21 .025 .020 .s6 .81 .39 " .0020 • .10 .02 

4 .33 1.26 .20 .023 .022 .,u .81 .39 • .0019 • .105 .03 

4A .35 1.25 .23 • 024 .021 .14 .82 .39 • .0025 • .105 .02 

5 .33 1.21 .22 .020 .0~7 .81 .81 • 4o " .001 • .105 .03 

5A .29 1.21 .23 .021 .016 .11 .7s • 4o • .001 • .105 .03 

6.A. .28 1.26 .21 .026 .019 .85 .82 .4o • .001 I .105 .02 

• 
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lraoture Test• 

(Ba\ed in accorda:ice w1 Ul Spec1fioat1on A.IS-~B l!!!V i aion 2.) 

si .. 1 8oundn.ea9 
Plat.. •Longi tu41nal •trazinerH fibre 

Bo, lraatur, lraoturt. lracture Tee~ 

u J :B libroa.-1 

2 0 (wooq) D Jibno.• 

~ :B (trace ) D 1ibro111 ,. ( ,«1od1ne11) 

~ :B B Jibroµ1 

11, 0 (woq) D Jibrov.1 

~ 
:a(traoe ) 

(wod1neH) C 1ibrou1 

5 :a I Jibrou• 

5A i C 11broua 

6A B( trace ) 
( woo41Jle11) .I librou• 

•i.onc1 twUnal fracture, - parallel te u,Jor direction 
of rollinc. 

*Tranever1• traoture• - perpendionlar to maJor direo-

• Uon ot roll1n& • 

•• 

, •. 
.. . . 

., .. 
• • ·• 

. . . 

• •• ,. , .. ·- -- .. ·• ·• ·• • • -• - -- - ---- --·· ····· ·-- -~----

•A .. • .. 

. . .. . . . . . 
-~ ~ -......:.:....:.....e_.::~-~--=_, _____ ._...:-........._,_ ,_:_. __ ·.....,..,,: _. ..... :,_.I .. : -· ---' . _., - _, _. ~ • - "I - • - · _, 
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Sample 
Ho, 
u 

2 

2.A 

JI. 

4· 

l.L 

5 

5A 

6l 

TABLE Ill 

.Brinell Hardne11 Tests 

Croaa S!£t1on Surface 
.Ran&• Average R§Me .A.Terage 

293-302 298 293-293 293 

285-293 290 277-285 Z79 

272-285 282 285-285 285 

262-Z77 271 269-269 269 
248-262 254 248.-246 2118 

248-255 251 241-21'1. 241. 

235-2i.s 2la 248-248 21'8 

2~-2i.s 237 2211-H 2~ 

22}-229 221 229-229 ~ 
----- --

. . . 
1 • . " -

i -. · . . · 
,.:..... : -

·• ·• 
C - '~----- -,:=--....... ~ ~--=--~-....;::....--:""'_,,..;. __ ;,..._~ ~--
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louetalllc lnolu1lon• in 2-1/4• lfhlalc 
Rolled Bomor,eneoua Carnegie-lll1nol1 Armor Plate 

lo. l.&. 
1n 1oattered fine ahor\ -•gan•t• 
111lph14• 1Jloluaton1. 'f)iptoal of •8111>1~ 
101. )A. 4.l, 5, and 5A. 

Bo. 4 
8egregat1oa of fine elonpte4 manga,nH• 
eulph14e 1ncluaiona in center of 11ot1oa. 
!Jpical d U1Pl• Bo. 2. 

1ho\oa1crognpha taken at nooo. 

-

.. ..-. ..... . • # . 

lo. 2.A. 
0cca1lonal alullina 1treak found in 
aen,er of 1eotion. 

lo. 6J. 
'1'7,pical group of fine 1hort •ugan•1e­
aulph1d.e includon• present throughou\ 
1eotton. 
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a, :ll ed lf c, .: '.)f':•.r. u0 11s C.- ~n,.r, t,, . ll l l nr1 t9 ~.rr,:, :: P ln•, :, , 

~ ~-. lJ. 
Fatrly coarse te:npt'!red llla.l·ten site. 

Ne. ?..J. 
Tempered me.rtensi te. Gra.ln t r: ·, nu.a.rle1 
c vlc'.en t. 

.... ,.. , . 

:q,-:, . 
Tempered. martenr, i t 0 . 

lhot.omicrograph• taken at llOOO. Sample, eiched 1n picral. 

.. ·- ·• - ·• ·• • 

(, f 

. .·, .... 
, . . 

J'IOUR.11f 
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PLATE HEAT 

• NO . N~'- l~3 NII SI s p NI CR NOi B (;\J__A;~!E 
2 • 1.28 .22 .028 .020 .84 .82 .40 .0025 .10 .03 160 

. - ,,____. __ ---I--- ·•- · - -·- ·- _,, ____ 
~ ·-· -- ..,.._ ... . 

4 o-- - .33 1.26 .20 .023 .022 .81 .81 .39 .0019 .105 .03 160 
---- .. -- . .. -· 

5 x---- .33 1.21 .22 .020 .017 .81 .81 .40 .001 .105 .03 16 
- ,- -- -----...- -- - -

.11 
- ·--

·-

. .. , ·- ·- ,_ 
l 9' .. . .. - - - - - -- .. - - -- ----'--------
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PLATE HEAT ~lll~SJt 6 ~~(L ___ NO. C ,..__ ___ ·--··"- ----2A • .35 1.26 . 21 .028 
----· - -- .. ---- - ---

4A o--- .35 1.25 . 23 .024 
·-·-· - · --

GA x--- .28 1.26 .21 .026 -- --
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