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W.u'D!OWI ARSIRJ.L LABORJ.TORT 

Me• o£Mdua llgort No, WAL 710/601 

l~9•l Rfpor\ on Problem L4,25 

Metallurgical lg••!nation of Section, fro• 
lighte•p lollt4 Ho• ogeneou1 Armor Platt• 

20 March 1944 

l ABSTJUC'l' 
.-1 

Metallurgical ezaatna\lon including Brinell hardne11es, 
fracture te1t1 tor 1\eel 1oundne11, fracture \e1t1 for re1pon1e 
to heat treatment, • aero1\1h te1t1, microscopto e%diaatton, 
V-notch Charp1 t• pal\ \e1,a on 1eleoted plat••• oheatoal 
anal11i1 and Jo• S..,, hardaabiltt1 was conducte4 oa eighteen 
plate, eubmitted ~, ;reat Lake, Steel Corporation and \e1ted 
at the Ordnance Be1earoh Center a• a part of the etfee\ of 
hardne11 prograa. !here were 1i% plates each of the three 
\hiclcne11e1 1-1/1, '1,-1/~, and 1-1/2 inche1. All plate, were 
talrl7 1ati1!actorll7 haa, treat ed. Three plat•• ~ere of 
un1ati1factor7 qualtt1 wlth re1pect to ,teel aounclne11,(Numbera 
173, 111, 112). (\..__ 

1, Al requeete4 b7 \he Ordnance Reeearch Center, A.P.G, 470.5/3549, 
Wtn '470,5/T747(r), metallur1toal examination ha• been oo• pleted on aectione 
fro• eighteen (lR) plate, ,a1\a4 at the Ordnance Re1earoh Center aa a part 
of th• progra11 on the efteot ot hardne11 on ballistic propertte,. ill 
plat•• were furni1hed b7 Grea\ Lake• Steel Corporatloa and were rolled fro• 
the aame heat of • teel. Plate• were of three thi0Jme11e1, six (6) each of 
1-1/S, 1-1/4 and 1-1/2 lnchH. !'he plate• in each ••l'iea were ot d

1

1fferent 
hard.neHe1. 

-

2. Metallur~ical 1xaataa\ion coneieted of the following te1t18 

~-

-

Brinell hard.nee••• on 1urface and through eection. 

Chemtcal analy1i1 and Jominy hardenabllit7. 

Fracture \ea\ tor ateel •oundneaa in bo\h directions of 
rolling. 

I l '\1 \ " I p, ,, .. , ,", 
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Plate No, 
s5 

s7 

89 

93 

95 

173 

99 

105 

107 

-

r • .~,J ,,~ , 
•' 1 . l ,~ 1 ~ p '! ~ ' I/ I ' ~ ,. 

,. • • ' • j 1. j 

. J ·, .··1.J , ):, :,z ;· 

Hardness reading, aoro11 the ~ection were of 11.&fflcient unifor111ity to 
indicate complete quenoh hardening followed i7 an adeauate te~pering 
c1cle to produce a unltol'll hardne11 through the 11ction1. f 

! o Chemical :'::9el7sie and JominY Hnrdena~111tY. A chemical 
anal11i1 &nd Jominy hardenabilit7 detP-MDinatioa were conducted on 
1ample1 from plat• 112. It 11 understood that all plate, were pro­
duced from the ,a.me heat ot steel, and, therefore, the re1ulta on thi1 
plate are 1ndicat1Ye of t~e re•ulte to ie expeote4 on the other plRte1 ~ 
ln the serie1. The ohemical analy1i1 follona 

Pbte No 9 _9_ -1!1:L. ,.l1 s p -- __!!_a.~ B 

112 • 31 1.5-; .30 .021 .0?.2 Trace • 55 .20 

'!'he hardenaiilit7 of the ateel is 1hovn a• 11gu.re ~. laeentially full 
hardening 11 111&intain~d at th~ alov cooled ~nd of the Jo• iny bar, which 
1nd1eate11 that, with re•-peot to auench hardening or tran1format1on to 
the high temperature tran1fonnation product, ferrite Md pearl1te, the 
analyeie whould -• 1a\i1faatory in thickne1,e1 up to at lea1t 4 inche1 
upon water quenching. !he great effect of the \oron addition in in­
orea1ing the hardenat111ty 11 clearly indicated. The amount of boron 
reported 11 exoeaei•• tor ieat reeulte from the atu4point of toughne11 
of the steel. 

~- Fracture Tu\• for steel soupdneu and RHponn to Heat· 
Treatment. fracture te1t1 for ateel 1oundnea1 in Doth direction, and 
tor re1pon1e to heat treataent (fibre teat) in oae direction were made 
on 1amplea tram eaoh plate. The 1ample1 for the 1teel 10undnea1 teat , 
were tempered prior to traoture to a hard.nee, of 300 Brinell 1118%imU11 0 

'?he re1ult1 are giYen ielowi · 

Ste•l Soydpes1 Teat, Fibre frecture Teat 
Thickness •Longttudin3l Transverwe D1reo\1 op Reault 

l-l/8N B B Lon~itudinal K1xed,(H1gh hardne11) 

~ 
I 

' .. 

1-1/8" 

1-1/ gN 

l-1/8" 

1-1/8" 

1-1/8" 

1-1/4" 

1-1/4" 

l-l/4N 

B 

C 

J 

J 

I 

.B 

J 

C 

B 

C 

B 

B 

D 

B 

B 

C 

Longitudinal Mixed (high hardnew•) 

Longitudinal Mix~d (hip,h hardne11) i 
Longitudinal Mixed (hi ~h hardnesa) 

-3-

- - - - - - -

Longitudinal 11irou1 

,Longitudinal 

Lonr,1 tudina l 

Lon~i tll41nal 

Longi tucli nal 

- - - -

Fibrou, 

Fibrous 

liirou, 

Fiirou1 

-

• -,. 

~-

" .'· 

-



• 
. :-.-,;; ~ -- .. ~ -~ -r--"l:' • • - • -..;-- "":' ........ ~ - ~ - -..: ........ --. ..... - -.:-- i"" . ..-..;--_ ;rry-• _ " • ;: 1,,: t .> .. > . w r '> ,-, • . .l~ . ,., - .a"" •:, '-' ' •~" i:.' r- ,-; " .. * • . .,o •.> •M c• 

-

~•WT• UNCLASSfFIED 
St11l S2g!!laef• le1t1 

Pl1U 1'21 'fh1cknen •Iongl!~dl!!il -r~navera1 
11brt lrocture TP.at 

Direc\lon Rei,.i l t 
• 1-1/4· 109 B B Longitudinal .i'ibrou1 

lll l-1/4" D D Longitudinal · 1ibrou1 

112 1-1/41 D D Longi tudinsl J'ibroue 

114 l-1/2" B B Longitudinal Fibrou1 

115 1-1/2• C B Longitudinal Fibrous 

lll 1-1/2" B B Longitudinal Fibrou1 

122 l-1/21 B :B Longitudinal 11broue 

123 1-1/2• J B Lcngitudinal 11brou1 

177 l-1/21 J B Longi tu41nal 11brou1 

•Longitudinal - plan~ of fr&cture parallel to major rolling 41reot1on. 

-

All plates deTelope4 flbrou1 fracture, except four of the l-l/81 plate, 

-

at the h1~her hsr4ae1se• • Thia condition ha1 been preYiouely encountered 
and 11 to be ezpeate4 1a aany of the type anal7ee1 now being employed 
in the~e thicknee•e• of plate and at hardnea••• ezceeding approxi­
mately 3?.0 Brinell. lt 1• not An effect which nece11aril7 11 caused 
b7 poor he&t treat• en\ or lack of hardenabilit7. There has b~en 
no conclusive endenae to indicate that it 1hould be conaidP.red a 
rej~Ct8ble condition. 'lhl1 type of ery1tallinit7 occurring at 
high hardn~e••• CA.D be 4i1tingut1he4 from that aauRe4 by incomplete 
quench hardenin«. Plat• 173 at 3u3 Brinell v01lld probably aleo hAve 
ehown c?71tallinit7 tt the 1everR lamination, la the center third of 
the 1ection had not been present. 

Plate, 17J, 111, and 112 vere of un1ati1fac,017 quality with 
re1pect to eteel 101Ul4ne11. The poor fracture• de•eloped on the1e 
plAtee are proba-17 latluenced by factor, other than nonmetallic 
inclueiona 1inc1 eu,ae4(11.ent teat• did not indicate a vtde difference 
in nonmetallic content la theee plate, aa co•pared to other, which 
deYeloped fracture• 4eYol4 of serioua lu1natioa,. 

A• Macrot\oh TttS•· Macroetch te1t1 in the tran1Yera1 direction 
were mAde on a sample fro• BACh plate. '1'he reeulte appenr aa liguree 
1-J. lt will be eb1ervet th~t plate, 173, 111, and 112 which 
4eYeloped un1oun4A••• la the fracture teat ahow an ingot pattern 
effect to a greater degree than the balance of the plates. 
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.!• Micro~cop1e Examination, Specimens f0r microecopic exam­
ination coverint the cro11 eection were prepared fro• each plate. 
Examlnatlon covered ex\1nt of decarburization, grain aize, type 
and distribution of nonmetallic inclue1ona and microetructure. 
Decarburization was la•lplficant, amounting to less than .Ol inch. 
Grain a1ze wa1 a unif?rm A.S.T.M. 6-7 in all plat••• The reeulte 
of the micro1copic examlutlon on each plate were ae follows: 

(1). ~la\• 151 385 BHN, titeel adequatel7 cle.,n. Nonmetallic 
incluAlone con,lst of 1raall aulphide1 And a111c~t•• well dlAtributed. 
(See Fig11re 5,) ~icroetncture con1i1t1 of tempered lllP.rten1ite, 
tempered upper oainitt, e.nd pos1ibl7 tr~cea of ferrite and pearl­
ite,(See Pirure 6.) 

(2). ila\e 87 1 BHR 326. Nonmetallic diatrl'but1on 1imil&r 
to plate 85 ucept fer aluminA type 1nclua1on cluater• near one face 
which caused 1hort laaination1 on th~ frscture 1pecimen1.(See figure 
Micro1tM1ct11r111 tlmihr to that ot plat-. ~s; enneistin~ of tempered 
121Artens1te, tempered upper bR1n1te1 and po1~ibl1 trace, of ferrite 
and p~arlite,{SeR Fi~re 6.) 

(3). Platt gg9 356 BHN, Tranav~rAe micro apecimen shows well 
diatribut~d nonmetallic 1ncluel one.(5~e f1rurt ~.) Microstrueture 
coneieta of te11pered marhnfli t'-l, t-,mpered H!)per balnlte, with tracee 
of ferritP M~ pearlite. 

(4). Plate 93, 315 BRX, Olean 1teel exce~, tor alumina 
type incluaion elustere near plAte 1ur!aeea promoting 1hort, in•i,:ni­
fleant laminatione.(See figure 5.) Microatruotur, similar to that of 
plate 85, 1ee 1igure 6. 

5.) 

(5). Platt 951 392 BHJI. Nonmet~llic incluelon distribution 
11milar to that of ·plate !5, (See figure 5,) Mlcrostru.cture essentiallJ 
tempered mart1n11te and bainite with trace,~, ferrite and pearlite 
apparent.(See 1igure 6.) 

(6). Platt 1731 J43 BBlf. 1 Conaidera0l1 aegrer,&\iona of alwnlq 
inclut1on1 near center o'! section. ( See figure 5.) l-:t.croatructure 
eimilar to that ot pla.te ~5, (See Fi~re 6), ccnahting of tempered 
belnite and marttnd\e ;, ;saibly with tracu of ferrite and pearUte 
Yisible. · 

(7). Plat• 991 398 BlDJ. Fairly cleal'1 • te•l, conta1n1n,; •mall 
1ilicate inelu11ona 1omewhet more concentrated at center of 1ection, 
Microatructure 1hovt1 \eapered marten11te and u~p~r bainite with 
apparent trace, ot ferrl\e and p8arlite. 

(g). Pl&tf 1051 29Q BHN, 1airly clean 1htl, Ill milar to plate 
89,(S~e 1i""1rt 5. Microatnicture fta1entiall7 tl/Tlpere4 with trace, of 
pearlite apparent. 
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IU!ST RI CTED 

(9). Plat, 1071 277 BBB, Steel contain, f~irly hir,h con­
centrations of ,llie&te e.n4 alWDin& incluaions along centerlineo 
(See Figure,.) Microstructure consieta of essentially temper~d 
!Dflrteneite And• tempered. bdn1te11.(See Figure 7.) 

(10). ?late 109, 272 BHN. fairly high concentration o! amall 
ailicRte inclu1ion1, similar to plate 114,(See 1i~r• 6.) MicroAtructure 
ahowa a unifo?'111 1nrbitic 1tructure. 

(11). Platt 111 1 308 BHN. Centfllrline alr,rep.:e.tiont11 o! alumina 
and ailicatfl! inaluaiona ai• ilar to plate 107"(Se11t~re 5.) Micro­
etrueture cont1111t1 of t1apered msrt~n,ite ruid bainite with trecea of 
pearlit~ visible. 

(12). P\ate 112 1 291 BHll. SevP.re cono1ntra,1ona of ailicate 
incluaiona at centf!r of 11ction. {See 1igure fi.) Micro1tructure essen­
tially tempered i1Art1n1ite And bainite1.(See li~re 7.) 

(13). PlrS• 114. 283 BHll. Num~roua small silicate 1nclu11on11 
well distributed, Ste ftpre 6.) Microatructure conslat1 of de1irable 
uni!ol'll dietr1bution of 1pheroidal CArb1de1, 1lmilar to plate 177, 
(see Figure 7.) 

(14). PlAtt 115, 282 BHN. Nonmetallic inclu1ione and m1cro­
etructure eim1lar to plate 114, 

(15) • .Plate llS, 271 BHN. ~ionm.,tall1c 1nclueions and m1cro-
1tructure aimllar to plfttt 114. 

_ (16). Pl1\t 122 1 263 BIDJo Nonmf'ltallic inclusion, conaiat of 
,mall ailicAte inclu• i 1,ns well dhtributed. Microstructure &1m1lar to 
that of plate 12J.(See 11gur~ 7.) 

(17). Plate l~,, 247 BHNo Scattered 1llicate and alumina 
incluaiona . (See r1~r• ~.) Microstructure con1i1t1 of a spheroidal 
carbide in ferrite with 1ome f'IVi~ence of banding ~f carbidee.(See 
11r,ure 7.) 

(lS), Plah 1771 27ll BH!f, Nonio~tallie condition alm1lar to 
plate 114 0 Micro,tructure conei,ta of de~irRble epheroidal carbide 
fairly v~ll n11tribut14,(S~e Figure 7, ) 

NOTE: Photom1cro~rsphic ~ork conductea by M. Yoffa. 

The steel in ~en~ral, WfB fairly 1attefar.t0ry with reap~ct to non­
metallic 1nclue1on content. In ~eneral, it appears that concentration, 
of thft rf'lfr1tctor7 al11!111na ncnmP.tftllic inc1'1i-i 0ns are re1pon1111ble for 
t}1e d,i,velnpmP.nt of b.m1nat1c•na in thA. f?"aeti..:.re teat. Silicate 1ncluetona, 
unlea~ extremftly concentrated, spparently do not produce poor frP.cture,. 
Thi1 observation confirm• othP.r evidence recently obtain~d. The micro­
etructure in some ca,ea reflect poor heat treating practice. The 
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RES'l'RICTED 

tormatton of bainitee upon quenching is to be expected, but evidence• 
of ferrite and peerlite indicate po or heAt treatment practice in view 
of the high hardenability of the steel. The ab1enoe of any appRrent 
ferrite And peftrllte in the CRee of eAverBl pl~tes indicates consider­
able variation in he~t trAfttment practice. 

f. V-Notch Charpf Impnct Testa. Impact tests were taken from 
nix (b) plates at equally IPA.Ced hardneas levels covering the ran~e 
24 7 to J8'5 Brinell. Dunlieate 8pAc1:1umn wer8 brok~n at ro om temper­
a\,1re (200c) and -4001 (-~ooc). The specimens were tre.nsverAe bare 
the axes of which corruponded to a diet,..nce midwa:, between surf,i.ce 
(IUld center of the plAte1. Rare were m~chined from plate, of satie­
fe.et ory A·mndneu at indicated by fracture te1h. Notches were cut 
pel'!)end1cular t o ph.te 1ur1'Rcee to 111n111he the err.et of nonmetallic 
inclusion~. The re1ult1 obtained ~~re~• followel 

f-Notch C~~Z: 
2Q~C Te1t1 

ImEROl V51uu 
-i a irui• 

Plf\te No 9 
BHN ,,, Lb1. rrcicture Ft. Lb1 1 1racture -

g5 3g5 19.7 Cbf 17.5 Cbt 
11., Cbf 14.2 Cbf 

g7 326 26.s re 16,4 Cbf 
21.1 r 16.s Cbt 

89 356 23.i re 13.2 Cbf 
21. Fe 12.7 Cb! 

95 302 35.3 r 27.3 re 
35.3 r 24.2 re 

56.4 , 52.8 r 
118 271 56.0 r 42.9 re 

247 55.s 1 51.0 1 
123 55.5 F 45.3 Fe 

Impact bar fractures were rated in Accordance wl\h a 1tandard procedure, 
(S~e Figure 8.) which will henceforth be used in all ca1ea wherein 
1.mp~ct bar fracture rating, are reported. 

The impact TRlue1 ae a functtnn of hardne11 and temperature 
have been plotted &I 11,:ure 9o Aleo 1uperimpo1ed upon the curve are 
the zone, of hard.neu within which fi brout1 and cry1talline fracturee 
vere obtained on the 1tandard fibre te8t •~ecimen1, It v111 be noted· 
that the 1narp decrease in impAet value with increa1ing hRrdneee 
occur• eomevhere between 270 and 300 Brtnell wherea1 the tran1ition 
from f1 broue to C1'71tall1ne fraet.urn occure at tome hardne11 between 
JOO and 326 Brinell. It will be noted that in the caee of the 1teel1 
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which developed crystalline frActure.s in the fibre tP.et, the per­
oent~ge chan~e in impact properties se R functi~n of the lower 
teeting temperature 11 coneiderably higher. 1u.rthermore, aa com­
pared to impACt value, :!)rniouely obtained and rep-irted1 on rolled 
armor, the v~lues 0btained on the plAtes at 300 Brinell a~d h1ghP,r 
hArdne1ae1 e.re • () mewhat below the expected value,. 

Cry1tallinity occurring in the eubJeot eteel at hardneHes 
atove 320 Brinell is, of course, a function of ioth chemistry and 
heat treatment. It hat \een indicsted thet in certain type chemiatriet 
utilizP.d for a ~iven plate thiclcnP.as, this tP.ndency ee.nnot be eliminated 
b7 normal ~dJuat~enta in heat treatment. Other chemistries of lesser 
hardenability trAn the subject eteP.1 will produce fibrous fractures 
in l inch pl~t• th1okne8e at hardneaae1 of 375 and ~gg Brinell. In the 
ea,e of theee plate,, A ~•culiarity of the ~teal c0unled with evidence 
of inf,.ri,,r heat tre1tt11ent h undoubtedly reapondble. Factors whieh 
may be involved are (1) the tempPrature ~t w~ich \a1nite forms on 
CJnt1nuous coolin~, {2) the effect of boron, &nd (3) the possibility 
of the rP.tention of auetenite upon ouenching which may aubsP.auently 
trMeform npnn tsmpe:ring to yield ponr propert111. 

4. In p.eneral, tha 1oundnes~ of the plates was satisfactory. In 
addition to poor ateel 1oundnen1 characteristica noted in the fracture 
teat ot three plate,, the inr,ot pattern effect noted on the macro~tch te1t1 
of 1ectiona from sdd1\1onal platen may contribute to inferior ballistic 
performance undAr o\liquit1 attack. The cryetallini\y observed at high 
hard.neaaea 11 tAlieved \o be a function both of type analy1i1 and heat 
trea\ment practice. 11brous fracture, can be o-tained in these thickne1sea 
at hardnA11e1 up to 388 Brinell uaing other type s.nalyau with normal 
heat treatments. It 11 a~rured that the matP.rial which produce, the fiirou1 
fraoture ·11'111 exhi\it e11ptrtur 1allhtic performance proTided other 
factor, such a• hardnees and steel quality are equal. 

1[:£~ 
MaJor, Ordnance Dept. 

1. Memorandum Report ro. WAL 710/567, 10 Dec~mber 1943. 
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Greiat Lalce1 o,teel Corpora.tior, ,U-;11 or 
'lyp1cal lion.metallic Inclusion Type! R.i 1d. ih ctribution 

thieteiled - llOO. 
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Plate 85• \Jell di s tributed s ,118.ll 
1Ulph1de and a1l1cate inclusion•. 

Plate 19. Tranner11 1peci1oen. 
Well d11tr1bute4 non.met&llio 
11lclu•1ona. 
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Plate S7. Olua\er1 of alwain~ 
inclusiono ocoi;rring near f4'.ce 
of nl11.tA . • 
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Plate 93. Alumbe type inclusion 
clusters ocourring near !ace of plate. 
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Grea\ Laket Steel Corporation Arr.lor 
T-JPlcel Non.metallic Inclusions and :(icrostru.cturee 
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Plate 112. Higl: con c"ntration of 1ilicate 
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Plate 114. 5mall 1illoate 
1nolueinna well d11trlbuted. 
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flntt 99. Tem;)ered martensi te aid baini te 
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STANDAH.D TYP.~:s UF NUTCm;D ilAR IMPAC'l' F' ltACT UR ES 
_,..;;.;_~- --- ---- - --- ------· 

SYMBOL DESCRIPTION 

Fibrous ., 

s 

Fe 

Silky (generRlly eneount 4 r rd 
with steel, of hi ff h 
hnrdne11) 

Fibrous matrix with Gpota of 
ery1tall1n1ty 

Cdf Dull crystnlline p11 tch !lur­
rounded by fibrous border 

Cb! Bright crystalline pa tc' i 
surrounded by fibrous border 

Cd Dull crystalline (c ,,t11pl e te) 

1.,1) Bri,,;ht -~ry!1talllne Cc · '1: lete) 

Note ,! i Additional term, such as l denclrltic, conchoi dfll. 
etc., uee4 to d,-acri be the frA.cture1, 1hould. be 
written out 1n full followinP:: thf'! frA.Ct11re t:,Pfl 

symbol. 

1i2l.! l= If it 11 det1red to eotlmAte the relatiTe 
1U11ount1 of fibroua and cryet~l11n@ surf aca 
ar~Re, a fr~ction will be plPc~d followinp tte 
frActure 1ymbol. Thie frAeturP will refer 
to th~ estimated eurfsce Aren w~lch is 
cryatallht. 
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