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:::) Sections from two ·,1latee, cast from the same heat and heat 
treated identically behaved altogether differmtl7 under ballistic 
test, one ~late failinr- badly whereaa the second was satisfactory. 
1a1lure of the :noor plate vaa attributed to poor 11hock nropertie• 
ae indicated by crystal line fracture and poor 1m:1a.ct value•• 
Surface network crac!i:: 11y11tem on both Platea, but more pronounced 
on plate which fniled, was eevttrel7 oxidized. indiefl ting that 
defect formed upon solidification because of a roor mold condition. 
!he poor shock properties of the failing Plate are attributed to 
temper embri ttlem1nt. ( _ _______ _ __ _ 

1. At the request of the Ordnance Research Center, Aberdeen 
(reference Memorandum Ranort dated 28 April 1944 eonring the aoceptance 
test of tvo 4 inch PlAte• under Specification .AXS-1013), 1e.mplea from 
two platH submitted by Continental 1oundry and Machine Compau7 were 
forwarded to the ls.bor&tor1 tor metallurgical examination. The two plate• 
were c&• t from the •ame heat of eteel (1'ullber 2123) at the Wheeling, 
Weat Virginia plant and were nreaumabl~ heat treated aimultaneoual7 and 
nominally identically. However, under ballistic teat one plate (212}-4) 
vaa com~letely satisfactory whereae the aecond ulat, (212}-l) failed badl7 
both on t he ahock test because of a complete penetration with a large 
ba.ck s~Jall and excessive era.eking and al•o on reahtt?nce to penetration. 
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2. Metallurgiaal examination con• 11ted ot the following testll 

•• rtbre fracture te1t1. 

l• Maoroetch test1. 

,2.. Brinell hl\rdneas n.croAfl Motion,. 

S• V-notch Oharpy- im ~)P:1ct teats • 

.!• Microsco -oic eX&"llination. 

3. 'l'he detailed results of the examination• a,ppear belowa 

,a. 1ibre fre.oture teat. The aamplee aa-reoeiTed were notched 
deeply and broken by the im~nct blow of a fore• hamr.lar. Plate 212}-l 
1hoved a mottled, com~letaly crystalline fracture. A surface net~ork 
effect vieible on the unmach1ned JJlate surf90e "'as en.used by oxidized 
cracks extending in ner~endicular to the surface to a diatance of from 
~/8 to 3/16 inches. Plate 2123-4 (which Passed the ballistic teat 
eathfactoril7) develo:oed an eMent folly fibrous fr~.cture containing not 
oTer ~ ot 1cattered er:rstallinity 1n the central third of the section 
vhieh in ~robably attributable to segregation effect,. No continuou1 
surface network was 'rl.sible on the !noe of the plate, but the fracture 
1howed evidence that the same defect wa• pre•ent to a amaller degree. 
The mreme difference in shock properties ot the two Plate,, a• 
ex~~plitied by the greatly different fracture anpeare.nces, ie directly 
a11ociated with the obs3rv9d VRriabilit7 in ballistic shock test ~he.nor. 

]!. Mncroetch t~sts. Macroetch tests were made o! the full 
section of each -;:,late: T)i.e 1,hotogrP1:ohic results a nrear ao 1igure l. It 
will be ob9erved that the t wo nlates are very similar in macro aP-rearance 
and both are extremely sound. The surface defect is plainly vi1ible on 
one f ace of eaah -;:,late. The etched oriP,inal Dlate ta.ee o! these section, 
showed a continuous network of the eracke illustrated. Such cracks would 
form ,tress concentrations if on the back face of the plate during testing, 
but it is not considered that this condition wa1 the primary cause of the 
observed differencea 1n ballistic beha'rl.or. 

~- !rin911 herdnees teat• • Brinell hardness surveys were made 
a.oross the thickne!S of each ·0 l ate. '1'welve im oreseions were ma.de at 
equally spaced intervals on a carefully ground surface. ,The re•ulte 
obtained are al f ollo~sz 

Plate Number 

2123-1 

2123-4 

Range BBB 

229-241 

229-241 

Averet;e BBi 

235 

234 

Hardnes1es ,,,ere 1u.tficiently uniform across the sections t o indicate 
complete quench hardening. The platea are very comparable with re• pect 
to h&rdne• e. 
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~. V-notch Charnz im".>act tests. lour V-notch Charpy impa.ot 
te s t !Pecimens were cut from each plate section in such a manner that 
t he a.xis of the s ·113oime11s corresPOnded to the location midway- be\ween 
the surface and center of the ~ections, Two specimens each from each 
Plate !l ection were tested at GgOJ (20°c) nnd -4o07 (-4o0c). The re1ult• 
a r e shown belo,-.,: 

V-not_~ 2~_lmpA.ct Results 

Plate Ro om Ter:111ere.ture ~ Testg 1it -40°F 
Number F t , Lllfl,,a. Fr11 c_!~ 1t, Lbu..,_ l ra.eture• 

212}-l 4~.5 Fe 1G.5 Cb 
'+5, g Fe 14.9 Ob 

2123--4 83.0 1 54.2 re 
77.5 r 51.3 Fe 

•F - fibr0u1 le - fibrous with scatter ed c r ;nitsllinity 
Cb - bri~h t crys t~l lin8 

The r, r~~t <l i~f 0 r £P'1 C P- ~ Jn <:"h~r 1r ' •rti " <>r t 1<> i n f t.l ,,,. t v ri -olat c.~ , confirming 
t 11a f r nc tm·e t est results, o.r~ i nc1.ic~,t ed by· t he relative 1:~·,nct values 
~t the -40°11' testin r: tem-1,,ra t u re, T11e ir.i n,,_ct values o f t he satie!a.etory 
:,lnte mAterial (2123-4) are t>P,rhctly sa tisfactory f or t h is hardness 
ra.nr,e, althoue;h t he n. P,crens e in im' 1nct ener~/ with t he lower ing of the 
test tem Jeratu re is S0l'.l et1hf1t r r ~ater than would be exr-ec ted from tempered 
llll\rtenai te devoid of tem11er embr1 ttlement • 

.!· Hicro s 00uic exa.mi ?15ti on. A detailed metallop;r a nhic study 
;-.- "1.'.:', :nnde of t h e c11Pr Pct e :r h ti ("" 0 f t :': e su rfnce cra ck ~y stP,m which WI\S 

oommon t o both 1.1lotes but wh i ch wa s r~o re exteneive in t he c~se of 
·ol a te 2123-1. In ~,.r1.d it i1n, t he Microstructures ,, f t he t wo olates were 
comnA.r~d . Fi ,,;ure 2A ~h:, -..:s ,"'. :l·10 t o!:licr0n;ra ··h t!. t l o•-.· lI'..:). .... nifi cr,tion o f the 
natu r e of t he nurf ~c c crr> c:: '., e r checl,:g wh icb n~ rf'! c -_,mm,, n ~o br1th plates. 
It ,-;ill be observed t r,P. t t t c :rne:~s are filled. with 1rcn o::ide !'Ind tr.at 
t he metal around t i,e cro,ck s :rstems 1s severely dec f'! rburh~d . 1igure 2 
algo ahows the microstructures of the two plates at t he center of the 
sect i onA, :Both structu r M Fl.n·,eo.r satisfact ory and very simil&r. 
lxami?lF.l.tlon of the micrciA tructure alone would lead to t h e er iecte.ncy 
th&t the •hock -:1ro ".) ert1. P-i:i of thA two pl"l.tes v oulr\ be !'lati ~f p_ctory and 
comparable. 

ligure 3 showa a t anoraroa of a typical era.ck system at the 
surfe.ce of nlate 212}- l , I t 1,;1_ ::, 1 b;. C\ bs i; rvPd t hat the cr2ok h filled 
with iron oxide, Md tha t, surrounding the crack, t he re i s a cons iderable 
zone wr ic~ eontaine iron oxide ne.rticles rMdomly di s tributed. Figure 4C 
shows a det ail of the P.l obula r i r ,, r, oxides surrounding the cracks, e.nd 
1ir,ure 4D shnws the c oM: 1l ete d.ec !' rburiza tion t o ferrite of t he metal 
adjRcent to the cracks. 
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4. The anal.y1i1 of the heat of steel from which these platet were 
poured ie a• tollowe: 

Hee.t No, 

2123 

C 

.29 

s -
.023 

p 

.033 
.1!L 
l.4JJ 

V -
.09 

Such an &nalyd s hae adequa.t e hardenabi 11 t1 to quench harden in a 4 inch 
eection, and the microstructure indicate• that c~mplete quench hardening 
wa• obtained. The ballistic reeults on the satisfact ory ~late (2123-4) 
have pr oven that thh steel, if pr0Perl1 heat treated', will ~iroduce 
satisfactory shock pro~erties. The failure of the second Plate (2123-1) 
could posdbly be attrib11ted to one of two causes: (1) stopping the 
quench before transformation had be1m com~letAd and immediately tempering 
or (2) temper embrittloment cau~ed by too slov a cool from the tempering 
tempenture. The equivalence in hardne ~s and the eimilarity in 
microstructure of the two ) latee lent ~reat ,., r credence to t he latter 
factor as being reeponsible for tte poor behavior. In order to 
demonstrate that temper embrittlement was involved, n small l!ection from 
aamr h 2123-1 waa retamperod fo r one hour at 1200°:F' and water quenched. 
The fracture after this treatment wae comuletely fibrous. ~emPer embrittl• 
ment 11 highly probable in a steel of this type (h1~)1 in manr)Ulese and 
chromium and containing vanRdium) when air cooled from the temper in a 
4 inch aeotion. It is probable that the fracture tmd im, 1act Propertiea 
ot the satiaf'actory 'Jl e t e ( c:. :i. ~}-4) were JJ&rtlally im.Palred by the air 
cooling treatment from t he t em -,ering tem:)erature. 

The aurfa.ce network effect of oxidised crack s found on both 
plates undoubtedly r es,1ltecl from some unsatisfactory mold condition. It 
h carte.in that the cracks ,:ere ~reaent prior to homocenhation of the 
ca1tine, aince nch oxidation adjacent to crack aystema ca.n occur only 
at high tem:.,eraturea (in t nh ce.se 2000°1). The regularity of the network 
condition is puzsling and sug.n;eeta that the cracks follow the original 
at-ca1t grain boundaries. This would suggest that the effect va1 caused 
by a poor mold condition. 

5. The extreme diff . -re:ri.c es in shock Properties of these two pl&.tea 
(poured from the same heat of Gteel and heat treated. nominall.J identically) 
indicate the fallacy of hasin~ the ballistic acceptA.nc~ of shield castings 
on the be.llhtie perfomonce of teat plate•• The com:olete v!!lidity of 
the fibre fracture te s t is again confirmed. It is necessary tMt heaTY 
armor castinGB be essentially fibrous to yield 1attsfactory ballistic 
properties and t he only ,,r nc t lcable way of P,Uaranteein.i:>: satiAfactory shock 
properties on such castin,:s is by a strict applicstbn of th e fibre 
fracture teat. 
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