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Flc1al Repor t on Protlem B-1.i.. 81 

26 Sep tern'ber l S-45 

Me t a J.1,1r P-" ical Exa:,1inati on of 4" and 511 T1 ·d ck 

Rolled F. 0mo geneous Armor Plates Submit t ed for Developr.ient 

by J oues & Laughli.n StMl Corporation 

Two lpi and. two 511 tbick experimentcil rolled. hoEJoger. eo u s 
p lates were 1:Ja.n.ufact ur ed by Jone s & LaU;~hlb Steel Corpora:ion, 
Lea·c t re .. 1.ted o:r Stcllldard Steel Spring Cc, mpi:i.Dy , and submitted 
to ,'...l:ler de en h~o 'r i.ng Ground for ballistic t es ting . Tl::e 41• t h ick 
p l a t es were t ested in ac cordan.ce wi Ul tests on. tlined in Specificati or.. 
.ul.S- 1+88 , Reyi s ion 1 and Ten ta.ti ve Specification A.."'{S-488, Re·ri sion 3 • 
'.r :-:e 5" t!·.s. ck pla t e s were shock t ested with 155 MM. AP Mll2 -projec
':iles a t ~-5 "' ot liq•.ti t y and tes ted for resista!lce to penetration wi ih 
t:;e 90 Ml1. Ai' T3J project ile a t 0 9 obliqt;,ity in order to obta in 
c:..e• elop::-,e:::-.t li, fo:r1;:a:~ ion. Met n.J.lur r; ical examin :1tion disclose d tha t 
::.e poo;.~ s ho d : 1.l 0hii.v io r of ' . 11 tl·d. ck plate No. JBl and t he two 511 

t: i ck p l.ates N:.};; . J TJ. and }Bl was du.P. to u combination of f a ctors, 
:::..-:i.:ne ly , (1) t emper embrittJ.ement, c~sed by insufficiently fast 
coo l1.n6 :·ro:.1 :he t emi_:.: erinr; temperat ure, and (2) iaeff1e1ent ,p enc:,ing, 
:·esl...'.1~,l nt; 1. :i i n comr; l.ete quencb hardening. 

1. Aa reques t ecl :,y .:.:.::1e Orclna.nce Resear c:r. Cer ... ~er, Aberdeen1 , metalJ.n.rg ical 
e:m-:-;i :!l£lt io n. !las e e r, cor.rp le t e tl on fo:.1.!" sec ticns cf rolled r:omo r;e neous plates 
sut,;, i -~t e d :·or de veJop ::1ent "by J one s & L,-=i,u,g':.lin ~t eel Corporation ( hea:: crea t ec. 
:-:;: ,:J t ar. i:: · -.:·d St eel ::ipri ng Go .) d.esit nated a s fol.lows: 

T1 .i c k:r~ ess Nu.rr:lJe r 

l~11 381 and 3'l'l 
5 11 3B1 and 3'!'1 

:Ba1 :li s •; t c t. ests ,Jere mai:e ,.._ t Aberdeen Pro,ring Grcnind in or c.e :' t o de t"ermi ne 
t~:e c: a lJ.i stic perfo.rr:.ance of the 411 U-. lck plate under te sts ou tl tned. in 
Specification 11.XS-!+81~, Revision l an d Tentat ive Specifica tion .A.::Cs- l..~gs , 

1. 
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Revision 3 and to obtain development information on the ballistic performance 
of the 5" thick plates; reference -'fG. Report No. Ar-16231, 3, 5, h, 9 April 1945. 
The 4• thick plates passed the resistance to penetration tests according to 
Specification AXS-488, Revision 3. Plate No. 3Bl showed a 13" crack between 
two impacts as a result of the 155 MM.~ Mll2 shock test. Both 5" thick 
plates showed pronounced cracking under the 155 MM. AP Mll2 shock test. 
Ballistic data are summarized in Append.ix A. 

2. The metallurgical examination consisted of the following tests: 

a. Chemioal analyses of selected plates. 

b. Fracture tests for steel soundness and fibre. 

a. Brinell hardness survt,ys. 

d. V-notoh Charpy impact tests. 

e. Microscopic examination. 

f. Jominy hardenability tests. 

3. The results of the metallurgical examinations are as follows: 

a. · Chemical Analyses. Chemical analyses of representative 
samples are given in Table I. These analyses are typical of those manufactured 
by Jones & Laughlin Steel Corporation. 

b. Fracture Teets for steel Soundness and Fibre. Fracture te·at 
blocks were properly notched, broken under the press, and rated for steel 
soundness and fibre. The resu.l ta are given in Table II. Inspection of 
the fractures revealed that all plates had been vell croas-rolled. Pronounced 
centerline laminations were present in all the plates except in the 4" thick 
plate No. 3Bl. Since these laminations were contained within the central 
third of the section, the plates, al though rated Dl, a.re acceptable according 
to the fracture requirements of Specification ..us-4S8, Revision 3 and did 
not spall under the projectile-through-plate ballistic tests. It should be 
noted that the fracture ratings for steel soundness are different in the 
longitudinal than in the transverse sections of both 5• thick plates Nos. 3Tl 
and 3Bl. Varying amounts of crystallinity were revealed in the fractures of 
all the four plates. Substantial amounts of orystallinity were detected in 
the fractures of the 4• thick plate Nn. JTl. and the 5• thick plate •o. 3Tl. 
It has been proven on several occasions in the past that laminations tend to ;\>" prevent a fracture specimen from breaking in a brittle manner. Further proof 

t • •· · · of this phenomenon is given by the results of the fracture tests of these 

., '"'~ { • .. • ....... .. • L 

}£I 
··• · plates. Correlation of the steel soundness of the fractures with the fibre 
:, . : . frac·ture ratings reveals that the presence of laminations has greatly influenced ~- j 

r):: :·· the amount of crystallini ty in the fractures. Jor example, in both fractµ.rea '~{={_:.~ 
' • .. 1 ....... ,) • • • \. \. 
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of the 411 thick pla te , No . 3Tl, the material broke brittlely until deep 
center of section lami na tions were reached, a t which point the fr acture 
p rogres sed. in a cio re duct ile manner, resulting in eitTier partial crys tallinity 
or complete fibre. To illu.strate t his f'u..rther, in the ca se s of both 511 th ick 
plates N<Js. 3Tl and 3Bl, t he long itudinal frac tur e s containing deep laminat ions 
were fi'c;-ous whereas transverse fractures whi ch were free from l aru ine1ti or.. s 
con ta ined crysta.llin1 ty. 

c. Brine ll Hardness Snrveys. Brinell hardness readings were taken 
on the cross sections of the p lates. All readings were equidistantly spaced 
throu,ghou t the sections tested. The results of t hese tests, which are tabul 11. ted 
in Table II I, in dlcate th.•: t the hardness values determined across the sections 
of t he L1 11 and 511 th ick pL .tes were fairly ur.iform. The two four-inch thick 
plates had an aver;,.g;e l3rinell ha rdness of 255-269 while the average l3rinell 
hardness of t he b,;o five-ir..ch t hi. ck p l at es was found to be 248-269. 

d. V-Notch Charpy Impa ct Tests. V-notch irrrpact specimens were 
!t!ac!'l.:lned from eac h plate at t he regions Just below t he pl.a.ta f a ces and 
adja.cent to the center lines. The specimens were t aJ.:en in t he trhnsverse 
direction (i.e. 1 t hei r long dimension was trM sverse to t he major rolling 
direction) and notched parallel to the plate thickness. Specimens were also 
taken fr om t he same locati ons of· each plate a.fter retempering 3/411 thick 
plate sections at 1200°F. (15 min. at temperr,ture) followed by quenching in 
water. The results of t hese tests are given in Table IV, Impact tes t s show 
re duced i mpact values at -40°F. in a l most every instance. In comparing t he 
-4C~F. values of the 'h.s received" material with the -40°F. values of t~e 
material retempered and quenched fro :r. the temper in ore.er to eliminate 
temper embrit tl ement, it has been found that the r educed impact values at 
-40el. are due to a combination of f actors, namely, incomplete quench hardening 
and temper embritt.lement, caused by insuf:"iciently rapid cooling from tr.i.8 
t empering temperature. Tr.e factors for each plate are listed in Table IV. 
It ie also revealed from t he V-notcl: Oharpy data that the 4,. thick plate 
No. 3Tl had been quenched more efficiently at one face tha., at the other • 
'l'he poor V-notch Charpy values at -40°F. obtained at the center of both 511 

thick plates and t he 4° thick plate No. 3Bl correlate with the poor behavior 
under ballistic shock. A s·imila.r correlation is not evident in the case of 
the 4M th i ck plate No. }Tl. 

e. Microscop ic Examination. sulphide nonmetallic inclusions were 
segregated in the center of the cross sections of the 411 thick plates Nos. }Tl 
and JBl. This type of nonmetallic inclusion was scattered throu~hout the 
cross section of the 5" thick plates Nos. 3Tl and 3Bl. Jigure 1 illustrates 
the typical microstructure of the 4n and 5" thick plates. The area near the 
surface of the 4R thick plate No. 3Tl having the poor V-notch Charpy impact 
value (33.4 ftjlbs. at -l.J09 F. after retempering to overcome temper embrittlement) 
has a microstructure consisting of ferrite and tempered bainite (Figure U). 
The op:posi te face of this plate which has higher V-notch Charpy impact 
properties (63.7 ft.lbs. at -40GF. after retempering) has a tempered 
martensitic structure. The microstructure of the central region of this plate 
consists of tempered bainite (Figure 113). A 1imilar miorostructure to that 
shown in Jigure ll3 is present at the center of the 4M thick plate Bo. 3Bl. 
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Micro str uc t ures at the centers of the 511 t hi ck plates con Hin t of tempered 
ba ini t e (Figures l C, lD ) . The pr e sence of more f er r ite in the microstructu.re 
of p late No o J Tl th;J.11 exists in t he microstruct ure of plate No. ,3:Bl explains 
why t he - 40'-F . Cha r py value of the retempered mat erial of pla te No . 3Tl is 
lower t h.an the corres-pond-tng Charpy 1.mpnct value of plo. te No. 3Bl . 

f . Jomi ny Hardennbility. Standard J om J.ny hardena.bility tests were 
conduc t ed on end- quenched bars maehined from 4n t M ck plate No . 31'1 and the 
511 t hick plate No . 3Tl. Company prac t ice was used ir.. austen i tizing the 
bars prior t o end quenching. This consisted of hea ting to 1625c.F. for 1½ hours 
and 1:-.olding at temperature for ½ hour. Hardness surveys were m.ade on the 
end-quenche d. b ars after removing .050 11 by careful grinding, after which t he 
Jominy bars were polished, etched in picral, and examined microscopically • 
The results of the hardness surveys are s hown in Figure 2. From the Jominy 
curves, only a slight drop in hardness is noted a.t 40/1611 from the quenched 
end of the 4n plate Jomin~ bar and none at this location in the 5" plate 
Jominy bar. Microscopic examination, however, revealed the presence of 2fY/., 
of baini te at the 40/16" location in the Jominy bar of t he 4n plate No. 3Tl. 
At t his loca tion in the Jominy bar of the 511 plate Bo. 3T1 the microstructure 
was entirely martensite. J'rom correlations1 made at Battelle between the 
cooling rates at various locations on Jominy bars with t he cooling rates 
within the cross sections of plates, microscopic examination of the Jones & 
Laugr.lin Jominy bars indicates that the anal.Y9e1 are suitable for nearly 
complete quench hardening of the plate t hicknesses for which they were 
employed. It is, therefore, evident from the re-drawn -40°c. impact values 
shown in Table IV that ·with t he exception of the 4n ·plate, Ho. 3Bl, all 
plates had not been quenched efficiently. 

4. The results of this investigation can be su:mBIIP1zed as follows: 

a. Poor shock behavior of tr-e 4" thick plate No. JBl and the two 
58 t hick plates Nos. 3Tl and .3Bl was due to a combination of factors, namely, 
(1) temper embrittlement, caused by insufficiently fast cooling from the 
tempering temperature, and (2) inefficient quenching, resulting in incomplete 
quench hardening. 

b. Laminations in the material interfered with the accurate 
determination of fibre characteristics but by means of the V-notch Charpy 
impact tests (whose fractures vere free from lamination) a correlation could 
be made between the impact toughness and the ballistic shock performance of 
the plates. 

c. The steel soundness ratings of the plates varies from B to Dl. 
No spalling occurred from the PTP impacts of both 75 MM. and 90 MM.~ projec
tiles against the 4n thick plate Bo. 3Tl, the only plate of poor soundness 
that was given a projectile-thro'IJ8h-plate test. It ahould be noted- that·-

i. •correlation of Cooling Velocity of the Standard 3ominy Hardenability 
Test with the COiling Velocity within the Croao Section of Platean -
John G. Kura and o. H. Lorig, Battelle Memorial Institute, 24 August 1942. 
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the lamina tions in this plate were conta ined wholly within the central third 
of the cross section. 

APPROVED: 

[\l.rdecf. 
E. L. REED 
Research .l<letallurgist 
Chief, Armor Section 

'),Ji/ _ ~ 

)1. :Bolotsky 
Assistant Metallurgist 
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·~ 1"1 4n ·1 t1 b l (' t.' · JJ. ~l 6 OW .;i \ l1' .. £:l,C€) .,1, 

---------- -·-- ------· ---·-··-··•-· 
F 4L5 

--- - --- - ' :1 

3??1 4,. .Ad.j l-).(' f.ln t t o car te :r line 52.s Fe t:raoe 27.3 Cbf 2/3 35. ~-
3 - ·------ ------- --·- · ·-·-~-- -,, 

}Tl 4,1 ~. ~l o,;:- en i. t o cente r J..ine 53.2 le t race 2e.o Obf 2/3 31. ;~ 
' •< ·---·--------·--·----·-- -- ri 
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-------- ··--··--·-- --.. ~-··----... -····- ....... .... ~ -

J l3l 414 ½n ;, e low .:iurface B ;~G3 60.5 ll' 47 .. 5 Ob! 1/J ~6- t, ---- ____ ,..._ ... ___ __,. ____ ...,_, __ .,.,_ ... - -
3-;ll 4• .~L~ LLC8 Ti t to cen t er l ine 63 .. 7 F 30.3 (ref 2/3 5hot -- ·--- . 1!1 . 

J .31 41f MJ a eent t o cert t er line 65.1 '11, 39ol riot , 2/5 5lo1 ~ ' ,, 
~ ·----

)Tl 511 3/ t: I,\ below Surface A 

·-
6f'.'.;.6 1 55.4 Cbf .~~race 

ii"' 
7lo, ~ 

3Tl 511 ~/ 414 below Surface l3 67.5 Ji' 60 .. 9 Ob f , ;. trace 71 •. 
263 ;~ "' 

.()bf 4/5 
'', 

3Tl 511 · Adj a.uan t to center ltne 43.2 Obi' 3/5 lloS 25 ;,, 
0 

' - 25 1~• 3'.I:l 5" ~\.d.jacei t to center line 57.7 Cbf 1/5 10.6 Obf 4/5 . 0 ~ 

- I - --.. --
3:61 5" 3/ 411 below Surface A 76.2 F 70~3 1 81, . 
Jfll 51.1 3/4 11 below Surface B 68.4 F 52.s Odf 1/4 

/Ii) 

269 
77 .,~ 

I ' - - ,, 

3/,4 48.i fi 3Bl I 511 Adjacent to center line 66.1 1 29o5 Qbt 
i,L. 

i ,' -
l+4.:•1 3Bl 5 11 

I 
.'1.djac ent to center line 

I 65.6 F 29o9 ,<Jbf 3/4 ,, 
~ 

Not es . 1. Tr,e notch in V-notch Charpy bar 
I 

final rolling direct i on of the platE, 
1 

was parallel to -- 2. No lamination a evident in the fractures of the entire s~~ies ofij~( t #~~a~ Oharpy j were 
= I 

3. 
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BALLISTIC DATA. 

(Data abstracted from Jl'O Report lo. AR-16231.) 

411 Armor 

Ballistic Limits and PTP Testa 

1518, Cfili). fhru 
hole 6•x6•: exit dia. 
Sttxl.211 v/b•• 

1442, OP(.\.), ff(i). 
2-1/411x1 11 opening on 
back. Plate ere.eked 
13• between impacts, 
also from Rd. l to 
plate edge. 

1696(4) 

11'80, Ci'(A), PJ'.(1). 
Jttxl-1/4• opening on 
back. Cracked trom Rd. 
2 toward ec!ge of plate. 

111,(t,sl 1~ ti•. 
1542, Ci'(P), Ci'(.\.). 
Proj-eetile 1n plate 
gltzS½ • b~k opening. 
Pe"tals o1'f; no 
apalling. 
1515, CJl>(A), ff(P). 
l •x3 • back opening. 

BL(P) 1529 r/ e. 

75 Mil. AF 
M72 

o• F~ 
2000 t/s 

~ttx;• 1705(1) 

*Dimensions under P!.P denote the exit diameter. 
lote g 3]11 appeared to be ceyatalline. 

5• AJ'IIOr 

1756(11) 

90 )0( • .AP 
!33 

o• HF• 
2000 f/1 
611 X 611 
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