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Problem :S-1. 7 

A].:..iOR--CAST 

The Development of Chemic2,l C0mposi tions for 4½rt C2st Armor 
Se.tisfying the ~~e quirements of the Fibre Frc1cture Test 

after Heat Trea tment 

O:BJ~CT 

To investi P;:a.te chernic e.l comr,osi tions for use in 4~? t hick cast nrmor 
1.·rhich will yield a fi'or01_is fr acture a.fter a normal c;ueac:1 2.ncl temper heat 
treatment anc'c to evp,luate the ro1etc1.llurgical properti es of t l1ese steels. 

1. Four of the steels investigated fracture in a f ibrous manner 
1.,rhen water ciuenchecl in a 4½t1 . thick :tJlate and. tempereC::. t o a fairl;1 low 
hardness . The analyses of these steels anc1 the h.<1. 1~clner:ses 8,t ,·•:1ich they 
were tested are as follo~s: 

Plate 

-~ C lifn: Hi Cr Ho Other Ea.rdness :BHN 

8 • 32 . 82 .s3 .81 • ug ,002 B 229 

11 ,31 • 97 1.32 1.07 .46 .10 V 229 

15 .35 .65 .97 1.70 • 4g 229 

16 . 36 • 90 1.01 1. 71 . 48 255 

2. A composition containing 2% chromium and .5% molybdenum possessed 
insufficient hardene.bility for 4½n plate when water quenched. The use. of 
at least 2. 5% chrcmiu..-n is c:~JlJarently reciuired for 4lrr thick armor in this 
tY,Pe analysis. 
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3, Several of the higher alloy steels exhibited a tend.ency toward 
temper ori ttleness as manifested under Oharpy impact tests conducted at 
-4o°F. This reduction in notched bar toughness coulcJ,. be eliminated in ~ 11 

plate by water q_uenching from the temperir.: ~ temperature. 

4. It was possible t;o obtain fibrous fractures and fairly good 
notched bar impact properties in a steel tempered to a low hardness even 
though it contained as much as 80fo nonmartensi tic transformation consti­
tuents at the center of the section upon q_uenching. It was observed, 
however, that the nonmartensi tic transformation constituent, which was most 
prominent, consisted of a very fine, randomly oriented carbide distribution 
having the appearance of tempered martensi te upon tempering to a hardness 
of 250 Erinell or lower. 

5. .ti. fracture hardena'bility test was devised for making a prelim­
inary evaluation of the toughness of the steel heat treated in heavy 
sections. In this test end-quenched barfs were fractured a.fter tempering to 
the desired harru1ess and their fractures rated. Results obtained from 
tests at -40°F. appear to be more informative than those obtained at room 
t ernpera ture •. 
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Er:i:~"l..ODUCT I OH 

Upon the i ntroducti o:;1 of t he fiore f r e,cture te,; t 2,s ,,.n 2.cceptrnco test 
fo ;~ c.:1.st armor , it "rc1.s r,_iscove1·ed the.t in many of t :.1e ::1-,.c.ilities c ons i de r 2.bl e 
clifficulty 1,rp_s encow1terecl i n m2.king armor havinr; s2.ti sfo.ctory imp c1.ct prop­
ert i e s when treated in sections o v e r 2 inches in thic\ :ness. For t !1e most 
1}a,;:t , the 1.55& i·fo , .55S C1·, . 51 ~~o t :;pe steel and t~1e l ;; :in, .5% iH, ,5% Cr, 

5C'' .. 1 . 
• , :J ilo tz,-pe st ee , w~1ich ,,,ere us ed a t t!:~.e time t:ce f 1·2.c t t,re test i,ras in-
t roduced in the pro cluc·~ion of Ce.st armor, did not ;::iosser;s sufficie:1t :ia.rden­
a-J:~ li ty for s e c tions over 311 in thickness. Conseouent l :, , in t h e 'facil iti es 
msl-:: i n ,: the heavier a r mo r, tl1e chromium, mo,nganese, i-'.1:0. nicl-:e l contents 
were r aised as a ~:1 eens o f incj:easinr; t he 111:1.rdenaoili t y . L 1 t:1e l:in-Cr-iio 
type st eel, the chro1:1.ium c.nd rne.ng2n ese were increa secl to 1. 5~; ea.ch. In 
a nother fecilit? ••hicl1 usecl. :~i.1e rH-Cr-;io type steel, t;Je r,12.nganes e , nick e l 
a nd chromiu,u cont ents 1.·rere raised to ove :c l ~~ each. :.let,-L.l l'G:c; oose rved e t 'bo t h 
facilities sho1•red t }1e.t 1·•hen t:.1e ,2.llo? co;1t ent 1,ras on t: 1.e :'li :.:h side of a nom­
ina l ran.c:e , extremely br j_ ttle p ro:9 e rti es ,rere o'bt E1.L 1ecl .• '::.1:0.is l a ck of tough-, 
n e ss in met?llurt;ice.l tests 1-r2.s Tefl ected in poor oalli.:: t i c f:~:.o ck :9roperties 
of the De.lli s tic test :,nL,tes 1-rhich were :produced. 

'I'he po0r met allur.co:ic9,l ,_wopert ies exbi Di t ed. by t>.e:rn ,•ll o;rs when on 
the h i c;h side of the ch emic2,l re.ntse ,,,ere be lieved t o ~e 2.s,;o ci nted 1-rith 
either (1), te:nper bri ttl en 8ss, ( 2) undesirabl e trp_ns:fori''18.tion products 
f ormed because the steel 1-12.s not cool ed to !1.1R.rtensit e t.r2:.1:::forma.tion 
t empere.ture before temperine; , ( 3) trpnsfo r m2ti on of ; ·e t e.L1 r,d 1:1.ust,mit e 
t o ur.desirable products clur i ng temperinf, or (4) e. c o,.1t i rnJ.t i on of the se 
f 2,ctors c-1,s indic c-1.ted in e. recent report . 

An inve stigation2 of 411 to 6" cast e.rmor sho•:;ec-;_ 'ohnt tl-ie r e is a v e ry 
good correl e. tion bet1:re en poor Char--_py impc1.ct pToperti e s, cryst a lline fractures, 
and brittleness in the 02.llistic shock test. Other . .,od: 3 ,l.f has 'b e en conducted 
at this a.rsenal sho1-rinf,: th2.t the fracture test resul ts i'eve2.l the tende~cy of 
a stee l to exhibit brittle :properties in the ballistic n~1oc!::: test. 

1. 

2, 

3. 

4. 

• 

Wate rtown Arsenal Laborc1.t o :cy Experiment a l :-l. eport lfo, '.'T.AL 710/(-,ro, 11 Cas t 
Armor - The Devel opmen t of Compo!=li tions and Heat Tr ec1. t men ts to Yield 
O:ptimum Shock Prop erti e s in Cast Armor l" to 611 'J:hicktr, 1 September 194l.f, 

1Tatertoim Ars enal Lc:.bo r 2.tory Experimental Re:Jort lTo . 'TJJ; 710/500, 11 Armor-­
i-Ietallurtc:ica.l Examina ti on o: Cast Gun Shield Armor lour to Six Inche s 5,n 
Thickness 11

, 17 Ha y 1943, oy A. Hurlich. 

Wa-tertO\m Ars enal L2.bonJ.tory Experimenta l RG:port Fo. ~Ii\L 710/534, 11 Armor 
Plate - Corrclo.tion of iiet,1.llur,c,: ica l Prop erties ,-, i -:-J, t >e Lo,,, '.i'emp P. rature 
Bn.llistic Shock CJ.12.r a.ct eristi crJ of 1 11 to 2 11 101,r Alloy Cas t Armor Tested 
at Camp Shilo 11

, 1:: AU:";-L.lst 1943, by l?. V, lliffin .. 

1·!atertown Arsenci.l Labo rat ory Ex:9erimentP.l Re:port No . "!AL 710 / 532, 11 Armc r-­
Developmen t of a :?racture 'I es t to Indicate the Deg1·ee of Ea:r:dening of 
Armer Ste els upon Q:uenching", 1 August 1943, by A. Hurlich. 
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1'Tork had been done previous to the above mentioned. inves t igations by 
the British and by the U. S. Navy but very little information showing a 
correlation with ballistic tests is available. In any event the references 
mentioned contain the es E.ential points showing the· correla tion between the 
fracture test, toughness under notched bar te s ts, and toughness under 
ballistic shock tests. 

In general, it has been observed that the optimum toughness of quendhed 
and t empered steel is obtained when it is completely transformed to martensite 
upon quenching. Consequently, in this investigation compositions were 
selected which would be expected to quench out in 4½" p late using a water 
quench. Also heats of loHer alloy contents were studiecl to evaluate the 
properties obtained when the austenite was not completely transformed to 
martensite upon quenching. From this data it was possible to compare steels 
water quenched in a 4-½" thick plate size, some of ~•rhich \·rere cpmpletely 
quenched out c1,nd others ,,rh ich were not completely transformed to martensite 
during the quench. 

In view of the c:lifficulties encountered by the facilities with the 
higher chromium-manganese combinations, the alloys selected for study were 
high in only one of these two elements. The effect of adding boron and also 
vanadium was observed in selected compositions. 

EXPERIMENT.AL DATA 

1. Preparation of Plat,es 

The sixteen (16) exPerimental heats studied in this investigation 
were melted in an inductfon :f~rnace and cast into plates ~-½" x 12 11 x 16 11 

including a 6" deep hot top. Eight (8) of the heats were melted in an 
acid-lined furnace. Al though no direct comparison could be made between heats 
melted in acid-lined and those made in basic-lined furnaces, both types were 
used in order to determine whether or not they could be employed to yield a 
product which would pass the fibre fra'cture test when heat treated as 4½" 
thick plates. Except for two heats deoxidized with vanadium, the heats 
were deoxidi zed with l ½ t o 2 pounds of aluminum per ton. The effect of 
.002$6 boron ,.,as determined in one heat by adding ferroboron after the 
aluminum addition. 

2. Heat Treatment of Plates 

The castings were normalized at either l850°F. or 1950°F. for 10 
hours, the higher temperature being used for the heats containing over 1.5% 
chromium, In order to remove any excess scale which woulcl. lower the 
quenching efficiency, the plates were sand blasted a.fter homogenization . 

The 41.n thick ulater-; were hea t treated in the full section size of 
the casting (4½fr x 12 11 x"" 1611 ) according to the following schedule: 

-4-
RESTRICTED 

. - - .. .. . · .. ,. 

I -. - " ... . .... 

. - • M - .. 

.... - . -
:-: -:: -_ :-·1 
,:..~....:_.:. -

~ - • - .:•1 

' • • - ·· . -_ • • ·1• 

. - .. - .. 
h . " .. , 

__ :_. : -.. _, ~ 

!"· • - . .. • 

,- . • • .• .• · _1 

p • ~ - •• • _ 

-- · . ., 
.- •• _ _.. · . , -· 1 

' ·_ .. -_ -. ~ 
,- _.. .- -; .. .,, ,, 

- ... .... _. _ .. , 

.-_ -• - • , _ • 1 
. . . . .. 

. ' 1 

' . 

:I 
-.. ··~ -:--,. 



[~"1•l1ll1n l~~H•~III I~ 11 J:f'!" , . '. :- 1
, _ !'.'"llll"_~:'ll~M-'.'ll'f'~~~lll~IIIJllll!'IIIDf~ U•!~,_!1!!!'1'.0~!1'~1\"l'.llll1!/l_'l!l'J"lllll!Jl)ll~IJl!!IIIU1_'!"1:"1.~Wj~nlL)[ll!l"IJIJlll'.01111!111r!™'.lll!~~ll!l'\'.\ll~~l:111~111_'.11,:1!'':ll'· ~IIJ:I"; "'111ll![~IC"';lll(l~;~!l"!('1'1~111~•j;'UPl'."'~'"'IJ"IJ"U ,"'11'1;:'IJ'!"'O"'"lll' -~'~ , 

j . .• . ·• ,. •• -- . ·-· -, -- ' • - . - • . . • • - - - - .• • - ' - •• • '' - - - - .. . " • .. • ' ,, .1, . - '•:. • - . . ' ' •• • • • 

I 

r 

r 
1.' 

., 

/·· • 

• .. , 

, .. 
'· 

I), 

• 

Hea t-S:re 2,tment o±' 4½11 Thick Pla tes 

Plate Austenitiz e 1 er:r,Jer 
1Yo. TemE. Time Coolant Temp. Time Coolant 

1-11 1650°F. 5 hrs. &s i tc>.ted water 1250°1. g ~1.rs. air* 
until cold 

12-16 1675°F. 5 hrs. agi te.ted ,,rater 1250°F. 8 hrs. water 
until cold 

*Plates 5, 6 , 7, 2.ncl S 1·!ere wa.ter e;uenched from tl1.e te:,1per. 

3. Test Proceiiure 

A chemical c1.nnlysis '.ras made fror.i test cou:1o::is :p oured from each 
heat, and a check carbon anal;/ sis was obtained fr o:·i1 2. r, e .. r:1:p le taken midway 
between the surface Anc, center of the 4-½" ~_,lates . The Li.}-" ::_, l ates were 
heat tre8ted. end subjected to the fcllowi!lg metallurgic2.l tests: 

§• Cross-Section Brinell Hardness Surveys 

b. Fiore Fmcture 
1111 ' f f notched 2 in rom one 2.ce 

area was 311 x 311 souare . The 
of a forge h~.uner. 

Tests. The plates were s ectionecl anct then 
and 3/411 from t:1e sides sue):" that the fracture 
fracture ·b 1'1rs 1,•ere broken unc.er the impact blow 

_£. V-Notched Charp;,r Impact Tests. Duplic2.te specimens fror.:i the 
center of selected nlc>,tes were broken .=i.t 6g°F. a.nd -40°3'. Tests 1•rere also 
conducted on cect ions heat trec1.ted in ½.l 'x ~11 so.uare fl ections in order to 
determine the impact propc1· ties of t:1e completely cmencr, i'!c rdened material 
(disre{;a.ra.ing the effect of c>.ny retained a.ustenite ,,rhich might be present 
after ouenching). Two sets of specimens , one water c1u.enchcd from the temper 
and the other furnace co oleo., ~r-ere broken at -4o°F . · in orcler to determine 
the susceptibility of tD.ese steels to temper brittleness. 

.9:. lHcroscopic 3xcnination of the cross section of each ~Jlate. 

e. End Quencl1 E.s.rdena.bility Tests were concluctecl on each of the 
16 heats u-;ing a lleatin:::; cycle of 3 hours a.t either 1650°F. or 1675°F., the 
hi1)1.er temperature being used for steels containing over 1. 5% chro::ii:um. 

f. Harclenabili ty Test by Heans of Fracture 12:est. A special 
fracture test was devisecl fo2.· evaluating the ability of steels to develop 
fibrous fractures in heavy c )ct ions. The deta1:l.s of this test are explained 
in Appenclix A. The heating cycles employed on the fracture bars were similar 
to those employed on tbe heavy sections; namely 3 hour 2,ustenitize .at the 
given temperature folloired b :r an end o.uench . The specimens from all hea.ts 
vere tempered for 5 hours at 1250°]'., and either ~v2,ter or furnace cooled · 
from the temper~ In t hose hea.ts showing: promise , s:9ecirnens 1.·rere tempered to 
hara.nesses up to 300 3dnell in orcler to determine 1l 1.ether satisfactory 
fractures could 'be o'btainee. 0.t the hi ,.--~her hard.nesses. The i1.otch severity of 
this fracture test aJYoeared to be roughly ec•ui valent to that obtained in 
Charpy bars as evaluated from its effect upon tl:l€l fri,ct 1..1.re, 2nd consequently 
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t e sts were conducted at -4o°F. to obtain fractures whose results would 
predict those which a r e obtained on the hea,vy sections. Fractures were 
also mad.eat room temperature. to make the results rnore complete. 

!E.· The susceptibility to temper brittleness in the heats was 
determined by using the commonly employed method o:f comparing the V-notch 
Cha.rpy impact energy of bars water quenched from the temper with similarly 
treated bars furnace cooled from the temper. The heat treatment of the 
3 11 x 3 11 x 3/411 bars used for this test was as follows: 

.austeni tize ~~er 
Heat lfo. Tem.p. Time Coolant ~ Time Coolant 

5-3, 12, 13 165O°F. 3 hrs. water l225°F. 5 hrs. water or furnace 

4, 9-11 165O°F. 3 hrs. water 125O°F. 5 hrs. water or f \trnace 

14-16 1675°F. 3 hrs. water 125O°F, 5 hrs. water or furnace 

The lower tempering temperature was used fo1• several of the heats in order 
to obtain a hardness more appropriate for revealing any tendency toward 
brittleness resulting from slow cocling from the temper. 

iiESULTS 

1. Compositions 

In the selection of compositions to be studied, the carbon was 
held at approximately .30i·o because this is the maximum desired from a 
standpoint of weld.ability, Since carbon exerts considerable effect upon 
the hardenability (more than any of the other common elements) it was 
decided not to reduce it more than req_uired. The molybdenum was added be­
cause of its potent effect upon the hardenabili ty and its alleviation of 
temper brittleness, but it was held to • 45% because carbides formed in 
higher molybdenum steels are difficult to dissolve at normal austenitizing 
tem.peratures. Combinations of up to 1.5,b nickel, 2% chromium, and 1.5% 
manganese in the • 30~;, carbon • Lt!);h molybdenum st.eel were investiga.ted. ]oron 
was added to a nickel-chromium-molybdenum analysis in order to determine the_ 
properties of a boron bearing l;lteel in a ~ 11 thick plate. a comparison of 
a nickel-chromium-molybdenum steel with and without .l~~ vanadium was also 
made to determine whether worthwhile benefits could be obtained by using 
this alloying element in heavy armor. No heats containing both high mangan­
ese and high chromium were made in view of the production difficulties and 
inferior product encountered by many of the cast armor producers when using 
this combination. 

The com.positions of the 16 heats investigated are shown in Table I. 
For easo in noting the im.portant alloying elements they are underlined. Tho 
carbon content of the Z1/o chromium-molybdenum heat 'lfl3 was lower than desired, 
but "oy making up another heat (tl4) of higher carbon it was possible to find tz 
the effect of a .170 change in carbon content upon the hardenabili ty of this 
type composition. It should be noted that the carbon content reported is 
the value obtained midway between the surface and center of the plate. These 
values were between .Olfb and .04%i higher than the values obtained on the 
coupons. 
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Hardenabili ty 

'.i:he term }1e.rcl el'lP.bility , accordin;:: to J0r:1iny5, b e fairly inclusive 
s ense, is consic3.erec1 as II th e r el a tionshi ~J oet1-1een rc1.t e:.: o:c co oling fror.1. above 
the critic2.l re.ne;e pncl. t h e ~•-2.rc'..ness and microstru.ct·i re clevelopeci as a result 11

• 

Grossr:12n6 ha s used t '.1e >.e.rc1.ness of a structure co nt2.inL1B; r.o;:; ·,JeEsrlite a.!1d 
50% rnartensi te e. s a 'oc1,sis for )1is b.arcl.enabili ty Pt,_1c1ies. I~1 c.1.r-~or plate, 
however, it is necess2.r y to l:now the mc1.xi:n.1m section ,_/1. ic> Cf\ :1 be hee.t treeted 
to yield satisfactory impact ~1roperties. De.ta t-o de.t e i nclicnt e t1:ir,.t the 
optimum im}J .".ct streng t :1 is obtained in a quench.eel c1nd. t cmi, ei·ed steel 1-r h en t h e 
au s teni te has been tr2..n s forr.1e0. to a homogenenus marten s i t e upon quenching: . 
Therefore, it ir-; c1.dvir,e,ol e to use ;:,. steel ,-rhich 1.rill com;,1 letely transform to 
m2.rtensit e at the c ent 0r of the section required. In l1et .vier s ections this 
c0no.ition becomes incre c1,sil1gly difficult to attain wi:.hout resorting to hi gh 
e.llo y steds ,,rhich ne.y bo sus ceptible to 1,rel r. ing c1nd cr2.ck L1g clifficultios. 
In this stud;?, an a ttempt \,,as ma.de to discover 1•rha t pro;,ertios could. be 
obtained in steels which were not co:npletely transformed to me.rtensite upon 
quenchin6 • 

'::he ·ores ence of h i ,::h termerr,turc transforme,t i on constituents 
(pearlite, fer;ite, c1.nd. u:,J- , e~: ·oc,inite) have been c1.ssociatec;_ witJ:-1 the 
t~ndenc~r of a steel to e:~1i.M t bri t'.;leness under impe,ct ter;ts4. In many of 
the higher alloy steels, the decrcRse in cooling rates ~long the length 
of the Jominy bFtr result in the forme.tion of considerabl e ~um ti ties of high 
temperature transformation co,1s ti tuents without an a.) 1J:teci.'.!.ble drop in 
harc:1-ness. Consequently the :, 2.rc:enabili t;r must be evr,.lu::-. t ecl. by ,:-ieans of a 
microscopic ex.:'1ninat-ion. T;w r:1.icrostructure obs e1·vec~ on t1.10 Jominy bar may 
be used to :pre(~_ ict t :10 ti·2.,rnformation ccnstitucnts forw,d in t h e plates after 
quonchin,:-; . This circum.ste.nco is of conside n 'l.1.Jle nssistnnce in evaluating the 
microstructurc in the plates, since rrnctionin:-o; plates i n t:1e ns-quenched 
condition is c1, laborious Ul10.ertekin,:e; . 

Th0 results of hnnb0ss survc;,_r s a r·e s;iown L1 ?i /1.l.res 1-4. The 
microstructure c1.t 1 11 ?.ncl 2½11 from the 0uenc:1ecl. end is sh01.-m in FiG;llre 5. 
The;se locc•.tions e.re consic..ered to have co oling rates e0.1.1.iv21ent to those 

7 obtained at the c enters o: 2}n ancl 411 pla tes resp ec:-ivdy \·,hen water quenched. 

T:ie structure ,<:,t the Quenched end of the "Je rs Has a light etching 
acicule.r I!lnrt ensi te. '.i:here i·,12,~r he.ve been so:ne retc.ined 2.u ;::, teni te in the 
hi6her alloy hee.ts, out its ~u2.ntity was not sufficiently lars e to ~Je visible 
microscopic'ally. A short 6.i:ot c:1.nce in from the c;uenc:10cl_ encl 1:1. c', ark--etching 
e,cicul2r structure we.s observed 1•rhich resembled either tom1Jer ed ne.rtE:nsite, 

4. See footnote 4, pn,:;e 3. 

5, i.-J. S. Jorniny, 11 H,'.rdonc1.oility Tests", Page 6G of ·.:, he S;yii1poshL-:1 on 
Hardeni:bility of Alla? Steel, ASl;! 1939. 

6. ii . A. Grossmn:1, .i,. Assinow nnd S. F. Urban, 11 H2.ra.e:1c.bility and Its 
Relation to Q;'J.enching 2.nc:1. Some Qur.nti tati ve De.to..", Pa c;e 121+ of ,the 
Syr.rposiu.m on 3:arclenabili ty of Alloy St1::E:l, }_s;:.j 1939. 

7. F..ardena.bility Co1np::,.risons - a chart l:lade by the Gre,:i,t Lc.kes Steel Corp., 
1942. 
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low temperature bainite or hi::;h temperature martensite. This constituent a.id 
not contain any CEJ_rbid.es or ferrite which were resolv2,"ble 2.t a magnific~J. tion 
of l000X. It was not associated with a drop :~n harclne s s 01· impa ct strength 
c1.nd so it was not considei7ed 2, i1onmartensi tic constituent in the evaluation 
of hardenability. 

As the coolin{; rc.te was cl.ecreEJ,sod ~,.lonf; t:1e lensth of the bar, a 
nonmartensi tic constituent was observed 1-1hic:1. variect considerc,ble in structure 
and qunnti ty fror.i. heo,t to >.c2,t. In the lower alloy h e,,.,_ts, t:1is transform9,t ion 
structure Rppea.red 2. fe;,r sixteenths of c.1.n inch before the D~•.rdness dropped a 
si f,Il ifiGant. :-:imount. I ts structure ·was that of divorced c ~orbides in ferrite, 
the relative amounts 9,110. cl.istribution ve,ryin(; accordine; to the alloy content. 
In t:1.e boron tree.tecl h e2.t (~h;;), there was very little "'-ciculc.ri ty; the 
carbides were very sma,11 c.no. ferrite 1:ms only present as 2, "backr::round for 
tho c2,rbides. In sever :·,_l of V:10 other he2.ts (1, 2, 3, 5, S, 2.nd . 7), the 
ferrite was the predoE1inant ncnmc.rtcnsitic phasG, nnd t J:e c :-.rbides were 
large and scattered. In sever~l cases, there WRB consider r~le orientation of 
these carbides. Most notv.'Jlc of this condition were her.ts 10 and 11, in which 
large acicular needles ,,rere observed. 

As the EJ.ir cooled encl of the J ominy bE1,rs uas a:-_pp roached a r:rea ter 
percentage of non:-aartensi tic transfcrnatic-n prcd.ucts ,-,o i' e formed, and the 
structure varied fros a b2,ini te ,-ri th 5% free ferrite in he2,t #8 to one con­
taining 50% free ferrite in hea,t #2. 

In the highest alloy heats studied (415 and 16), a nonmartm si tic 
constituent WD.s formed \•hicl1 WE',S similr.r in ,1.ppenr2,nce to ;nartensi to except 
that it was dark etchi116 .?.nd. conta ined resolvable C8-i'Jio..es . 

3, Hardene.bili ty iJ;( l'ie.?..ns of a Frc1.ctu:~:e Test 

A preliminary evaluation of the tendenc3r of c-. steel to ftdl in e, 
brittle manner ffiHY be asce1° ~c:.inecl b;r f:-c:1,cturing end. queEcl: oars after temper­
ing e"nd notching them. This fr8.cture test apper,rs to 'be o,:))~Jro:d:mately as 
severe c1.s the V-notchod Charpy impnct test, and consecp.1c"1tly e. low testing 
temperature (-40°F.) ,-1::,.s rem.1.irecl to reveal the t endency tOi·mrd brittle 
fractures in all but t:1e very low alloy plAteo. Cryst.2,J.line fre,ctu:-es in the 
low 2.lloy steels were o"bserved in b2rs 'oroken et room te,111Je rature (68°F.). 

Except for o, :fo,.,, of tl1e loHer alloy steels ,·1hich were Gimilar in 
hard.e112.bili ty tc others 1clcic~1 ,_.,ere tested, end quench br.1· n 1.·rere mac1e from the 
steuls, t o3Pered to the Dc.rc1.nesses obt'".inecl in corresponc1.ing plntes, and frac­
tured. Those heats sho1,1in:; 1,rorJiso (fibrous thro-..tghout the length) were sub-- <1 

jected. to tests at hi r;her hardnesses, Tho results ar-e sJ.10,vn in T2.ble II. 

The results of this test indic~te thRt o~ly steels 6, 11, 15, and 16 
are s.s,tisfactory for mc'Jcin /~ l.1

•
11 c.rmor Rt a, hD,rdness o~ 240 to 260 J3rinell. The 

remaining heets exhibit brittle fractures at -40°:F. starting at varions dis­
tances from t;1e cmenchoc1. enc"i. of the ":Jar. The loc2:cio11 r-t ,-,hich the c:rystallin­
ity st2,rts corresponds row;hly to the position on tl1.e as-quenched bar at 
which a marked ciecrea.se in ho.rd.ness is obs e rved. TlJ.is uosi tion on the fre.cture 
bar can be used to predict t ~1 e rJuximu.1!1 plate thickness- of ·s teel which 1,-rill 
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yield a fibrous fracture. 

In Tireliminary tests in which the steels were air cooled from the 
temper, some of the higher alloy steels were found to possess crystal Unity 
over the complete length of the fracture. It was su3pected that this might 
be caused by temper brittleness, ana_ so subsequent bars were water quenched. 
from the temper. Susceptibility to temper brittleness of the higher alloy 
steels was determined by furnace cooling companion bars from the temper, 
and it was found that of those tested. , he'.l ts 4, 10, 11, 14, 15, ana. 16 were 
susceptible. To quantitatively evaluate this condition, the impact prop­
erties of the steels heat treated. in small sections were compared and. the 
results are discussed in the following section of the report. 

4. Temper Brittleness 

The susceptibility of a st ee l toward temper brittleness may be 
ascertained by comparing the properties of sections furnace cooled with 
those water ciuenchec1. from a high tempering temperature. Small sections 
(3/~-11 x 311 x 311 ) were heat treated to 230- 260 Brinell and either water 
quenched or furnace cooled from the temper, and the results of V-notched 
Charpy impact tests made at -40°F, were compared. (See Table III.) 

Under the tests conducted none of the heats exhibited an extremely 
temper brittle condit"lon, but the reduced impact strel"gth accompanied by a 
partly crystalline fracture observed in several of the steels when furnace 
cooled from the temper as compared to specimens water quenched from the 
temper indicates that the toughness of these steels is impaired to some 
extent because of temper embrittlement. 

The embrittlement was most prominent in heats 10, 11, and 16 which 
were among the highest alloy heats. Greaves and JonesB have obs"'rved 
that the higher alloy steels containing such elements as nickel, manganese 
and_ chromium are susceptible to temper brittleness under ordinary testing 
conditions. The embrittlement may be alleviated in these steels when used 
at hardnesses under 300 Brinell by water quenching from the temper. 

Several of the other heats exhibited a slight tendency toward 
temper brittleness, al though it was probably insufficient to impair the 
properties of these heats ap--r:,reciably after normal heat treating cycles. 

A comparison of the temper embrittlement encountered in the end 
quench bar fracture test and. the V-notch Charpy bar test for temper brittle­
ness used here shows that the Charpy test is somewhat more sensitive in 
revealing the tendency toward temper embrittlement than is the test using 
the end quench bars which, however, ca.n be use a. to obtain results with 
greater rapid.i ty and. at a lower cost. 

8. R. H. Greaves and J. A. Jones, 11 Tem:per Brittleness of Nickel Chromium 
Steelsn, The Journal of the Iron anc1. Steel Institute, 102 No. II, 
Pages 171-222 (1920). 
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5. Properties of Heat Treated Sections 

a. Hardness 

The results of h ;:i,rdness surveys t 1:1.ken alor.g a cros8 section 
of eRch of the sixteen (16) plat es after heat treatment are given in T~ble IV. 
The hardness of the plates ranged from 200 to 260 l3rinell depending upon the 
alloy cont ent. The center of most of the low alloy plates WA.s lower in 
hc1.rdness th;:i,n at the surface. This conc1-i tion is associated with the pr8sence 
of high temper?.ture transforma tion structures formed. upon quenchir.g . 

b., Fibr e Fracture '.rest 

The fra:!ture te ot hA.s been developed to evaluate the toughness 
of armor. It has been shm-rn , in prec; oding stuo.i es3,4 that incompl ete quench-
ing or insuffici ent h E1.:rdenabili t y for a given section size will be reflected 
in a brittl e or crystAlline ty1)e frac.tu .re. 

The results of fractur0 t l• sts on the subject plat e s are given 
in Ti:i.ble VI. Examples of the be st ::,,s we:;.. 1 c1.s of some of the poorer frac­
tures are shown in Figures 6 Rrtd 7, 'rhe light appe11.:ring areas which are 
most prominent at the cent er of tho fr1{,c turos are crystA.lline. The darker 
gray, non-refl ecting ar0c1.s are fi1'rous. 

Two tY1)os of crystAllini t ;r were obs erved. In heHts in which 
th e hard RnAbility was insuffici ent A.nd high tornper,9,ture trAnsformRtion 
constiturmts (ferrite Rnd pearlite) werG formed, the fr::icture consist ed of 
R bright crystA.lline zone surrounded. by R fibrous border. This frA.cture is 
indicated in the tables by the symbol Cbf. The fractures of the higher 
A.lloy steels (:plates 3, 4, 9, 10, 11, A.no_ 14), which contained :=i. lRrge 
percentage of bp,ini te, exhibited speckl E:, s Jf cryst allini ty in a fibrous 
mRtrix (Fe). Temper embri ttlernf:mt is consid.ered. to be a contributing cause 
of brittlenesf in plate 11. 

The three plates (#8, 15, and 16) ~ossessed satisfRctory 
fr1=tetures Rt their res-pective hRrdnesses ancl. consequently would be eXJ)ected 
to exhibit superior bRllistic shock pronerties. PlA.te #11 was retempered to 
a hardness of 225 l3HN and its ChA.rpy impact propertias were then comparable 
to those obtRined in plate #8. 

c. V-Notch Ch,9,rpy Impact Pronerties , 

The results of the ChA.rpy tests A.re shown graphically in 
Figure 8, ancl the complete cl.atR are summAri zed in TRble V. 

The impact strength of the steels may be evaluated by com­
paring tho room temperA.ture and low temper:::tture VA.lues o"otA.ined on bars 
heat treA.ted in small sections with the VA.lues obtained Rt the center of 
the 4½ 11 thick plRtes • 

3. See footnote 3, page 3. 
4. See footnote 4, page 3. 
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The result~ of both the f r A.ctur e t e st :mcl. Ch!'l.rpy ir.11x1.ct tests 
show that ulates 8, 15, ::inc3. 16 possessed sc1.tisf::ictory toughness ::i.t the 
hardness l evel obt!'l.ined with a 1250°F. t emper . Pl::ites 10 and. 11, which 
wer e air cooled from the t emper , developed t ern:_oer brittl eness, ana., ther efor e , 
impact 0ar blanks from these plates were retempered :::i.t 1250°F. and water 
ouenchea. in ord er to elimbat e t er.1per embri ttlernent. It has be en obs erv 0d 
by Greaves ancl. Jones6 thci.t this type of treatm ont elimina t es , for th e mot,t 
p:=i.r t, t emper embri ttlement introduc.:ea. by· s low cooling th e st ee l from the 
temp ering temnerature. The i mpFi.ct r esults show that cons ider :::i.ble improve­
men t ,,ras obtained on steel 4/:11 and it i s indicFtted tha t the fracture and 
b::illistic pro-perties would be i mproved considerably by wat er quenching fror.1 
the i;emper. Th e i mpac t properti es of plate #10 ,..,ere improved somewhat 
::i.lthough they c oula. not be c 1.msidereo. satisfactory. Cons equently, it may be 
concluded thR.t t emper c-ri tt:ie:1es s is not the only f actor responsible for 
the inf erior i mpact proper ti E-'3 of t.1::. s JJJ a te. 

Test bFtrs r'ro'.'TI :_pi~,te~; 4: 9: 10 and 11 wero r e t errrper ed to a 
lower hara.nes s l evel, with cc.1s id eJrRbl e imyir ov emGnt in Oharpy im:pRct str ength. 
Only plate fll, howevGr 7 wRs i~pr0vei ~,~f iui ent~y to be consider ed sRtis­
fRctory at the lower hR:C Llu'J SSo 

The remRini!'lg plctt8-:; pc,s8esse0. inf erior· low t. erirn erAture im-PA.ct 
values Rs a r esult o: i:isuffic:i.en l. ha.i: c'i.cinF.bility for the 4½ 11 thick plat es 
when wR'tl:lr que!lched. In gener;•l, it w::w observed thRt the room temp eratu:t·e 
impact VA.lues of sp ec imens ·i;F.bm f ror-, the center of tho l.1½11 thick plRtes 
were compF.1,rR.ble to thos e ubt cdned. fr.__,rn bArs heA,t tre8.t e,l in s1;1all sec·t;ions" 
'.PlR.te #-11, which 1,1;,.s embrittl ed d1.1.:ri11g tempering, e:ir.hibited poor room tempera­
ture values. In R previous ex::-,rnirnttic-n of 411 to 611 R.rmor, Hurlich3 observed 
extremely poor room temperR.ture VRlue:, in hoqvy sections which were seriously 
underalloyed a.nd insufficiFmt in h:=i.rrl_(,nn.°b:i.li tyo Th esG plRtes possessed 
microstructur es contA.ining l.1.rge patdrn:; L' l' f err i te Rn:l c::irbicl,es. It is 
conclndea thRt even tho r,l:i.tes of lowes i; h:-1.rd.en~·b:Uity st11died in this 
investigRtion exhibi tea. an a})))rociRblo nmount of toughness. 

The toughness of the pl Rt es R S indicRted by the fibre frA.cture 
test correlates very well with the impact prouerties obtR.ined in the Charpy 
test. (See Table VI.) It is 'seen that in the plates cont;:dning crystallin­
i ty in the fractures there is a corresponding decrease in impact strength 
between bars broken at room temperature and at -4o°F. 

l'late 8 which aefinitely contained a lRrgo percentRge of 
bainite possessed satisfactory properties at a hardness of 229 Brinell. 
This condition would indicate that it is possible to achieve 3atisfactory 
imp~ct properties at the lower hardness lev01s without complete trRnsforma­
tion to martensite upon quenching., However, it is apparent that the type 
of transformation constituents for~ed has a marked influence upon the 
toughness obtained. Other plates with no greater qutlnti ty of intermediate 
and high temperature tr~nsformation products possessed considerably lower 

8. See Footnote • page 7. 

3. See Footnote 3, page 3. 
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impA.ct :properties. l'lates 10 R.nd 14 are e:x~mples of :plates which :possessed 
inferior impact properties at -t~o°F. ana. yet they contA.inec1. ::i. smaller Mount 
of nonmartensi tic transformr-1.tion proc1.ucts tha.n plate #8. 

d~ Microscopic Examtna tion 

The microscopic ex::unin~1.tion of the plA.tes i n the temJJered 
cond.ition d.oes not adequately eva.lnAt e the products formed during the quench. 
How ever, since the plHtes ,,rnre c1.if:zienl t to section in the A.s-quenche: d con­
dition, the micro structure observed at the air cooled end of the Jominy bars 
plus the inforMFt.tion obtained by G::-::amlning the bars :qfter tempering we:..-e, 
employed to ev;,,,lu1=,.te the trFtnsforrn-".tion constituents formed. The micro­
structure of the J"orn:i.11y oars WP..s ci. iscussec1 under harden2.bili ty. The micro­
structures Ftt tho cE:,1t er of the plates c..::· e shown in Figure 9 except for 
plA.tes 1, 5, and b whic.:h wsre simil E<.:: to pj_1tte #2, and plate #3 which was 
similar to plate =IP+. 11!.1e prese::1c1;; cf nonrniirt ensitic tr::msformation struc­
tures wr-:i.s difficult to discern e:;xe; o:r:Jt '!l:1ere free ferrite wa s observed or 
where the CR.rbides t8nded to become oriented. in a lrunella r manner. 

The lowe!.' l:\lloy steels 1, 2, 3, 5, and 6 and the low carbon 
heP.t 13 contained a consider::i.ble qu::mti ty of free ferrite as well as a 
tendency tow:=trd lRmel:l.;:,i.r carbides., This group of plates ex..'1.ibi tea. the 
poorest frr::ictures and A1so the greAtest loss of impact energy when the 
testing temperature was reduced from 68°F. to ~-4o°F. Plates 4i 9 9 10, ;:ind 
12 exhibited inferior toughness yet these plates contFtined on:Ly ;:i, smell 
Amount of free fe::rite at the center. There was~ however: a cief:i.nit e ten­
dency for the c~rbides to form in a lamellar or other oriented pattern. 
The remaining plates which possessed satisfactory impact properties c;on­
tained very little or no free ferrite or oriented carbide distributions. 
Nevertheless in this group WR.S plate #8 which contained about 80% non­
martensitic trA.nsformation products, consisting mainly of nonlamellar car­
bides in ::i. ferrite background(bA.inite). The CA.rbide distribution was very 
uniform and. after tempering at R. high temperature the structure was diffi­
cult to distinguish from tempered rnartensite. 

It is apparent that there may be a close correlation oetween 
the impact properties and tho microstructure or more accurately the con­
stituents formed during the quench which give rise to the size, shape, and 
distribution of cR.rbid.es after tempering. 

DISCUSSION 

In oraer to mR.ke a. comparison of all the metallurgical factors of the 
heats, the results h::i.ve been summarized in Table VI. 

It may be seen that plates 8, 15, and 16, and plate 11 (after lowe;ring 
the hardness and, water quenching from the temper) ·exhibited the greatest 
toughness of the plates studied, These plates would be expected to exhibit 
satisfactory ballistic properties when heat trel'l.ted as ~ 11 A.rmor. A dis­
tinct tend.ency toward brittleness was observed in plates 11 and 16 when 
slow cooled from the temper. This temper ombrittlement mAy be prevented in 
~n :plates tempered at temperatures above ll00°F, by water quenching from 
the temper. · 
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The remaining ph.tes possessed insufficient hardenabili ty for the 
section size involved. The 2% chromium, .5% molybdenum heats 13 and 14 
possessed insufficient hardenability for a 4½" plate thus indicating the 
necessity for maintaining the chromium content at the 2.5% level in the 411 

to 611 armor being currently procluced. Heat #13 having a carbon content on 
the low side ( ~ 24%), was markedly inferior in hardena.bili ty and toughness 
to the higher carbon plate #14. Heat #:14 would be expected to quench out in 
a 3" to 411 section fur it possessed only a slight deficiency in ha.rclemi.bility. 

~hiats 10 and. 11 p ,~ ssess a bord.erline ha.rdenability for •.11 plate; the 
!31'.i.ghtiy 'Lower ma:r.t; BnP-s r-J content of heat #10 makes it unsatisfactory whereas 
heat i{ll a.oes exhi-L' ::..~ ;:; atisfactory pr0perties at a low hardness. 

It was obser r •-, ,'i ~ ~c: ,_ t satisfac·~ory toughness could ·ce obtained in steels 
not completely tr:-, t~s 'f::i.·med to ma1· L8nsite u;; on quenching ,11 hen tempered to a 
low hardness ( 230 :,.i:d.11 1:. ll). The ·J0ron treated pla te :/1'3 pcssessed about 80% 
baini te but very lit :::te ferrite. The baini tic structt11· rc; ,.lid. not contain 
appreciable orientAc. carbide distributions which are bel:i. cAed to be asso­
ciated with the te;icL ency to exhibit brittle properties. :Seats 10 and 11, 
on the other hand, p,,t;•~essed rather pronounced striated ca1·bide formations 
which probably are I e~::uonsi ble for the reduced impact stre:1gth of these 
steels when heat t:·ea ~t d in heavy sections. In the lower L1:_·.:.denability 
steels, the presence u:f high temperature transformation p:.: c1r.1.u0ts ( a-:, 
indicated by the :i;n·e w n-Je of ferrite) was responsible fo,· tb<':l poor :'..r;ipact 
properties observe~ 

As it was st 2,'; r:. 6 5.n the introduction, these plates were ·, :::r.'(;)c:..'F-c'. to a 
rather low hardne,Jd fut testing, n condition which would minimize tne 
tendency toward brittleness resulting from incomplete quench hardening. 
The hardnesses of plates 11 and 16 were greater than that currently in use 
for heavy aTmor. Plates 8 and 15 at 230-240 Brinell were at the hardness 
presently being used., However, increased ballistic efficiency, which is 
at present desired, can only be accomplished by increasing the hardness 
without impa.iring the shock resistance (toughness). It is felt that steels 
of type 15 ana. 16 show the most promise of successful ap:olication at higher 
hardnesSfJSo 

In the higher alloy steels, suscepi i bility to temper brittleness appears 
to be a very 1.mport.ant factor. Heats 10, 11; and 16 are all sufficiently 
influenced by temper brittleness that they must be water quenched fr,om the 
temoer if inferior toughness is to be av•oided. A more complete discussion 
of this phenomenon and its :oresence in armor compositions is included in a 
recent reportl. 

It was observed that satisfactory room temperature notched bar impact 
values were obtained on several of the steels which were not completely 
quench hardened, whereas the low temperature values as well as the frac-
ture results revealed the relatively inferior toughness. Thus it is indicatea 
that the room temperature Charpy test is not always a satisfactory criterion 
of the toughness of armor steels. On the other hand, it should be stated 

1. See footnote 1, page 3. 
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that the hi~h room temperature VA.lues show that these :plates are far superior 
to armor which has been made in the past possessing very poor impact values 
even at room temperature. 

The use of a fracture hardenability test is advantageous for evaluating 
the ability of steel to yield. fibrous fractures in section sizes from ab0ut 
211 to 41'1. The test shows how far the fibrous condition extends along the 
fracture Jominy bar. This distance m~ be converted to a plate thickness 
which would be expected to quench harden in such a manner as to yield a 
fibrous fracture when tempered to the same hardness. In the present study, 
a fairly good correl~tion was obtained between the results of this test and 
the results on the 42 11 plates. 
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TABLE III 

Temper Brittleness Susc eEtibility Test 

V-Notch Charpy Test , at -40°F 

:Bars Water ~enched from Temi2er Bars Furnace Cool ed from Temper 
Ft. Lbs. Fracture Hardness Re Ft. Lbs. Fracture Hardness Re 

t1.6.o F 24 49.0 Fe 1/8 18 
49.0 F 2~ 49.0 Fe 1/8 18 

51.0 F 24 4S.5 Cbf 1/8 15 
50.5 F 25 46.o Cbf 1/l~ 16 

49.0 F 24 42.0 F 21 
45.0 F 24 39 , 5 Fe 1/8 20 

54.5 F 21 48.0 Fe tr 19 
54.o F 20 44. 5 Fe tr 19 

49.0 F 27 53.5 F 21 
46.5 F 27 53.5 F 20 

49.0 F 25 51.5 F 19 
46.o F 25 52.0 F 21 

46.5 F 24 50.0 F 23 
49.0 ll' 23 49.0 ], 22 

49.0 F 23 46.o F 21 
49.0 F 23 44.5 F 22 

47.5 F 21 50.0 F 20 
47.0 F 22 39.0 F 20 

48.0 F 24 36,5 Cbf 1/2 25 
44.o F 24 46.o Fe tr 25 

55.5 F 25 42,5 Cbf 1/4- 23 
58,0 F 25 57,0 Fe tr 23 

51.0 F 24 53.0 Cbf 1/8 22 
58.0 F 2l+ 53.0 F 22 

64.5 F 20 58.0 Cbf 1/4 16 
5s.5 F 21 69.0 F :t6 

57.0 F 20 54.5 F 19 
55.5 F 20 57 F 20 

46.o F 22 43.5 F 22 
41.0 F 20 4S.5 F 22 

50.0 F 22 41,0 Fe 1/8 22 
48.5 F 22 44.5 Fe 1/8 21 
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Hardness Surveys on lJ-1/211 Sections 
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Surface Sur face and Center 

Plat e No . BHN BHN 
1 229 212 

2 229 217 

3 229 207 
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I. Rea\ 2 ! 
~a1n1te, ferrite and ca.rbidea. 
Be 35. 

:rerrue and oarb14e •• llc 27. 

0 Keat 3 D 
Martenai te an4 reNlTable aolcular lmU• encl terri te with 
bainite. , Ro 118. IDC'tenf,ite. Jlo 41. 

•ome 

I . H•t 4 J 
Marta:uite and resolnble aoicular :Bainite and ferrite with aome 
bainite. Ro 46. ma:rten11te. Re ~. 
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G Heat 7 ll 
1' artensite and resolvable ac1cular 
ba1nite. Re 40. 

Bainite end ferrite. Re J2. 

Heat S 
Martenai te and reaoln.ble bailiUe. 

1 J 
Baini te and a lllllall 
ferrite. Ro 11(). Re 47. 

X Heat 9 L 

amount of 

Martensi te end r esolvable bainite. Marten.site, resolvable bainite 
Re 49. end ferrite. Re lf.2. 

WTN, 63~7232 
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M 
Martens1 te and a amall amount of 
resolvable bainih. Ro 48 . 

Heat ll B 
Martensite and coarse acicula.r 
bainite. Re 46. 

0 Beat 12 P 
Martenaite, bainite and ferrite~ 
Ro 42. 

Q, 
Martensite and bainite. 

WTN , 6 39-7233 

Re 4o !. 

:Ba1n1 te and ferrite vi th 
martenaite. Ro JS. 

Reat 13 B. 

aome 

Ferrite and ~·,!.l'bides. Re 35. 
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.. .. l icro str-J.ct1 e of Hardenabili ty 3ars 

l n from quenched end 

s 
Martensite and a small amount of 
resolvable bainite. Re 52. 

u 
Martensite with traces of 
bainite. Re 50. 

w 
Mart(maite with traces of 
bainite. Re 52. 

quenched end 

Heat 14 T 
Martensite and resolvable bainite. 
B.c 45. 

Heat 15 V 
Martensi te and acicula.r baini te. 
Ro 45. 

Heat 16 X 
Martensi te and a small amount o:f 
acicular bainite. Re 50. 

WTN, 6 3~7234 

All Photomicrographa l000X - Picral Etch 
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Plate 5 

Plate 7 

Plate 4 

DESCRIPTION OF FRACTURES 

Mixed fracture ch~.racterized by a. crystalline zone 
surrounded by a fibrous edge extending in about 
3/4ff from the surface of the plate. 

Mixea fracture similar to that of plate 5. 

Mixed frl!l.cture chara,cterized by a fibrous matrix . 
containing scattered spots of crystallinity donfi.ned, 
for the most part, to the central third of the casting. 

Plate 11 - Mixed fracture characterized by a fibrous m~trix 
containing spots of crystallinity covering about 
one-hRlf of the fracture area, 

FIGURE 6 
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PLATE 5 

PLATE 4 
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BLOCKS 

PLATE 7 
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Plate 3 

DESCRIPT ION 0]' :~'.i.'',J,Cr:' i; .. 1ES 

Fibrous fracture characterized by a dull gr~y non­
reflecting surf ace containing no bright facets. 

Plate 14 - Mixed fracture characterized by a fibrous matrix 
containing scattered spots of erystallinity 
covering about one-eighth of the fracture area. 

Plate 15 Fibrous fracture containing a few spots of crystallinity. 

Plate 16 - Fibrous fracture containing a few spots of c:rystallinity 
similar to fracture of plate 15. 

FIGURE 7 
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V - NOTCHED CHAR PY IMPACT VALUES OF EXPER IMENTAL HEATS 
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APPENDIX A 

Method of Making the Fracture Type Harden~bility Test 
, : 
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The fracture test as a-ppliea. to armor reveals in a qualitative manner 
the toughnesiS of steel after a given hea.t treatment1 o In steels of 1.n,­
sufficient hardenability, the fracture contains a crystalline zone in .the 
center of the J.)late. In some steels, genera.lly those of higher harden­
ability, mixed fractures are characterized by facets of crystallinity in a. 
fibrous matrix. It appeared that the crystallinity in the first tYJ.)e of 
fracture mentioned. may be associated to some extent with the poorly heat 
treated area at the center of the plate. The second type is fairly uniform­
ly distributed over the fracture, and may be associated with a uniform re~ 
duction in toughness such as in temper embrittled steels. 

A test which woulc'!. reveal the ability of a steel to form the two types 
of fractures and. the cooling rl'!.tes involved would be advantageous in ~V$.1U­

ating new alloy steels. It was decided that fracturing Jominy bro-s wouid 
yield just such information, i.e., deter~ine the maximum section in whiph a 
steel could be hefl.t treated and still maintain a fibrous fracture. 

The Jominy bar ns originally designed is not completely satisfactory for 
making a fracture test along the length of the bar for the limited width of 
the bar mllkes it difficult to supp~rt the specimen for fracturing. There­
fore, a bar was designed in the form of a fb.t plA.te having a cooling rl'\te 
at the air cooled end approximately the same as that obtained at this loca­
tion on the one-inch round bar. The bar is dimensioned in the following 
drawing: 

,-· #10 - 32 Tap - Depth 3/8 11 

/ _ #20 Drill - .Depth ½ II 
/ i .J 7/"\l1~ ,··1--77·- ·-·--· -··--·---···1 ~µ£: · 

: b/ / I 11',~,-~---·--------J ~ ltJr-. - ---- -- -- - ---- i l i ____ , J: 
-.]._ L _____________ .J I 

k--·-· ,-- -.-- - 3.0 11 ·•l :' ~,i~•r 
Notched by 1/16 11 Rubber Cut-off Wheel ·,, 

BHr Used in Frl'l.cture Type End Q,uench Hardenabili ty Test 

A comparison of the hardness grap.ient on the flat ·oar with that of t ,he 
standard round bar was obtained for several low and high alloy steels so that 
the difference in cooling rates between the two types of bars could be deter­
mined. In general, there was fairly good ::igreement al though, in some cases ', 
slightly lower hardnesses were obtained at the air cooled end of the flat 

• 

bar than was observed on the standard bar. This may have been due to casting 
segregations in the steel or a slight difference in the cooling rate at t'.tlis 
end. If the test is applied very extensively, it will be desirable to 
me~sure the cooling rates on this type of bar accurately, 

1. For details of the test, See the W.A. Manua.l entitled: "The Fibre 
Fracture Test as a Control of the Toughness of CA.st and Rolled Homo­
geneous .A.rmor 11 , dated 25 April 1944. 
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Since the bars are fairly thin, it was necessary to use a 1/4f1 diameter 
nozzle instead of the usual 1/2 11 nozzle, and this may be responsible, to 
some extent, for the lower hardnesses ( lower cooling rates) obtained. on the 
flat bars. 

The bars are hea.t treated by using the same ~usteni tizing treatment as 
the standard bar receives followed by a tempering cycle to obtain the de­
sired haro.ness. Rockwell C hardness surveys are obtained along the length 
of the bar. Then the bars are notched lengthwise and broken by the impact 
blow obtained. on the drop weight machine. The steel may be rateo. by measur­
ing the c1, >:,ta.nee to which the ba.r maintains a fibrous appearance, 

From the tests already completed, it is apparent that this fracture is 
approximately as severe as the V-notched Charpy test or considerably less 
severe than the standard practice test which is appro~imately as severe as 
the Charpy test a.t -4o°F, The tests to date of oars broken at the lower 
hardness levels indicate that the end quench fracture bar results at ~4o°F. 
are approximately equivalent to room temperature tests usL11g the standard 
full section fracture coupon. The end quench fracture test is less severe 
beca.use the severity of notch in this½" x 311 fracture area is considerably 
less thAn in the usual fracture bar with a square cross section. 
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Micro • ra.otw.-e of Sal cted 4!• Plate• 1n the Hea~ !rrea.tod. Oondlt:l n 

:lla•h 7 
f8111J;1ered bainit.• and larc• MIO,a\ 
of tenih. 

.11 .. ,. 9 a •1a,. 10 
T•pered JD8Z'\el1:h and. b&iD.Ue with f1111.PC"e4 •arta1Ue and. bainU• vUh 
amall amoun f tqrih., •all aaunt et :ferrite. 
wTN. 6l9-1010 .AU Pho,old.oroc;rapha lOOOX - P1.-a1 :mtieh 
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Plate ll G 
Tempered marteniite and bainite with 
small amount of ferrite. 

Plate 13 I 
Temperecl martenaite and bainite with 
moderate amount of ferrite. 

Plate 15 X 
Tempered 1118:'tenaite and bainiie with 
very small amGWlt of ferri h. 

WTN.639-7071 

Plate 12 H 
Tempered rna.rtensite and bainite with 
a moderate amount o! ferrite. 

Plate lJ.&. 
Tempered martenaite and ba1n1te with 
small amount of ferrite. 

Plat 16 
Tcpered lll8Z'teneite and bainite. 

llGURJl.9,. 
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