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L..I vu u I .U 
ABSTRACT 

~1-l..C)";J'i!. 'ti'r'.\.c'\:l ccn\~a\.n. 7:i-<\ "t}e-r· cent 
1.m, l-l¼ -per cent Ni, l per cent Mo, have 
excellent ductility. When heat treated to 
simulate the coollnr, conditions at the center 
of an air cooled 18 inch plate, the alloys 
gave fibrous fracture in both the couron and 
high velocity shock tests, which indicate 
that these alloys may have useful ballistic 
properties in heavy sections. A low tempera­
ture impact study of an alloy MDS showed that 
it was ductile down to temperatures of - ·90°0 
(-130°F). 

The mechanical properties are superior 
to those required for heavy forgings under 
Navy Specifications 49S2 for Class An steel. 
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1. The invt~st.iga t ion of' iron-ma ngan0 se alloys was 

tJ~~1zed by the Bursau of' Ships letter JJ46-7/L5(350) 
f ,10 June 1942 •. 

OP PROBLEM 

Attention in this report is diY'E.:Cted towards the 
of a new class of alloy steels that hitherto has been 

xpll"red . These alloys contain, in the main, four per cent 
se or manganese plus nickel equivalent to four per cent se. 

The composition ~f these alloys is such that the 
to alpha trans:forma t1on tAmpera ture is unaffected by the 

... uP cooling, makir:g it possible to normalize a large 
r. n• or casting to a ma.rtensitic structure throughout its 

'
1Hl · section. 

The work covered b-y this report includes a rather 
t· \

1
.bd stud:y of tho 'oehavior of ir·on-manganese and iron-

n r.a.ne se-ni~~{.el allo-ys under val'ious conditions of heat treat­
mer.~ by the USE' of x-ray and dilatometric techniques. The 
co1

1

~on fracture and hip-h Vtlocity shock test s were used as a 
mett!.1.S for evaluating the ductility in large sections • 

• NO:,VN FACTS 1:tND THEOHFTICi,L CONSIDERATIONS 

t . The effect of mangan(::Se on the all otropic trans-
forrna t ion of iron (Plate 1) is to stab 111ze the face- centered 
cubic phase, gamma, 'l1ho temperature at which the body 
';.;ntE:red phase, alpha, tJ"ansfor>ms to gamma is lowered by 
incr€asine amounts of manganese. Not only is the alpha to 
.rar11ma transformation lowered by mangane s0 but the reverse 
,.,.,.1nsformation , that of gamma to alpha, :ls lowered still more 
nn that A. wide difference betweer:,. the transformation temperatures 
n heating and cooling ( thermal hys terc." sis) exists . 

G. Although the thermal hysteresis is due to an 
nx.tremely slov, ratio. of trans fo rma. t ion, the rate is so slow, 
1a~ticularly below 400°c (750°F), that for all practical purposes 
th1:: thermal hysteresis is real. For E:xample, on cooling, a six 
a.no one half peI· CcJnt manganese, carbon free alloy begins to 
tr~neform at 400°c regardless of whether it is quenched or very slowly cooled. 

7. Tho equilibrium diagram (Plate 2) was determined by 
I1roiano and McGui :->c (1) by holding small slivers or filings at 
!; .nperat,.._re for .-:.n extremely long time., for example , 545 days 
at 40C')r: and 700 da~s at 300°c. Their d i agram shows that binary 
:iL! .. oys containiru;; over 3 per cent manganese slowly transform to 
f.Poduce two phases, alpha and gamma, when held at temperatures 

-1-
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OVG 400°c . Th6 gamma phase upon cooling may transform at 
low temperature to produce an alpha phase rich in manganese. 

u. "?1:~~\..c:i\J.~ 'Nc:i-r\t \,_?,') a\:. 'c.'m.s 1..,a'Qorator~ on iron 'oa.se 
l "\.o-ys demonstrated tb.a.t many of the iron-manganese alloys 

~•r ductile after air cooling and ternperinr. Additions to a 
• per cent manganeso alloy of molybdenum and other elements 
t

1
IBt form stable carbides .permits the carbon content to be 

'·'lised to O .1 per cent without adversely affecting thE: due tili ty 
• ven tboue;h tho alloys were furnace cooled befo:r•e temper11:g (.3). 

9. It 1s now generally reco~nized that the best 
combination of stronr~th and ductility is found in a steel 
which ha8 been tempered after having been quenched completely 
to InfJ.rtensi te. However, this condition cannot al ways be 
attained , for , as the :->ect.ton size of' an object increases the 
cooling rate in th0 interior decreas0s. Furthermore, when 
heavy sections are quLnched such as armor plate thicker than 
3 l11ch<:s, ther(, is da.ngnr of cracking if the cent er of the 
plate is allowed to cool below 900°F. Since a time quench 
proc.;edurc is used to avoid cracking, the interior of the plate 
is 11f ver martensitic. He:avy forgingn are g£):nerally annealed to 
avoid stresses or cracks , therc,by sacri.ficing a large percentage 
of strnngth and ductility . 

10, In the dovo1oprnont of armor il1 a laboratory there 
are certai.n inherent obstaclcfl whicl1 arn dif.ficult to ovorcome, 
for at pro snnt thor·o are no compl(.., tely sa tis.fae tory small scale 
methods of t0sting a st€.,c.l to predict its large scale ballistic 
behavior . Thnr-0. is, however, a n;cth0d i,;e nerally used in armor 
!"!laking plants f'or judging tho quality o.f ar"nor by the appearance 
of the fracture of a notched test bar broken by bonding . The 
fractured surfaces Rrc classifie d ns crystalline , woody, fibrous, 
laminated, etc . At best, this test is only qualitative and is 
used to reject those pla tes which 0xhibit obvious defects; a 
sat is factory frac tnre docs not gua.rantc(, tha. t a plate will pass 
the ballistic test. Extensive uso has boen made of a "coupon 
rracture" test to study tho eff'ec.t oi' alloyinP-; elements on th0 
"behavior of th& i ron-man,q:ancsE, alloys and to el iminate alloys 
that gave crystalline fractures. 

11. Ono of the main advant~ges of the coupon fracture 
test is that it gives some idea of.the "size effect" . The term 
''size offect

11 
is used to dcnot8 the loss in ductility that occurs 

when the section size of test specimens is increased. It ia 
Possible for a steel to h9.vo very high ductility when tested in 
small sizes, such as the Cha r-py impact specimen, and yet be 
brittle when t~sted as al½ inch bar. NRL R~port No . 20, 
~O May ~-Cl13 disc•.J.sDcs size t:ff'ect in some detail. 

DC I 



12 . Cha1·py V-notch i mpact specimens have been used with 
v·ry lng d6groes o f success to s t u dy the e ffect of various 
lloTJing elements and heat tre a tments on the ductility of iron­

r no se alloys . Although the test mey be;; insensitive to some 
11

3 ' s of brittleness because of the small tE;st area fractured. , 
tt due s Ric\. in e1..imtnati np-, the mo 1 <'; 'critt.1.f, a.1.1.o;fs . 

10 . Roalizing thn need. for a quantitative laboratory test 
'tha t would assim:l.lutc actual ballistic conditions, the Ballistic 
!°'lction, Division of Mechanics and Eh,ctrlc1.ty at the Naval 
'· c seurch Laboratory , has proposed a hir::h vel ocity shock tcrnt 
( f in~or test) , This test US 6 S as a crite r i on of ductility tho 
·Je loci ty n ncossar·y to just shoot off a notchE:id f i nger .from a 
test bar. The details of this test are given i n Paragraph 22 . 
I·l though tho t t- st dous not duplicate the actual condition a of 
J. largo ncal E.: ballis t ic t ost , it do ..:.: s e mbrace some of the most 
'mportant f 8atur•cs, namely, resis t a nce to shock and to crac k 
T,r•opugation . It is beli0ved that proper E-xploitation of this 
t est in conjunction wl th Charpy impact t e sts wil l b t-.l fruitful 
:in s t;ndying the behavior o f iron-man~anose a l l oys a s armor . 

1,ARf:ATIVE OF OHIGIPAL W()FH ( DONl-.::; AT T:HS LABORATORY 

14 . Al loys of iron-man:rnn0s0 und iJ:·on- mRngarn,:,se-nickel 
with vin·ying additions of molybdenum, chr•omium, vanadi um and 
titnnium were preparf: d '1ml thf:ir mechanical pPopert ic s 
detormine d. 

15 . The mec u mical propcrti r: s we r e stud ied aft6r c ool i ng 
slowly f 1'om the aust nni t :lzing tempe rature . The cooling rates 
used (Plate 3) approximat e thosL fo:r thC;;; cenb.r of a 6 inch 
ru te and a n 18 inch pl.'lt(: cool ed in air . Hor·oaf t e r the 
cool i ng ra t c ::; o f the 6 i nch pln te .<:J.nd 18 inc h plate wi ll be 
re ferrbd to ~a furnac e cnol A and B, respec tive l y . 

16 .. A r a t h:, :r de talll:d study of the behavior o.f iron-
m.ne;n.nese 2nd iron- manganese - nickel alloys was mad8 using x - ray 
_id d ilatome t r ic tec hniques . The di]a tome t e r was us e d t o 

-!,1t c rmin0 tho e ffect of austoni tiz i n g temperatures and the 
, .f f e ct or va r i ous r at es of cool ing on the: gamma t o alpha trans -
'ormation t empe rature . Both x - ray and dilation t n chniqUE, s were 

' lSud to study the alpha to gamma transformation that occurs 
du1°:l.ng t emp0.ring , 

,.'iFTHODS 

17 . The alloys were prepared fr om SAE 1015 stock and . 
e l octrolytic mangan8 s e ; to variouA h~a ts were adde d el?ctro l yt i c 
ni c k81 , s o rap rnolylJdcnum wi:r·;, ferro- chromium, ferr~-ti tanium; 
f orro-vanndiui:n d Dd f e rro- sil icon . The; heats were finally 
deoxidt~ ;,, d witb l pound of alurninu.m per ton. The a J.loys were 
melted in 100 ~1.nd 300 pound hie;h frequency induction furnaces 
with magnesia crucibles and poured into ca s t iron ingot molds . 

- 3 -
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The ingots were homogonizud at 1250°c (2300°F) 
'"Ou.rs and forgt..d into suitable stock for testing. The . • forge vor·y wcl.l and since the au::itcnite decompos ition •ature is low, the forgin~ ran~(; is corr1=rnpondin§lY long . --t , tht.se alloys may be forged from 1250°c (2300 F ) to as ', 800°c (1500°F) before difficu:tty is encountcrecl . 

The heat treatmLnts employed for the forged specimens ally consisted of austenitizinr- for 2 to 4 hours at 1650°F cooling according to curve A or B of Plate 3 . 

Th1;, tE-nstle spt..cimons wern 0 . 505 inches in diameter ,'O :i.nch l')•age lengths and the impact specimens wore - Charpy. Tho yif.:ld strengths wer(. taken at 0 . 2 per cent t from the stress - strai n curves drawn by a Peters recorder . cc specimens were used for c~ch tost . 

The coupon fracturP. tGst hars were prepared by 40 pound 1.ngot into ba·rs 12 11 x 2½" x l ½" . ThE.:J bars -t trsat0d G.lld s9.wed to a depth of' app:roxime.tely 1/2 I'hl. coupon WL.s thL-n. bY•okcn b-.i bc-.nding as a simpl r;: be:am rnnnc r s·1ch thr.it thl bottom of the notch was ln tension, pc, of fi..,actm'c was judged by L.t lr:ast three ohser vor•s. 1 c.-xamplE.'S of cryst.&llin<.: and fibrous .fr::,cturc s ar r. shown tcs 4 nnd 5 rr sp0ctiv0ly. 

IJ.'hl. high velod ty f• 1,ock h.st (fing: r test) consists .!ctermi11e.ti:n1 of the V6loclty nece ssary to just shoot f lnp.;E.r of 9. tl st sp( cim(,n. 1l111e t,,,,st p 1.LCE.;S, which may v•rious a~signs , arc ocrt described by tlat. 6 . The is generally made by saw ine: ·1· inch VI• idc ol ots from the of a l 5/1611 pla tlj to a dlst"lnce oS: 2½ inches . Tho di stance • n fin~El-rs 1 s not c1·i t i cul but it must be suffic i cntly wide llo, for df•forr.m.tion of the, finger· whe:n it is shot . The n, Jf ':;l1e Raw cut slots arc carefully mach:tnGc'I. to a radius /r, •.nch o.m1 a 11otch is machineo. across the face of ecch •• After· preliminary trials , it wa s found thn t a 1 / 8 'JJus notch at a d(.;pth of 1/3 of the thickn0ss of the plate Jud r,_,f'1llts. The specimens were tostc;d with . 50 cal . ball bul1--,ts shot basE: foremost . The distance from the notch on • fl ce to the point or impuct was l½ inches . The vcloci ty of P.l·ojcctllE.; was measurrsd by a ballistic pendulum. 

The hii;h veloei ty shoclc tests were made on forged 1- ~-nga:nose alloys and on STS tl.at was known to have passed • .1.lli st ic tests . 

'rhEJ x - 1•ay diffraction studies were· m9.d,} with a Sooman­' n 6-inch f<.~t.:-;·:.n:." camt-ra usin~ chromiu,o radiation a t 3 5 O\ )
1
• ~ F· foz• 18 ;n1 lliampcro hours . Solid samples ground to a :.. .:i 1ncfl, s WeY'e us0d . The x - ro.y measurement s were made X-·Ray S<:,c~l on of th0 Di visior1 of Physical Mc tal lurgy . 
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25. 'rhe dila tomctric stadies were carried out in a 
quartz tube dilntometer· using cyl1ndrice.l specimens 1 inch 
long by 1/2 inch in die.meter. An Ame s dial capable of being 
read to 0.00002 inches was used to measure the expansion and 
a potentiometer was used for tempe1:·ature measurements. 

DATA OBTAINED AND DISCUSSION 

26. The composition of the alloys as dGtermincd by 
chemical analysis is given in Table 1. Since tho heats were 
m.qde from SAE stock, phosphorus and sulphur determinations 
W6re not made; however, from past experience it may be 
assumed that the phosphorus is approximately 0.02 per cent 
and the sulphur 0.03 per cent. 

27. At the beginning of thls study, it was decided 
that the effect of austenitizing temperatures should be further 
invGstigated for it was found that although the previously used 
custenitizing tempnrJJ.ture of 845°c (1550°F) was so0 c (90°F) 
abov,.:, the complet:lon of the alpha to gamma transformation 
temperature, undissolved carbides were present in the micro­
atr·.1cture. If the austeni.tizing t emperature wore raised and 
more of the carbides were dissolved, a changf1 of the gamma to 
alpha transformation temp(::rature and in mechanical propC:l!'ties 
would be ox:µected. 'I1hat this is apparently corr'oct is shown 
by the results of the dilation work on all8y MVK, where · 
repeated heatings to 840, 870 , 900 and 955 C (1545, 1600, 
1650 and l 750°F) and holding for ono hour at oach tempera tur·e 
before cooling lowered the garnrnn to alpha transforrna tion 
temp6rature. The amount of retained austcnite was also 
decrEmsed (Table 2). The por cent austonite was estimated 
from the distance that tho dilntomet0r curve failed _to close 
divided by the total chanse of length on transforming from 
gamm.a to alpha. 

28 . A fifth run was made at a lowe:r' austenitizing 
temperature to determine the '3ffect of tho increased homo­
genizc.tion tha t must have occurred during the grevious thermal 
cycles . When th€ specimen was reheatud to 870 C (1600°F) the 
transformation tumperatur& remained about the same as after 
the previous 955°c (1750°F) treatment. Although the amount of 
retained austenite waEi increased, a lower percentage than that 
after the first 87o0 c (1600°F) treatment was observed. This 
latter treatment shows that both the transformation temperature 
and the amount of retained austenite are affected by the 
austcnitizing temperature and degree of homogenization. 

29 . The effect of austenitizing temperature on the 
resistance to impnct was studied for alloy MVK, furnace cooled 
(A) (Plate 3). I ncreasing the temperature from soo0 c (1475°F) 
to 87o0 c (1600°p) increasGQ. the Charpy value from 31 to 100 ft. 
lbs . Further increases in temperntur6 up to 930°c {1705°p) 
produced no change but the impact resistance dropped when the · 
austenitizing temperature rE.ached 955°c (1750°F). 

-5-
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The microstructure after furnace cooling showed 
rous Hndissolved carbides when cooled from temperatures 

low 870 C. Al though carbides were still evident after the 0c treatment they were much fewer. 

To obta:i.n a better insight into the behavior of 
se il·on-manganese-molybdonum alloys on tempering several 
o:ys 1l'fi th varying mangn:nese , molybdenum and carbon contents 

r s~lected and investigated by x-ray diffraction. The 
1 ts show that more austeni te is retained after furnace 

ling than after oil quenching from the austenitizing 
I l'"ture and , as in tho case of alloy MV:K, less austenite 
r e tained a f ter furnace cooling from 9oo0 c (1650°F) than 

rn 840°c (l550°F). After tempering at 50o0 c {930°F) there 3 
a definite decrease in the austenite ~resent; however 

"" was still a moderately str ong gamma line in the diffraction 
torn of a furnace cooled (A) alloy MTL (5 per cent Mn). The 
bility of the austenite of alloy MTL is probably associated 
,hits high manganese content. Tempering at 60o0c (llOOoF) 
~Gd the austenite content to increase and in some alloys 

'i=.:
0

d 0 a broad~ning of the alpha lines . Retempering the specimens 
·~600 C (1100 F) did not change th~ intensity or width of the 
.. fraction lines. '.'/hen the alloys were tempered at 650°c 
2()0°F) the austenite increased and the alpha diffraction lines 
o~aened. ~etempering at 650°c (1200-0p) generally resulted in 
shnrpening of the alpha lines and a decrease in the per cent stenite . 

The results of the x- ray study clearl-y reveal that 
alpha to gamma transformation occurs at tempE.:ratures above 

0°c (ll00°F). The n.ustenite that is formed on tempering 
•11 , upon coolin~, transform back to alpha. The temperature 
~ this latter transformation seems to depend upon the composition 
.f the austenite which is determined by the composition of the 

illoy, the tempering time and temperature. 

0 33 . The effect of the rate of cooling from 650 C of 
1lloy MVK is shown in Table 6. That the austenite forme~ 
:1uring tempering is retained by a quench from the tempering 
tt!mpera ture is shoi."ln by the strong gamma lines of specimens 
l2 and 26 and the sharpness of the alpha lines. When the alloy 
vas slowly cooled as in specimens 15 and 17, the austenite 
~£creased and the alpha line broadened. The broadening of the 
llpha lines indicates that the transformation occurred at ~ow 
·0mperatures with little or no d i ffusion. The long tempering 
~reatment of specimens 17 and 26 seems to accentuate the 
:onditions necessary for transformation of the aust?nite to 
1lpha as shown by the very faint gamma line of specimen 17. 
~he Charpy impact values are showntobein 1:greement with the x-ray 
liffraction patterns; those heat treatments ~hat produced broad 
tlpha lines gave low impact resistance. Retained austenite 
Lppears to improve impact resistance. 

-6-
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~4. Additional infa~m~tian an. tb.e ~en.av\a~ af tn.~~e 
.. ~l<:r~-e. 'Ma~ a'ti\:.a\.\.,.~u. ti~ a a.\1.~tam~\:.-r1.~ ~-'i:.\).U.J at a1.i.01 \~. 

hen uilation s~ecim~ns were held at 550 600 650 675 and 
70o

0
c (1022, 1112, 1200, 1250 and 13000F) a p~rtiai trans­

formation from Qlpha to gamma occurred when the temperature 
exceeded 600°c (1100:)F). The amount of austenite that formed 
increased with t6mpcring tomp0raturo and was practically 
compl8ted in about 5 hours. Plate 7 shows the decrease in 
length that occurred after holding for 6.5 hours at 650°c 
(1200°F). The per cent nustenite formed at the various 
tempering temperatures is given in Table 4. The austonite was 
estimated by dividing the change in length that occurred on 
tempering by the change in length to form 100 per cent austcnite. 
A typtcal dilation curve obtained by hE:ating and cooling at a 
rate of 20° c per minute is shown in Plate 8. 

35. Austenite which formed at 650°c (1200°F) or above, 
when slowly cooled transformed to alpha at about lOO-l30°c. 
This decomposition of the austenite to form a low temperature 
transformation product decreased the ductility of the; alloy 
and accounted for tht:: broadening of the alpha diffraction lines. 

36. This low temperature transformation product may be 
softened by a second tempering. Usinr, alloy MVK, it was found 
that duri ng this second ternperine; at 650°c · there was also a 
partial transformation from alpha to gamma, but it was much 
slower and less complete than in the first tempering. Upon 
cooling, this austenite did not tran~form to alpha. 

37. The effect of double tempering Char-py V-notch impact 
specimens of alloy MVK is shown in Table 5. · Sp.ecimens which 
were tempered for 2 hours nt 650°c (1200°F) , or 675°c (1250°F) 
and th~n retempered for 2 hours at 600°c (1200°F) to 675°c 
(l250°F) hR ve impact val U6S of 100 foot-pounds. 

38. Since the x-ray, impact and diJa tometric studies 
demonstrated that the austeni te formed on tempering at 650°c 
(1200°F) transforms on slow cooling to a hard and brittle 
structure, it was concluded that the impact resistance after 
slow cooling from the tempering temperature could be improved 
by doublo tempering. The impact resistance of alloy MVK , after 
an initial 65o0 c ( 1200°F) temper, Table 7, was markedly improved 
by a second tempE:ring treatment evf:n though the specimen was 
furnace cooled (A) after the final treatment. However, high 
temperature initial .or low temperature secondary tGmpering 
treatments generally resulted in little or no improvement. The 
impGct resistance:: of alloy MVl{. progressively· decreases after 
tempering in excess of 8 hours (Table 8). 

39. ThoDe alloys (MEB, l'vIDZ, MDS - Table 7) in which part 
of ti1e mail[!anesf. vvas replaced by nickel were not as susceptible 
to embrittlement upon furnace cooling (A) after tempering as 
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'.llloys without nickel . 'I'he susceptibility is dependant 
~ the carb8n cont cnt. The impact value of alloy MEB 

. u8 Mn, 1.16 Ni, 0.28 Mo, 0 . 26 C) dropped from 87 ft.lbs. 
~1 ft.lbs. after furnace cooling from 6oo0 c (llOOOF); 
vcr , the impnc t strength fully rec overE:d after a second 

1 ~ i ng trnntm&nt at 60o0 c (llOOOF). ThE.: impact strength of 
o,;ri :MDE: (2.?5 Mn, 2.24 Ni, 0.61 Mo , 0.08 C) and N'iDZ (3.40 Mn, 

.72 Ia , 0.31 Mo , 0.15 C) was not lowered by furnar.;e co,)ling 
t r teinpf;ring. 

Tn:.:.nsformat ion cha rac teris tics of the i ron-ir.n.ngo.ncs e 
.i were studi6d by observing the changes in dilation of 

ci r ns cooled at diffe rent rates. In tho usual steels the 
1r. f)rrnnti on of austenite is depend&nt upon tho rate of cooling; 

t ,._ ,nsforrra tion tempt:ratur o is lowered with increasing ra t c s 
ling until the rro.rtensite point is r E-achcd. However, in 

, iron-mo.np.:o.ncse alloys such ls not the case, for the 
nsrn•matlon temp8rE1ture rcrn8.ins constant f o r an-;:-r prac tical 

t~ cooling. The b ehavior of alloy I®S (Mn 2.75, Ni•2.24, 
. fl , C 0.08) and that of e.lloy MEP (Mn 3.31, lH 1.55, Mo 
, ~r 0.36, C 0 .16) are typical exnmples (Plates 9 and 10). 
1 1 cases, even when cooled at rates comparable to the center 

~ 12 inch plate cooled in air (curve F, Plate 9) the alloys 
• -n:-i'ormed onl y ut one temperature; thE-re was no evidenc e of 

r. 'r,l.7,,h(1Y.' t um-pe-ratu.r '3 tT.an.sfcn'mf\tion l)rod.u.cts. 

41. The effec t nf var ious com'oinations of titanium and 
'mnadium with mol-ybdenu.m and chromium on the hardne ss after 
ru, nace c ooling (A) and temperi ng i2 s hown in Table 9. A 
titanium cont0-nt in excess of 0 .2 per cent causes a marked 
l J\'1ering o f tl:c hardnuss o.ftu· furnace cool ine;. This decrease 
1n hardness is als o accompo.niod t-~~ rm increa s e of the gamma to 
lpha transformatiun tem:rerntur0 . However , titanium with less 

trlfln O. 2 per C E-nt in combination with mol ybdenum or chr omi '.lm 
-:~.ve har dneRses aftf:r furnace co oling commi_:msuratc with those 
,Y,ccted f r•om tho carbon content . Vanadium, while quite 
· "" :..'l u ential in si..,_ppres sing h i gh t(,mpsra turP. transform~. tion 
P vduc ts , decrcP.. se s the ability of the alloy to tomper to 
h 11·dne sse s e;cnc.C'a1 l y applicable f or m vol "'oHlli3 tic purposes . 

42. T1:1bl o 10 s hows some typical tensilo nnd impact data 
~or allc?s c ontaining varyine: p0rcentc.c;es of molybdenu1n, chromium, 
v:::nadium, c olumbi um, nickel , tita nium e nd c&rbon. Th(:, s o alloys 
~:,:-re furnace cooled (A) from 1650°F and tempered e. t t e111peratures 
~)0°c (ll00° F) to 675° c (1250°F). I:i; general, t his a lloys 
~cntRining riolybdenm:1 tLre more duc:til(; th~n any c1f tho alloys 
< 0ntaining other stable _ c arbide forminr; e l ements . It is of 

'lportance to n ote that tho se alloys co ntaining nickel and 
>n1.,lybdem.un have tho h i p.:hest ductility (Jf any of the alloys 
ntudied thus far·, The products o f tensile stre ngth and per cent 
l,.)ngation f or ul loys MDO , MC T and m)V are about 33 , 000 ,000 

:. i ch are a.bout 10 pGr cont higher than that obta ined for 
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quenched and tempe:i.'cd SAE st c>.E, ls . I n addition t o the high 
per cont elongation B. n d r educt.:!.on of 8. r 0a , the impact values 
are except i onal ly go 0d. 

4~-S. Th e all oys cont a j_nin13 chromium, e o l urr.bi 1-un or 
vanadium wi thc·ut molybdenum havG tensil e-: st1·E:ngth - pe r c ent 
e longation produ c ts which are ger;.erally l ower than t hosE: for 
quenche d a nd t empered SAE s tee ls . Thu addition of titanium 
in c ombina tion with chromium or molybdenum does nc,t effect 
a ny i ncrease in ductility. 

4<1. Although chromium dce s not a ld i n iner·eas i ng the 
duct i l i ty, it doe s r!l i se the yield- t ensil e strength ratio • 
.A.11. oy MDO (Mo .28, Cr .28) has a yic:ld- tensil€ z,at i ,) of 0.91 
while the o.lloy without chromium MCT (.Mo .50) has a yield­
tensil0 ratio of 0.72. The 0ffect of chromium in r a ising the 
yield ratio is also shown by the alloys that c ontain chromium 
with out molybdenum. 

45.. That the due tili ty R s mE: asure d by per cent 
elong.:1.t i on, reduct ion of area or Charpy V-no tch impact is not 
H moasu1•e of ducti l ity in h eavy sections ma-y b e readily see n 
in Table 11. Some- of t he alloys have cxcel1€nt Charpy V-no tch 
impac t value s but when lfa :i.nch c oupon bend spscimens were 
br·ok cn th1;;y fail e d in a ve:::-y brittle manner. It i s very 
important t o note, that thoso B.l l oys conta i n ing over 0 . 75 per 
cen t n ickel with molybdcnn,."11 , ,or mol·ybdonum a nd chromium gave 
excellent coupon fractures upon tempe ring either after air 
coolln~ or fur·nace cooling (B) fr·c,m t h o austen itizing temper­
ature t l 650° c). 

46. Other al l oying nlE-tn0nts such a s ti tani.um, vanadium 
'.-o.nd chromium, ei tl1<.::.r w:L th or wi t hout nick€1 and in the absence 
of mol ybdenum, gave brittlr: fracturo s i n the l½ inch coupon 
tost. Thos e alleys (MDA, MDB , MDC) c0ntaining molybdenum 
without nicke l p:ave fibrous f rac:turos but i t is believed tha t 
t he f:tbrous f'rac~ture was due t o the low ha r dne s::::, s ince alloys 
of siml lar C ( 1mpos i ti-:.1ns MBV, MB\V, MCC, MCE were brittle at 
hardness-.cJs of 250 Rrl noll. One alloy, MED, cont a i ning 3.00 
per 0ent Mn , 1.70 per c ent Ni, 0.25 por cent Mo, 0.11 per cent 
C unve an exc ~l lent fibrous fractur e when t es t e d a s a 3-inch 
c oupon sp 0c irnen. 

'17. 'fhe behavior o-r somo of the alloys under t he h igh 
velocity s hock test (fi ng<0 1: t es t) is p..;iven iri Table 12. A 
corn:pfU'i s on of the l i mit velocitli,, s with tho s e of l½ inch STS 
dock armor at t h f~ sam(, hardness j_ s gJ. vc n gr&phically i n Plate 11. 
The results s h ow th,..-:i. t on the basis of this t e st, t h6 iron­
mc:,nganese-nickcil -~tlloy s amples hav e as good resistance to shock 
a s the fiamp1 c s c•:0 • STS a rmor . 

48. Altlu up·,h an exact :i.nterprGtat:i.on of this s hock test 
in t ,3:rms of ac tu::'Ll lr.i.1:gE. scal e ball i s tic performanc e is n ot 
Possible at this t:l_ll'!E.a , certa in f ea ture s of the t s st a r c vr)rthy 
cf consi de1·atiu n. The high ve l oc it~· impe ct more closel y 
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a[, d 1.::111,8. t e s ac tua1 ball i stic t c r.: tinf!.' than the coup :m fracture 
te s t . · Ft1rthermore, i t is pc-ssibl ,-~ t~.:.. (-:V'.lhiate st s-els on a 
r:umBrical basis rath.; r thrrn on a visua l basj_s whil e still 
r6t::: ining the opportunity for a 'J i s 'J_fll ex amina tion . Some 
evidE-nce of the s ensit i v ity of the t os t is indicated by th0 
behavic r of alloy f/D~C. This alloy in. the coup,)n .fracture test 
gave n duct i l e fibr ous fractu re which did not differ from other 
a lloys; h owc vc,r , wh0n thG finger ti:;8 t was applic,d, the fracture 
i"as crys t alline and tho l im:i.t ve l o cit -v was 2620 ft,ls 0,c. -'/ • (140 ft sec. loirrnr than STS at the same h2.rdnc,ss). 

49. 'I1he effect of tempE-r2,turo on t he impe.ct re sist3.nce 
c f a2 iron- mangane s e -nickc=-: l all(YJ ( MDS ) is shown in Plate 12. 
The impact value is 120 ft . lbs. at room t '-' mperature, and 
incrc2-se s to 130 ft.lbs. at 100° c (212°F) . On c ooling , the 
impa ct strength gra dua lly decreeses to 100 ft.lbs. at - 9o0 c 
(-130° F) nnd then drops sharply to 40 ft. l bs. Por comparison, 
o. t empsrD.ture impact c urve is given f' 0r l½ inch STS deck a rm)r. 
This stee l begins to l ose impact resistance r:J..pidly &t -7o0 c 
( - 9"k0 P). 

CONCLUSIONS 

50., The transformation temperatures frvm garn.."11& to a lpha 
of iron base alloys contni n ing about the e quivalent of 4 per cent 
1na n o;anese with Oo25 molybdenum, 0 .25 per c unt C are 
unaffected b·y the rate of cooling , even after cooling a t a rate 
equivalent t a tlfil t of the center of an 18 inch pla te c ool e d i n 
air. The equivalen t manganese is defined as the mangane se 
c ontent plus one-half of the nickel cont0nt. 

51. Alloys in which nickel is used to replace part of the 
man?;anese have mecha nical propt,rt i c s which are superior t o those 
of t he 8.lloys without nickel. Ex cel l fmt f :i.brous frac tures on 
thiek sect ions and goud. l' t ' sis tf!.nc e to higlt vel<.1ci ty shock have 
bef'::n obtr"ined. Th;:: limit velocity o f the shock test c omparEd 
f11v~1rnbl~y with tho se c,btained .fur' S'I'S armc)r . 

58. '1.1ho duct :i.J.i t:: of the ir,Jn - rnanganese allo;ys, e ven 
nf t;c,1· s l uw c :)tJling 1.-:.nd tempering , is sup0ri0r to t hat o f que nched 
anu. t empoh1d f3AE stc:cls when rneasu1·cd by per cent e l ongati on, 
rcdn c ti:..m cf o.r E.a f.,nd Chm•py V- notch impac t . When a comparison 
is made bo t wtiun t h,, physical pr•op0rties of t he ir'on-manganese­
n:lckt:" l e, lloys nnd t h0s c r e quired bJ r:avy Specif ication s 49S2 
(I ~1"l1 ) the supe r i o:city is at once apparent . The iron-mnnga:.1ese ­
r::i..-,:k0l alloys h:-:i.vo tw ice the yielti strength for the e quival ent 
d1.1etllit y of the: N~,_vy s tec, l cla ss i:An" a s shown by the following 
d,1 ta : 

Alley M:Do 

119,300 
92 ,ooo 

25 . 5 
62~0 
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An 
80 , 000 
4 5,000 

25.0 
45.0 

Ratio MDO 
- An 
1.5 
2 
1 
l .. ,1 



5•.J, Th, iron- manganesc - nic 1.rnl all•:)ys with l e ss than 0 . 15 ~8-r c c-nt carb, ·n ar0 not Ausc eptible t o urnbrittlcment upon furnac e ~ooling aftr.,r tempering as z:icasll.!'E:d by Charpy V- nctch impact . Tho sf- alloys without nic ~<c l !lnd O. 25 r 0r cent C are embrittled on slow c oolinr- after t ·-r.,~ryri ng ; h').-;~;V&r , the due tili ty is fully rec rJvL·red by a secl.: nd t emp0r·:i ng troa tment . 
51 . An alloy M.DS (Fo- Mn- 1-ii) gavo exceeuJ.ngly g ood Char·py imp~ct resistunce d own t o - 90°c ( - 130°F) . Th(, cr::tical impact t am:t?era turEi for this alloy was - 9o0 c ( - 130°F) as c0rnparcd to - '70<.:C (- 94° F) for l½ inch STS deck armo r . 

iS5 . Although no qus.ntitative f'orging t e sts heve bE:en made , these iron- manganese alloys were found t o forge very eas: ly and havE- an unusually l ong f orging ran-ge (2300°F to 1500°},) , which is particularly advantaguous for deep drawing or the shaping o f complicated sections . 

56~ Althoueh no full scale tests have been made on tho irl~n- 1w1n£lanese- nickel a lloys , the physical properties such as high vel ocity sh0ck and c oupon fracture test indica t e that these alloys mc.y h 9ve go~)d ballistic pro p erti es . 
RECOMMENDA.TI OliS 

57 . It is r·6commended that an a ll oy of the fo l l owing c ompositi on b e t e sted f or he avy f orging s: Mn 3 . 3 , Ni 1 . 5, Mo . 25 , er . 25 , C . 15, Si .25 pnr cent . 
58 . A list of p ,)ssible usos is suggo8 t ed , 

(a) H~avy f 0 rg1~~s 
{b) c~ank shafts 
(c) M::i.in line shafts 
( d) Gea1·s ( Largd 
(e ) Gun bar:r&ls 
(f) Turre t tops 
(g) 'I'urre t:; rj_ngs 
(h) Heavy Rr·mol' ( o v er l½ inches thick) 

- 1:l.•· 
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':'ABLE I CHE.1lICAL COMPO~'I'rIONS 

C 81 !':In Ni ilfo Cr 
If.BE 0 .14 0.01 3.25 0.22 V 0.05 
~$3 0 .14: 0. 1 6 3.92 0 .19 Ti 0 . 04 
:IBT 0 .15 0 .19 3 . 36 V 0 . 06 

'

ftl~T o. 10.;:- o . 20.;:- 4 .00~:- Ti 0 .10.;:-_._.u 

MBV 0 .15 0 .03 4 .16 0.04 

---.-:1:r J):·: 0 .15 0.27 3 . 87 0 . 29 B 0 . 003.;~ 
tCC 0 . 1 6 0 .14 3 .38 0 .99 
}1CD 0 .20 o . 26 3.42 () .03 
)1('~ 
,.-.1 .... ,J 0 . 25 0 .10 3 .04 1 .02 
>':G 0 .. 21 0 .17 2 . 97 V 0 . 06 

• ,,., T-T 
., • .,; ... ..1.. 0.21 0 .18 2 .97 V 0 . 06 

0 .22 0 .16 2 . 9,1 V 0 . 06 
0 . 15 0 . 1 ,:1 2 . 8 1 1 . 97 0.52 
0 . 22 0 .25 3.33 Ti 0 . 0 15 
0 .19 0 .13 3.27 Ti 0 . 0 1 

0 . 21 0 . 07 1 . 88 3 . 78 0 .53 
0 . 17 0 . 09 2 . 00 3 . 86 0 .54 
0 . 23 0 . 06 1.56 ~ - 68 o . LJ::7 
o .. 15 o . 2? 3 .54 Ti 0 . 04 
o . 22 0 .13 2 .73 1.93 0 .50 

0 .22 0 . 03 3.68 0 .16 
0 .18 0 .03 3. 113 0 .29 
0 .16 C. 03 3 .57 0 . 4 3 
0 .18 0 . 03 2 . 83 2 . 20 Ti 0 . 03 
0 .17 0 .06 2 . 97 2 . ~3 Ti 0 . 055 

0 .18 0 .03 2.78 2 . 22 Ti 0 !005 
0. 18 0 .07 2.79 ,;, 0~ 

...,, • _, t._) 0 .29 
0 .17 0 . 06 2.84 2 . 25 0. ,18 
0 .18 O.O6 2. 77 2 .26 0 .73 
0 .15 0 .03 2 .77 2 . 27 0 . 28 0 .18 

0 .19 0 . 03 2 . 72 2 . 24 0 . 28 0 .28 
0 .19 0 . 02 2.60 2 .27 0.28 0.40 
0 .10 0 . 03 2.65 2 . 23 1.01 
0 . 08 0 . 05 2 .75 2 . 24 0 . 6 1 
0 .10 0 . 05 2 .84 2 . 46 0 . 2 6 

0 . 20.;:- o. 20°~- 2 .s1.;:- 1 . 88-;~ l . Oo -;..c 
0 . 17 0 . 03 2 . 85 2 . 35 0 .28 
0 . 17 0.13 3 .17 1 .13 0 . 2 6 
0 . 18 0 .01± 2 . 97 2 .37 0 .16 
0 .15 0 .13 3 . ,.10 o.72 0 . 31 

' 0 . 26 0 .17 3 . 25 1 . 68 0 . 30 
0 .2s 0.17 3.60 1.16 0 .28 
0 . 26 0 .14 3 . 6~ 0 . 83 0 . 30 
0 .11 0 .16 3 . QO 1.70 o . 25 
0 ,16 0 .13 ?. ~ 1 

V • D -- 1 .55 0 . 29 0 ~36 
0 .18 0. 11 3 . 42 J. . 51 0 . 24 0 , 24 

Dt:CLA~~, A en 
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C Si i\t>-1 l~f i Uio Cr 
MTL 0 . 0 9 0 .14 5 . 39 1.02 MViC 0.11 0 . 13 3.66 0 . 89 0 . 16 MXR 0 . 13 0 . 06 3 . 79 0 .. 4 7 rt.XS 0.13 0 . 0 ·'i 3 . 96 0 . 50 M.XT 0 . 13 0.0,1 3 . 9tJ: 0 .70 
MXU 0.11 0 . 03 3 . 80 0 . 96 tr(.V 0 . 10 0 . 10 3 . 50 0.72 i1X%: 0.11 0 . 16 3.93 Cb 0.26 ~D':Z 0 . 11 0 . 03 3. 77 V 0.31 l'/IYM 0.12 0. 20-::- 4 .28 0. 75.;:- .Ti 0 . 32 
MYN 0 . 12 0 . 20-::- 4.28 o. 75-::- Ti 0. 30-::-1tf0 0.12 0.20 4 .28 O. 75.;} Ti 0 . 40-1:-MYP 0 . 13 0. 20-::- 4 . 28 0 . 75.;:- ·r i o . 55 MYR 0 . 13 0 .20-::- 4.13 0 . 50-::- Ti o. 28 1!.:i.-c, ,, 0 .13 0 . 20-::- 4 . 13 0 . 5()-l} Ti 0. 30-::-
}ffT 0 . 13 0,20.;:- 4 . 13 o . 50.;:- Ti 0 • 40-:~ :.xu 0 . 13 o . 20-::- 4.13 o . 50-::- Ti 0. 50-::-1,ri.V 0.12 o . 20➔:- 4.21 Ti 0 . 53 MY'!! 0.12 o. 20-::- 4.21 Ti 0. ~10-::-1T,{ 0.13 0.20.;:- 4 .21 Ti 0.77 
:«Y 0.13 o. 20-ll- 4 .. 21 Ti o . 50-::-!.lZA 0.10.;:- 0.20-::- 4 . 00-::- 0 . 75-1:- V 0 . 091 MZB O .10.;:- 0.20-::- 4.00-::- O. 75-::- V 0 .10-::-i'.ZC 0.10-::- 0 . 20-::- 4.00-::- 0. 75~:- V 0 .15-::-'AZD 0.10 0 . 10 4 . 25 0.80 B o.003~} 

0.10 0 .17 4:.GO 0 . 79 Ti 0 .11 0.10 0 . 16 4 .5 6 o . s1 Ti 0 . 086 0 . 09 0.17 4 . 63 0 . 83 Ti 0 . 11 0 . 09 0.03 4. 40 1 . 41 Ti 0.04 0 . 10 0. 1~ 4 . 36 1 . 4 6 Ti 0.075 
0 . 11 0.15 -1 . 35 1 . 41 Ti 0 . 094 0 . 11 0.17 •! . 52 1.05 Ti 0.113 0 . 0 9 0 .12 tJ: . 60 1.06 Ti 0.12 • 0 . 0 9 0. 13 4 . 50 0.70 rp . 

J. J. 0.10 0 . 08 0.13 -1 . 50 0. 61.:i: Ti 0 .10 

' '" Nomi nal c ontent. 
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E3'FECT Ofi' J,TJS 'l'ET ITJZ I ?H1 '1'EAi· l: I-U~Tifo. F: ON THE TRLNSFO.rn.sA'L'I ON ~.'E:i1IT-' rFU1.'PUHE !.J':IJ PBHCEPTAGL 
Oli' HI1TAii~f:D f,U~\TEWI'l1~ 

ALL OY MVK 

·--
St.art End Start End Retained 

Austo:n.itiztng , ~ , •:;- , - j Aust0nite 
T8mp.sratUl'C oc -:::ic oc ci c PC;r CEmt 

oc OF 

840 1545 714 8 29 ,110 372 22 

870 1600 '71 4 834 396 336 1 0 

900 1650 714 833 3 83 323 15 

955 1750 714 822 3B4 314 13 

870 1600 713 822 386 319 15 
----- --~--.. 
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EFFECT OF AU~TE.fITI'ZI NG TEliTERATURE OE CHARPY 
V- N'OTC F X:J?ACT 

HE.& t TreD.tment; Au:;::teni tized at Ind i cated Temperature for 
·rwo Hours, Furns.ce Cooled Acc ord ing to Curve 
A, Plate 3 , Tempered at 650°c (1200°F ) for 
Two Hours and \'!a ter Quenched. 

ALLOY MVK 

Austenitizing Charpy V- Notch 
Temperature I mpact Hardness 
oc Op ft .-l b s. Re 

800 1472 3 1 

815 1500 5 1 2-i 

840 15,15 47 

870 1600 100 22 

930 1'706 104 22 

955 F150 90 20 

D 
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TABLE 4 EFFECT OF TEl:1PnRING TEMPtRi.,TURCS ON rrHE 
F'ORi-,LTION OP LUS '.I':EFI TE 

,\LLOY MVK 

Tempering Per Cent Austenite 
TE;mpe rature F0rmed After 5 Hours 

oc Op 

567 1050 0 

600 1112 ,.1 

650 1200 16 

675 1250 2~ 

700 1292 35 



D 

EFFECT OF TEI,[?ERING TI ME ,:.ND Ft.~TE OF COOLING 

FROM TEMPERD;G TEr.IPER1.TURE ON CHhRPY IMPACT 

OF ,:lLLOY MVK 

Heat Treatment : 900°0 {1650°F) for 2 h our s , furnac e 

cool ed (A) and t e mpe red a s indicat ed 

Tempering Charpy 
Spec i me n Treatment I mpact X-Ray 
Ntunber 650°0 (1200°F) f t. lbs. Diffraction 

12 4 hour s , w. Q. 123 -t ,:,. s har p 

1 moderatel y 
strong 

15 4 h ours , F. c. 25 cJ. broad 
-{ med i um 

205 4 hours , A. o. 20 

17 16 hours , F . o. 25 .A very b road 
Jvery faint 

26 16 hour s , w. Q. 52 -~ shar p 
a ·strong 



TABLE 7 EFFECT OF DOUBLE TEr,1PERING OF TEHPF.R BRIT'I'LEEESS 

Heet Treatment: - 900°0 (1650°F) 2 hours, furnace cooled (A) 
furnace cooled after each tempering treatment. 

Temptring 
Trf;atments 

0 
(J 

650 W.Q. 
650 
650 
G50 
650 
675 
650 
600 

600 
600 
600 
550 

plus 
plu.8 
plus 
plus 
plus 
plus 

plus 

600 W.Q. 
600 

650 
600 
550 
600 
500 
550 

600 pluP. GOO 

600 Yi. Q. 
600 

Held 3 hours 
Impact ft.lbs. 

ALLOY MVK 

123 plus 
25,,s 
69 
67 
42 
22 
22 
51 

i:.LLOY lVIEB 

87 
51 
8~) 

81 

LLLOY MDS 

123 
123 
136 

ALLOY MDZ 

107 
102 

,, ., 
ww Sixteen hours 

.Hardness Held 5 hours 
Re Impact. f.t.lbs. 

20 25-;H; 
22 67 
22 67 
22 62 
22 ,1:0 
20 
21 
25 

28 
2f3 
28 
30 

20 
20 
20 

23 
22 



TABLE 8 

.... 

EFFECT OB., TElvIPIRING THir ON Ir,1PACT RESISTi~NCE OF 
1i.LL0Y MVK 

Hen t Tren t mu nt: 900°C ( l650°F) furnac e cookJ d (I~) , tempered 
at 650°c (1200°F) fo r ind1cat6d time and 
i.·m tcr que nched. 

Impact 
'i'empering Resistance Hardn&ss 
Time (Hrs.) ft. -lbs .. Re 

2 104 21 

4 123 20 

8 93 20 

16 52 20 

DEC. l j 8S iFf ED 



T/LBL::<; 9 HARDi'IF'SS DA ':t'fl. OF f,.LLOYS GONTkINI NG TITANIUM, 
V,:;Ni,DIUM, CHROMIUM i.ND MOLYBDDIUM 

Heat Tree. tme nt: Furna ce cool ed ( j.~) from w:u0 c (1650° F) and 
tempe red f or 2 hours nt t s:mpern ture;,1 indicated 

·-

Li.lloy Mn Mo Si 
Furnn-;o 

C Ti Cooled 
6CC°C 

110 0C'p 650°0 
1200°F 

675°( 
1250°{ 

i t c ·------r---- lt c • 'C ···c 
MYM 1-28 • 75-l(· • 20,~ .12 .32 32 26 25 2 E 
MYN 4 ,, 28 • 7 5-i:- , 20➔" .12 • 30-i{· 2'1 
MY0 -~~. 28 • 75.;~ ; 20-l:• .12 • t:J:Q-if 15 
MYP 4~28 • 75.;~ .20-::- .13 .50 12 

MYR •±, 13 • 50-i:- • 20-::- . 1 3 .28 29 23 23 f'4 
MYS 4,.13 .50 .. :~ • 20-;~ ~13 • 30,:- 29 
1vIYT 1.13 • 50•:c • 20-::- .13 • 40~} 26 
MYU 4~13 • 50.;;. , 20-l,' .13 .50-lf 23 ·•j· 

ii 

MYV 4.21 • 20-l~ C 12 .53 22 'I:', 
MY1N 4.21 • 20-;~ ~12 • -10 -i,' 9 ti 
MYX 4. 21 • 20-i:- .. 13 ,77 9 •1!,1 

'.I 
MYY 4. 21 • 20-lf 1 J 3 f 6() .. ;~ 10 

MZA 4.,00,i- • 75-ii- .. 20-::- .10-::-v ,. o 91 39 32 30 31 
MZB tk. 00-l~ • 75-:i- ,20-ii- ~ 10,:-v .10-i~ 40 36 33 32 
MZC 4. oo-::- • 75-:i- • 20.;i- . 10,i--v .15.;:- 39 37 34 30 

Cr Si C Ti 
MZE 4.60 .79 .17 .10 .11 36 25 23 24 
MZJ 4. -10 1.11 .03 .09 .04 35 20 21 23 
MZM 4.52 1.05 .17 . 11 .12 36 29 27 27 

Nominal analysis 



"• 

D 
T,\BLE 10 IvIECR,\NI CAL PROPERTIES 

Heat Treatment: 9oo0 c (1650°F) 2 hours f urnRce cooled (A) 
A - Tempered 4 hours a t soo0 c (1112°F ) 1.\:~ t e r que nched 
B .. Tempered 4 hours a t 650°C (1200°F) v.:a ter quenched 
C - 1rompered 4 hours at 675°c (1 250°F) w2ter quer,.chi:: d 
D • •rempered /l hour s nt 675°c (1250°P ) i'u :n.t,cc c c•(•lcd (A) ·.t; 

r e t empered 650°c (1200° F) 2 hours, fUJ.'?'.'lll. C e :Jooled (A) 
E - Tempered 4 hours at 550°c (1020°F) ani: fur nac e 

e ool ed (i.) . .,, Tempered ~hours 600° C (1112°F), furnace cooled u~> .t' - at 
(0.2 Charpy 
Per Cent) V-Notch 

Tensi le Yield TS x 7b El Impact 
.Hl oy Treatment Strength Strength % El % Rli. X l0-6 ft.-lbs. 
l\XR A l3r; ,500 23.0 44.1 3.2 66 -:m. 3.79 B 126,000 23.5 51.7 3.0 
1,.0 .47 C 105,100 24. 5 60.3 2.6 68 
Si .06 D 115,500 33.5 57.3 3.9 55 
C .13 

mes A 115,000 2-1 .5 53 . 1 2.5 10 
Mn 3.96 B 112,500 25. 5 55o3 2.9 22 
Cr .50 C 96,800 27 .0 68.1 2.1 25 
Si .04 D 116,200 28.0 -16 .3 3.3 3 
C .13 

MXT A 125 ,000 21.0 51.4 2 .8 45 
1m 3 .94 B 111,700 28.0 57. 5 3 .1 37 
Cr ~70 C 116,500 23.5 55. 2 2.7 37 
Si .04 D 122,200 26.5 ,12~0 3,3 3 
C .13 

ll:(U A 123 )500 20.5 49.6 2.6 20 -~ 3.50 B 110,700 25. 0 58. 2 2 . 8 39 
Cr o. 96 C 106,200 23~0 66.9 2. i.J: 31 81 .03 D 125~'7~0 22.5 48.3 2.8 4 
' .11 ; 

~ A 125.000 22 . 0 48.4 2.8 54 
~ ~.so l3 111.000 24. 0 ~3 . 4 2 .8 64 
0 .72 C loe.eoo 21.5 56 5 2 . 3 40 s1 .10 , 

t) 
114.000 30, 0 5:S. 4 3 .4 6 

.10 

~ l .. 130.000 18.5 36. 9 2. 4 30 ~ 

(?i :s.93 B 25.5 66. 9 2.5 25 ~b 95.000 . • 26 C 26.~0 54. 1 2.8 13 i .16 111~500 D 115 , 200 28 5 46 ..• 3 3.3 20 
.11 ~ 



i" -r,, ,t 
L,'·"i. 

, r: , •:ccao i Al .. ' 

(0. 2 70 ) 
TS X % Charpy 

Tens i l e Yield El V-notch Alloy Treatment Strength Strength % El rT.' Rfi X l◊- 6 Impact 70 
f't.-lbs. 

MXZ l-- 137,000 18.5 53.5 2.5 4 
Mn 3. 7'7 B 125,000 2J. a 5 5r7 2 2.7 21 
V .31 C 115, 000 2 ·:1 ~ 5 fjj ., 0 2.3 16 ,., . .03 D 131,700 21.C ,.. i-- ...... 2(J 3 5 .'.)l o·; , _. 

C .11 

\1ZD i ;. 150,500 106,000 15.0 "Z ,4) 
(. / .... t _;: 2.3 45 

?,rn ,1. 25 B 132,000 77,000 24.5 52.0 3 . 4 65 
'.\~O o.eo C 125;000 88,500 25.0 69 ~- 3.1 100 ~• V 

Si .10 D 139,000 71,500 26. {;; 48 .4 3.7 77 
C .10 
B .003 f'..dded 

MZG rt 155 , 300 87,70 0 16.0 41.5 2.5 23 
~l ~r . ,:'.,. 55 B 131,000 72;250 27.5 55,5 3.6 43 .i••l.._ 

I, Cr 0.81 ,, 
119,500 81,000 27.0 60.7 3.2 V I 

Ti 0.086 D 144 ,500 58,500 24.0 48.8 3.5 4 1 
I'' Si .16 ,I 
Ji' 

C .10 

MZH 174: ,500 1 20,000 13.0 -il .3 2.3 22 
1:1 

~-t 

!:1! :An 4 . 63 B 1 ,10 ,ooo co,ooo 21.0 38.2 2. ,± 35 'i:( Cr 0.83 r< 11 4: ,000 82,000 25 . 5 59,8 2.9 24 V 

Ti 0.11 D 140,000 64,500 23.0 52.8 3.2 38 1·: 
Si 0.17 
C 0.09 

MZK . A 160;500 9,,;,, 500 18.0 -15. 8 2. 6 24 l Mn ,1.36 B 127,300 74,300 2,1 .o 56.0 3.0 42 ,,:1 
''!' Cr 1.46 C 122,500 82,300 23.5 58.2 3.1 15 
,, 
f:!, 

Ti .075 D 11,~o ,500 61,500 20 .0 ·14,. 9 2.8 38 iii'.-

Si .14 ,) 

C .10 I 

MZM A 162 ,500 93,000 18.5 49.2 3.0 21 -Mn 4.52 B . 137,500 87,000 22.0 54~0 3,.0 66 Mo 1.05 C 131;300 89,300 21.5 57.9 2.8 44 Ti .118 D 1 ,;0,800 74~500 24.0 51.0 3.4 50 Si .17 
C .11 

MZ~i A 161;500 101,500 14.0 45.8 2.3 22 -.,;! 

~ln 1. 60 B 138,300 92,000 21.0 LJ:3 • 7 2.8 77 ?i'.Q 1.06 C 135,500 93,000 21.0 55.7 2.7 50 i1 .12 D l <'.r:0 ,0-:)0 78,000 2·.1:. O -19.5 3.4 ,15 Si .12 11 
C .09 



' -c~ 
(Continued) 

L.-. 
Table 10 

(0.2 Charpy 
Pe r Cent) V-Notch 

Tensile Yi eld TS x ~ El Impact 

Al l oy Treatment Streng t h St rength % El c/ R·· f t . -lbs. /0 :. rl X 10-

MZO A 151,500 94,000 15.0 51. ,5 2. 2 29 -1,1n 4 .50 B 127,000 80 ,50 0 22 . 0 c:: - ~ 2. 8 26 ._,\.).., ( ) 

Mo .79 C 119,500 88,500 22.5 $8 , ') 2. 6 26 

Ti 0.10 D 134 ,500 67,000 27.0 56.8 3. 6 21 
"1 

Si .13 
C .09 

~p A 149,000 97;000 1 8 . 0 52.5 2.7 26 -Mn 4 . 50 B 128;500 81;000 22 . 0 50 .0 2.9 25 

Mo .64 C 120,500 90,500 22.0 60,,0 2.7 24 

Ti .10 D 132,800 72,000 26.0 55 . 5 3.5 20 

Si .13 
C .08 

MDO E.,~ 119 ,300 92,000 25.5 62.0 3.0 - 118,000 27 . 5 62.7 3.3 96 Mn 2.72 F,~ ------" 
Ni 2. 24 
!Jo .28 
Cr . 28 
Si .03 
C . 19 

i 

MCT Eco 
" 131,500 101,000 23 . 5 55 . 5 3.1 64 

!ln 2.73 'F~~ 126,000 90,000 26.5 58.0 3.3 

ri 1.93 
Mo .50 ,• 

Si .13 
.22 

iIDV E~~ 116,000 87,500 25.5 61 . 3 3-,Q ! ! 
ii""2.85 F.,~ 112,100 67,500 29.5 61.5 3.3 85 

:i 2.35 
Mo .28 

.03 

.17 

tt A-::- 122,250 100,000 23.5 58.6 2.9 97 -In 3. 42 E.,:- 127 , 500 104,500 23.3 57.6 3.0 105 

11.51 F-~ 118,100 95 , 500 25.7 62.4 3.0 150 

lo .24 
.24 
.11 
.18 11 

" ~.;- 90o0 c (1650°F) 2 hours furnace cooled (B) 



Ti.BLP 11 COUPON FR,iC'l'UHE STUDY 

900°c (l650°F) 900°c (1650°F) 900°c (1650°F ) 900°0 (1 650°F ) 
i..ir Cooled; Furna ce Cooled; rUr Cooled; Furna ce Cooled; 
soo0 c ( 11, J0°F) 600°0 (ll00°F) 600°0 (ll00°F) 600°c (ll00°F) 
Oil Quenc:1ed Oil Quenched . Furna c e Cool ed Purnace Cooled 

Cha rpy Chcrp-;7 Charpy Chr,rpy 

Fracture ;~Pa?t BHN 
Tmpnct Impact BHN Fr o.c t ure ;.mtpa

1
- cb· t BI-IN h lloy Fracture - BHN Fracture ft .lbs. • :.: v.los. ft.lbs . ~ . s. 

- ~-~ .. ~ •· - -· - - •... Crys t . 250 24 MBT CT;j.,.~~~· . 47 250 
MCI-I -- 261± 24 
lviCG 17 267 
MCK 16 2G3 

Cryst. 250 MBR 60 250 250 MBU 102 248 Cryst. 
23 MOS ·. '1 27 229 11 

iVICM 8 266 17 MCN l! 19 345 250 II 92 260 Cryst. MBS c:r·rs t. 250 MBV II 105 250 ,,..,'YI:-;: .. s .... 250 MBW It 73 250 \...1 . .., j Vu 

MCC ii 69 250 22 
MCD II 20 24,1 10 

:J }1ICE ti 10 327 1-, 
MDJ.i. F :.~·- ro118 ·ss 204 'lb ~~00 m Ti MDB ,_ 64 229 Crysto 85 230, 

Crye.t. 220 :, MDC II 63 222 78 220 () 
MDE Orvst ~ 50 223 38 220 

~ * ·!.. 

MOO ii' 55 223 Crv-st v 33 226 r: 
-..~ "-:; MDH l! 28 215 Cryst. 36 221 

Cryst. 237 ··;~ Jr,.:. ,►,:; 

MDK II -- 231 
) MDL I, 21 23-1: Cryst. 23 237 

"I' MDiW i i 1 224 Crys t . 18 224 ; 
MDN F:'L'oroue 73 239 Fibrous 91 239 ar:·;l"'_.,., 

96 242 (J.;,,l:'I;• MDO l l 100 229 I-i'ibrous Cryst. ~ 4-9 t ~ 
MDP 11 93 ~~)5 89 -,__.. 

256 • . .. • ,.il i:',1CO It 50 2 ·~)8 Fibrous i". 

253 ' • .l-. 

MCP II 60 ;:.:oo FibrouD- 16 
~ i,1CR ii 54 313 Cryst. 253 

TuIDR 11 98 266 Fibrous 115 252 Fibrous ;.;29 
1\IDS II 111 218 122 Cl'yst., 223 
MDT ii 111 208 117 

__, 
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Table ll (Continued) 

goo 0 c (1650°F) --9oo0 c (1650°F ) 
Furnace Cooled; 
600°C (ll00°F) 
Oil Quenched 

900°C (1650°F) 
Air Cooled; 
60000 (ll00°F) 
Fµrnace Cooled 

i:.i:c Cooled; 
600°c (ll00°F) 
Oil Quenched 

Charpy 
Impact 

.i;lloy Frac tu!:'C; .ft .1 bs. BHN 

f\'1CI, F':ibrous 286 
IilCT 6 11 294 
MDU ii 93 215 
MDV ,, 97 230 
iVJDi,V -- 234 
MDX ii 90 228 
JirIDZ ti 107 230 
iV1EA !! 76 272 
ll'IEB 11 67 275 
MEC II 55 266 
MED·l« !I 214 

Oharpy 
Impact 

Fracture ft . l bs.BEN 

Fibrous 266 

Fibrous 85 24,0 
82 240 

Fibrous 99 232 
Cryst. 103 222 
Fibrous 57 275 
Fibrous 76 278 
Fibrous 58 275 

* 2-inch coupon bar 

-

Charpy 
Impact 

Fracture ft.lbs.EHN 

9QQOC (165QOp) 
Furnace Cool ed; 
600°c (1100°F') 
Furnace Cooled 

Charpy 
Impact 

Fractur e ft.lbs.BHN 

!.J: 9 
Cryst. 220 

Cryst. 241 
75 230 

102 230 
35 300 
27 300 
20 290 

0 
m 
() 
r-

.. , ..... 
• ,':'9 

{ ' , .. 
I ,, 

.ai,l 
...,~\osil 

;-; 

r.i 
0 



TABLE 12 HIGH VELOCITY SHOCK TEST 

Heat Treatment; A - Ai r coole d f'rom 9oo0 c (1650°F) . 

Alloy C 

MOO .21 
MOT .22 

MDV .17 
MDV 

MDS .08 

MDO .19 

MDO 

MEO .26 

... 

Tempered at soo0 c (1112°F ) oil 
quenched 

B - Furnace cooled (B) f r o m. 900°0 
(1650°F). Tempered at soooo 
( l ll2°F). Oil quenched 

Composition 
Mn Mo Ni 

Heat 
Treat­
ment BIDJ 

Limit 
Veloc i t:v 
f t . /sec: Fracture 

1.88 . 53 3.78 A 298 2690 Fibrous 
2.71 . so 1.98 A 294 2660 Laminated, 

f ibrous 
2 . 85 . 28 2.3 5 A 230 2850 Fibrous 

B 240 2.;850 Slightly 
gra i ny 

2 . 75 .61 2.24 A 218 2910 Slightly 
grainy , 

2.72 . 28 2. 24 Cr .28 j:,_ 229 2880 Fibrous, 

B 242 2830 
W?Ody 
Slightly 
grainy 

3.64 .30 • 83 A 275 2620 Crystall i ne 
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TYPI CAL EXAMPLES OF GRAINY FRACTURES 
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TYPICAL EXAMPLES OF DUCTILE COUPON FRACTURES 
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FINGER SPECIMEN FOR HIGH VELOCITY IMPACT TEST 
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