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E ABSTRACT

B AMloys whniohn contain 3-A per cent

- ¥n, 1-1% per cent Ni, 3 per cent Mo, have
excellent ductility. When heat treated to
simulate the cooling conditions at the center
of an air cocoled 18 inch plate, the alloys

gave fibrous fracture in both the coupon and

high velocity shock tests, which indicate

- that these alloys may have useful ballistic

4 Properties in heavy sections. A low tempera-

E ture impact study of an alloy MDS showed that

it was ductile down to temperatures of =90°¢C
(-130°F).

The mechanical properties are superior
to those required for heavy forgings under
Navy Specifications 4932 for Class An steel.
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: The investigation of iron-manganese alloys was
P0P1z64 by the Bureau of Ships letter JJ46-7/L5(350)
'_',- O June it 9 42 .

BEDITNT o proRrEN

Attention 1n this report 1s directed towards the
R S of alloy steels that hitherto has been
_;pIOPed. These alloys contain, in the main, four per cent

BBANcse or manganese plus nickel equivalent to four per cent
BEancse,

The composition Cf these alloys is such that the
B8 to alpha transformation temperature 1s unaffected by the
e of cooling, malkking it possible to normalize a large
B8ins or casting to a martensitic structure throughout 1ts
EB=sScction,

b The work covered Y this report includes a rather
BPtailcd study of the behavior of lron-manganese and iron-
gSnganese-nickel alloys under various condltions of heat treat-
BEENE Dy the use of x-ray and dilatometric techniques., The
#OUDOn fracturc ang nigh velocity shock tests were used as a
pleans forpr evaluating the fuctllity in large sections.

i ldl)

LKNO Wy PACTS AND THEORFTICAL CONSIDERATIONS

h The e¢ffect of minganese on the allotropic trans-
formation of iron (Plate 1

1s to stabilize the face-centered
‘tubic phase, gamma., The temperaturc at which the body
fCentered bPhase, alpha, transforms to gamma is loweregd by
Mncreasing amounts Of manganese. Not only is the alpha to
‘gamma transformation lowcred by manganese but the reverse
 ,ransformation, that of gamma to alpha, is lowered still more
880 that a wide difference between the &

transformetion temperatures
008 heating and cooling (thermal hysteresis) exists.

: 6. Although the thermal hysteresis is due to an

P 8xtremely slow rate of transformation, the rate is so slow,
ﬁparticularly below 400°q (TSOOF), that for all practical purposes
the thermal hysteresis is real., For example, on cooling, a six
pand one half per cent manganese, carbon free alloy begins to
fiPansform at 400°C regardless of whether 1t is quenched or very
88lowly cooled,

The equilibrium diagram (Plate 2) was determined by
#olano and McGuire (1) by holding small slivers or filings at
emperatre for on extremely long time, for example, 545 days

BE 400”7 ang 700 dars at 300°C, Their diagram shows that binary
fall oy s contalning over 3 per cent manganese slowly transform to
BProduce two phases, alpha and fgamma, when held at temperatures
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oV e 40000. The pamma phase 1u

. pon cooling may transform at
oW tempcrature to produce &an

alpha phase rich in mangane se.

. Trovious work \2) ai tils Laboratory on iron base
,11ﬂys demonstrated that many of the iron-manganese alloys

PAPE ductile after air cooling and tempering. Additions to a

84 Der cent manganese alloy of molybdenum and other elemsnts

S that form stable carbldes permits the carben content to be
Falsed to 0.1 per cent without adversely affecting the ductility
“ven though the alloys were furnace cooled before tempering (3).

Je It is now generally recognized that the best

combination of strength and ductility 1s found in a steel

which has been tempered after having been quenched completely

& to martensite, However, this condition cannot always be

g attained, for, as the section size of an Object increases the
cooling rate in the interior decreasecs., Furthermore, when
heavy sections are quenched such as armor plate thicker than
3 Inches, therc is danger of cracking if the center of the

Plate 1s allowed to cool below 900°r, Since a time quench

Procedurc is used to avoid cracking, the interior of the plate
3y

1s never martensitic. Heavy forgings are generally annealed to
¢ avold stresses or cracks, thereby sacrificing & large percentage
P of strength and ductility,

10, In the development of armor i a laboratory there

are certain inhecrent obstacles whicih are gifficult so overcome,

for at present there are no completely satisfactory small scale

Methods of testing a stecl to predict its large scale ballistic

behavior. There is, however, a methog generally used in armor
Yy the appearance

making plants for Judging the quality of armor b
ar broken by bending. The

B Of the fracture of a notched tist
s crystalline, woody, fibrous,
laminated, ete. At best, this test 1is only qualitative and is

B fractured surfaces are classified
Used to reject those plates which exhibit obvious defects; a
. Satisfactory fracture does not guarantce that s plate will pass
® the ballistic test. Extensive use has been made of a "coupon
® fracture" test to study the effect orf alloying elements on the
¥ behavior of the lron-manganesec alloys and to eliminate alloys
that gave crystalline fracturecs.

SR

L, Onc¢ of the main advantages of the coupon fracture
test 1s that 1t glves some ides of the "size effect". The term
81ze offect" 1s used to denote the loss in ductility that occurs
fWhen the section size of test specimens is inersased, It is
Possible for a steel to have very high ductility when tested in
Small sizes, such as the Charpy impsct Specimen, and yet be
Pbrittle when tested as a 1% inch bar, NRL Report No. 20,
P20 May 2943 discusscs sige effect in some detail,

¥
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Charpy V-notch impact specime

L]
Y ing degrees of success to study the
illovi

ns have been used with

»ffect of wvarious
; ng elements and heat treatments on the ductility of iron=-

Eiancse alloys, Although the test mey be insensitive to some

BRS80S of brittleness because of the small test aresa fractured,
B does ala in ellwinating the wore

. > rittle alloys.
s, Realizing the need for a

Pthat would sssimilato actual ballistic conditions, the Ballistic
Section, Division of Mcchanics and Electricity at the Naval
Hesearch Laboratory, has proposecd a high velocity shock test
(finger test)., This test uses as a criterion of ductility the
Velocity necessary to just shoot off a notched finger from a
test bar. The details of this test are given in Paragraph 22.
Although the test does not duplicate the actual conditions of
% large scale ballistic tost, it does embrace some of the most
lmportant features, namely, resistance to shock and to crack

Propagation. It 1is belicved that Proper exploitation of this

test in conjunction with Charpy impact tests will be fruitful

In studying the behavior of 1ron-mangane se alloys as armor,

guantitative laboratory test

HARDATIVE OF ORIGINAL WORK DONE AT THIS LABORATORY

14, Alloys of iron-manszanesc and iron-mangane
Wwith varying additions of molybdenum,
titanium were prepared and their
detcrmined,

se-nickel
chromium, vanadium angd
mechanical propertics

15, The mechanical propertics were studied after cooling
8lowly from the austenltizing temperature. The cooling rates
used (Plate 3) approximate those for the center of & 6 inch
Plate and an 18 inch plate cooled in air. Herecafter the
eooling ratcs of the 6 inch plate and 18 inch plate will be

Peferred to as furnace cool A and B, respectively.

16, A rather detailed study of the behavior of iron-
fanganese end iron-mangancse-nickel alloys was made using x-ray
80d dilatometric techniques. The dlla tometer was used to
determine the effect of austenltizing temperatures and the
€ffect of various rates of cooling on the gamma to alpha trans-
formation temperature. Both x-ray and dila tion techniques were
uscd te study the alpha to gamma transformation that occurs
during tempering.

METHODS
IS O

E7. The alloys were prepared from SAE 1015 stock and
elecetrolytic manganese; to various heats were added electrolytic
nickel, scrap molybdenum wirs, ferro-chromium, ferro-titanium,
ferro-vanadium and ferro-silicon. The heats were finally
deoxidizud with 1 pound of aluminum per ton. The alloys were
melted in 100 and 300 pound high freguency induction furnaces

with magnesia crucibles and poured into cast iron ingot molds.,

-7 -

i

=y

SR sl



. The ingots were homogenized at 1250°C (2300°F)
B4 hours and forged into suitable stock for

testing. The
78 forge very well and since the austeonite decomposition
pRerature is lo

: w, the forging range is oorreaponﬂingly long.
Bfact, these alloys may be Porged from 1250°¢ (2300°F) to as
B85 800°C (1500°F) pefore difficulty is encountored.

e

The heat treatments employed for the forged specimens
¥ally consisted of austenitizing for 2 to 4 houns at 1650°m
€00ling according to curve A or B of Plate 3.

The tensile specimens were 0,505 Inches in diameter

B two inch 2age lengths and the impact specimens were

@8tch Charpy, The yielg strengths were taken at 0.2 per cent
& from the stress-strain curves drawn by a Peters recorder.

Bilcate specimens wers used for each test,

_ The coupon fracture tecst bars were prepared by
B8lng a 40 pound ingot into bars 12" x 23" x 1i", The bars

& hoat treated and sawed to a depih of approximetely 1/2

@  The coupon wes then broken by bending as a simpls beam

g Hanncr such that the bottom of the notch was 1n tension,
Btype of fracture was Judged by at least threc ohgservers,
BECAl cxamples of crystalline snd fibrous fractures arc shown

$8Les 4 and 5 respectivaly.

I

- The high velocity shoek test (finger test) consists
BBBe determination of the ve

loclty neccssary to just shoot
B8 finger of a tost specimen. The test pilcces, which may
various designs, arc best described by Tlate 6. The 1

is gencrally made by sawing %+ Iinch wide slots from the
B0 a 1 5/16" plate to g distance of 2% inches. The distance

8N fingers 18 not critical bub it must be sufficlently wide

low for deformation of the finger when it is shot. The
ol O0F The saw cut slots are carcefully machined to a radius
8 inch and & noteh is machined across the face of each
s Aftor preliminary trials, it was found that a 1/8
B radius notch at a depth of 1/3 of the thickness of the plate

® #00od recults, The specimens were tested with .50 cal, ball
PUllets shot base foremost, The distance from the notch on

f8ce to the point of impact was 1% inches. The velocity of

Projectile was measured by a ballistic pendulum.

The high velocity shock tests w
B=manganese alloys
ballistic tests,

ere made on forged
and on STS that was known to have passcd

3 The x-ray diffraction studies were made with a
8N 6-1inch fonu

o for ]

Sceman-

i9ing camera using chromiwa radiation at 35 |
8 milliampere hours. Solid samples ground to a

fi:s were uscd. The x-ray measurements were made ;
X-Ray Section of the Division of Physical Metallurgy.

%
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25, The dilatometric studies were carried out in =
quartz tubc dilatometer using cylindrical specimens 1 inch
long by 1/2 inch in diemeter, An Amos dial capable of being
read to 0,00002 inches was used to measure the expansion and
a potentiometer was used for temperature measurements.

DATA OBTAINED AND DISCUSSION

26, The composition of the alloys as determined by
chemical analysis is given in Table 1. Since the heats were
made from SAE stock, phosphorus end sulphur determinations
were 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 this study, it was decided

that the effect of austenitizing temperatures should be further
investigated for it was found that although the previously used
sustenitizing temperature of 845°C (1550°F) was 50°¢ (90°F)

above the completion of the alpha to gamma transformation
temperature, undissolved carbides were present in the micro-
structure. If the austenitizing temperature were raised and
more of the carbides were dissolved, a change of the gamma to
alpha transformation temperature and in mechanical properties
would be expected. That this is apparently correct is shown
by the results of the dilation work on alloy MVK, where
repeated heatings to 840, 870, 900 and 955°¢ (1545, 1600,
1650 and 1750°F) and holding for one hour at cach temperature
before cooling lowercd the gamma to alpha transformation
temperature. The amount of retained austcnite was also
decreased (Table 2). The per cent austenite was estimated
from the distance that the dilatometer curve failed to closse
divided by the total change of length on trensforming from
gamma to alpha.

28, A fifth run was made at a lower austenitizing
temperature to determine the sffect of the increased homo-
genlizaotion that must have occurred during the grevioua thermal
cycles. When the specimen was reheated to 870°C (1600°F) the
transformation temperature remained about the same as after
the previous 955°C (1750°F) trestment. Although the amount of
retained austenlte was increased, a lower percentage than that
after the first 870°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
austenitlizing temperature and degree of homogenization.

29, The effect of austenitlizing temperature on the
resistance to impact was studled for alloy MVK, furnsce cooled
(A) (Plate 3). Increasing the temperature from 800°C (1475°F)
to 870°C (1600°%) increased the Charpy value from 31 to 100 ft.
lbs, Further increases in temperature up to 930°¢ (1705°F)
produced no change but the impact resistance dropped when the
austenitizing temperature reached 955°¢ (1750°F),

AT =
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. The microstructure after furnace
e oy 5 undissolved carbides when co
B 870°C. Although carbides wer
0 troatment they were much fewe

cooling showed
oled from temperatures
€ still evident after the
e

To obtain s better insight into the behavior of
e iron-manganese—molybdenum alloys on tempering several
s with varying manganese, molybdenum ang carbon contents
B® Sclected ang investigated by x-ray diffraction. The
@Blts show that more austenite is retained after furnace
ing then after o1l quenching from the austenitizing
EESrature and, as in the case of alloy MVK, less austenite
$retained after furnace cooling from 900°¢ (1650°F) than
JE840°C (15500F), After tempering at 5000¢
W8 definite decrease in +

Bbility of tne austenite

: associated

ith 1 Tempering at 6000 (1100°R)
BUsed the austenite content to Increase and in some alloys

Blised a broadening of the alpha lines, Retempering the specimens
B 600°C (11009F) aiq not change the intensity or width of the
¥ffraction lines. When the alloys were tempered at 650°¢

13000F) the austenite increased and the alpha diffraction lines
®oadened,

Hetempering at 65000 (1200°R) generally resul ted in
8harpening of the alpha lines

. and a decrease in the per cent
M8tenite,

24 The results of the x-ray study clearly reveal that
#alpha to gamma transforma

tion ceccurs atg temperatures above

80%¢ (1100°F). The austenite that is formed on tempering

11, upon cooling, transform back to alpha. The temperature

i this latter transformation seems to depend upon the composition
3 the austenite which is determined by the composition of the
tlloy, the tempering time and temperature.

B The effect of the rate of cooling from 650°C of

illoy MVK is shown in Table 6. That the austenite formed

luring tempering is retai ned by a gquench from the temp?ring
semperature 1s shown by the strong gamma lines of specimens

2 and 26 and the sharpness of the alpha lines. When t?e alloy
¥as slowly cooled as in spscimens 15 and 17, the aus?enlte
lecreased and the alpha line broadened. The broadening of the
tlpha lines indicates that the transformation occurred at ?ow
semperatures with little or no diffusion. The long tempering
Teatment of specimens 17 and 26 seems to accentuate the
‘onditions necessary for transformation of the austenite to
ilpha as shown by the very faint gamma‘line of specimen 1l%.

‘he Charpy impact values are shown to be in sgreement with the x-ray
i1ffraction patterns; those heat treatments that produced broad

\lpha lines gave low impact resistance. Retained austenite
‘Ppears to improve impact resistance.

”6-
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4, Additional information on the behmavior of these

Blloys was obtained by = Allskomelreic study of alloy WK,

NN dilation specimens were held at 550, 600, 650, 675 and

P 100°C (1022, 111g, 1200, 1250 and 130008} 5 paviied trans-
formation from 2lpha to gamma occurred when the temperature

oxceeded 600°C (11009F), The amount of austenite that formed

increased with tempering temperature and was Practically

completed in about 5 hours, Plate 7 shows the decrease in

length that occurred after holding for 6.5 hours at 650°¢

(1200°F). The per cent austenite formed at the various

tempering temperaturcs 1s given in Table 4., The austenlte was

estimated by dividing the change in length that occurred on

tempering by the change in length to form 100 per cent austenite,

A typical dilation curve obtained by heating and cooling at a

rate of 20°C per minute is shown in Plate 8.

il

R e P
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35. Austenite which formed at 650°¢ (1200°F) or above,
when slowly cooled transformed to alpha at about 100-130°¢,
This decomposition of the austenite to form a low temperature
transformation product decreased the

ductility of the alloy '
and accounted for the broadening of the alpha diffraction lines. :

P

364 This low temperature transformation product may be
80ftened by a second tempering. Using alloy MVK, it was found
that during this second tempering 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 transform to alphsa,

BT The effect of double tempering Charpy V-notch impact
Specimens of alloy MVK is shown in Table 5. Specimens which
were tempered for 2 hours at 650°¢ (1200°F), or 6759 (1250°p)
and then retempered for 2 hours at 600°C (1200°F) to 675%¢
(lBSOOF) have impact valucs of 100 foot=-pounds.

S e TR T AT T LA e
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58, Since the x-ray, impact and dila tometric studies

demonstrated that the austenite formed on tempering at 650°¢ i3
(1200°F) transforms on slow cooling to a hard and brittle [H
Structure, it was concluded that tho impact resistance after ke
slow cooling from the tempering temperature could be improved !
by doublc tempering., The impact resistance of elloy MVK, after
an initial 650°C (1200°F) temper, Table 7, was markedly improved .
by a second tempering treatment even though the specimen was fh
furnace cooled (A) after the final treatment. However, high i
temperature initial or low temperature secondary tcmpering g |
P treatments generally resulted in little or no improvement. The .
P lmpact resistance of alloy MVK progressively decreases after '
P tempering in excess of 8 hours (Table Bl

B —

il
B 359, Those alloys (MEB, MDZ, MDS ~ Table 7) in which part
B Of the manganese was replaced by nickel were not as susceptible

to embrittlement upon furnace cooling (A) after tempering as
] e

i
g i §




€ alloys without nickel. The susceptibility is dependant
the carbon content. The impact value of alloy MEB

08 Mn, 1,16 Ni, 0,28 Mo, 0.26 C) dropped from 87 ft.lbs.

@Ol ft.1bs. after furnace cooling from 600°C (1100°F);

ver, the impact strength fully recovered after a second

€ring treatment at 600°C (11000F)., The impact strength of

oys DS (2.75 Mn, 2.24 Ni, 0,61 Mo, 0,08 C) and MDZ (3.40 Mn,
Ni, 0,31 lio, 0.15 C) was not lowered by furnace cooling

€r tempering.

F. Transgformation characteristics of the iron-manganese
BOYS were studled by observing the changes in dilation of
lmens cooled at different rates. In the usual steels the
BREforma tion of austenite is dependant upon the rate of cooling;
@ transformation temperaturc is lowercd with Increasing ratcs
B01ling until the mortensite point is reached. However, in
B8 iron-mangancse alloys such is not the case, for the
BAsformation temperature remains constant for any practical:

g Of cooling, The behavior of alloy MDS (Mn 2.75, Ni-2.24,
»6l, C 0.08) and that of alloy MEP (Mn 3.31, Ni 1.55, Mo

s Or 0.36, C 0,16) are typical examples (Platos 9 and 10).
;ﬂll cases,even when cooled at rates comparable to the center
8 12 inch plate cooled in air (curve F, Plate 9) the alloys
fisformed only at one temperature; there was no evidence of
fleher temperabture trensformetion produchts.

. The effect of various combinations of titanlum and
prenadium with molybdenum and chromium on the hardness after
furnace cooling (A) and tempering is shown in Table 9. A
PEitanium content in excess of 0.2 per cent causes a marked
Plowering of the hardness after furnace cooling. This decrease
BN hardness 1s also accompanicd by an increase of the gamma to
Belpha transformation temperaturec. However, titanium with less
gthan 0,2 per cent in combination with molybdenum or chromium
PEave hardnesses alter furnace cooling commensurate with those
gbXpected from the carbon content. Vanadium, while quite
Bnfluential in suppressing high toemperature transformation
gProducts, decrcases the ability of the alloy to temper to
Phardne sses generally applicable for naval ballistic purposes.

42, Table 10 shows scme typical tensile and impact data
pfor alloys containing varying percentages of molybdenum, chromium,
p¥anadium, columblum, nickel, titanium and carbon. These alloys <
iWere furnace cooled (A) from 1650°F and tempered &t temperatures ﬁ
B00°c (1100°F) to 675°C (1250°F), 1In general, the alloys
geontaining molybdenum- are more ductile than any of the alloys
ieontaining other stable ecarbide forming elements. It is of
fimportance to note that those alloys containing nickel and
ol ybdenum have the highest ductility of any of the alloys Al
ftudied thus far, The products of tensile strength and per cent :
€longation for alloys MDO, MCT and MDV are about 33,000,000 l
Which sre about 10 per cent higher than that obtalned for |

|

|
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uenched and tempered SAE steels. In asddition to the high
per cent elongation and reduction of a2reca, the impact wvalues
are exceptionally good,

43, The allceys containing chromium, columbium or
vanadium without molybdenum have tensile strength - per cent
elongation products which sre generally lower than those for
quenched and tempered SAE steels. The addition of titanium
in combination with chromium or molybdenum does nct effect
any increase in duetllity.

44, Although chromium does not aid in increasing the
ductility, it does raise the yleld-tensile strength ratio.
Alloy MDO (Mo .28, Cr .£8) has a yicld-tensile ratis of 0.91
while the alloy without chromium MCT (Mo .50) has a yield-
tenslle ratio of 0.72., The effect of chromium in raising the
yileld ratic is also shown by the alloys that contain chromium
without molybdenum.

That the ductility as measured by per cent
ngation, reduction of area or Charpy V-notch impact is not
measure of ductility in heavy sections may be readily seen
in Table 11, Some of the alloys have excellent Charpy V-notch
impact values but when 13 inch coupon bend specimens were
broken they failed in a very brititle manner. It is very
important to notc that those alloys containing over 0.75 per
cent nickel with molybdenum, or molybdenum and chromium gave
excellent coupon fractures upon tempering either after air
cooling or furnace cooling (B) from the austenitizing temper-
ature (165000).

46, Other alloying elements such as titanium, vanadium
and chromium, sither with or without nickel and in the absence
of molybdenum, gave brittls fractures in the 1% inch coupon
test., Those alloys (MDA, MDB, MDC) containing molybdenum
without nickel gave fibrous fractures but it is believed that
the fibrous fracture was due to the low hardness, since alloys
of similar compositions MBV, MBW, MCC, MCE were brittlc at
hardnesses of 250 Brincll., One alloy, MED, containing 3.00
per cent Mn, 1.70 per cent Ni, 0.25 per cent Mo, 0.1l1 per cent
C gave an excellent fibrous frachure when testod as a 3-inch
coupon specimen.

47, The behavior of some of the alloys under the high
veloclty shock test (finger test) is given in Table 12. A
comparison of the limit velocities with those of 1% inch STS

declk armor at the same hardness is given graphically In FPlate ll.
The results show that on the basis of this test, the iron-
manganese=-nickel alloy samples have as good resistance to shock
s the samples or STS armor.

48, Although an exact interprectation of thils shock test
In terms of setnal large scale ballistic performance is not
Possible at this bime, certaln features of the test are worthy
Cf sonesideration. The high velocity impacet more closely

o




asdimilates actual ballistic tezting than the coupsn fracture
test. Furthermore, it is pf s81ble to gvaluate steels on a
numerical basis rather than on 2 visual basis Whllu still

D
retaining the opportunity for s v examination. Some
e¢vidence of the sensitivity of th 1s indicated by the
behavicr of alloy MEC. This 1 n the coupon fracture test
gave a ductile fibrous fracturs which did not differ from other
alloys; however, when the finger test was applied, the fracture
wasg crystalline ‘and the limit velocity was 2620 ft/scc. -

(140 Ft/seu. lower than ST8 at the same hardness).
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49. The effect of temperature on the impsct resistance
of an iron-manganese-nickel alloy (MDS) is shown in Plate 12.
The impact value 1s 120 ft.lbs. at room temperature, and

increases to 130 ft.lbs. at 100°C (2129F), On cooling, the
impact strength gradually decreases to 100 f£5,lbs. at =-920°C
(=130°F) and uden drops sharply to 40 ft. lo For compsarison,
& temperature impact curve is given for 1% inpn STS deck armor,.
This steel begins to lose impact resistance rapidly at =709
("940};’) .

CONGLUSION

50.. The transformaticn temperatures frum gamma to alpha

of iron vase alloys containing about the equivalent of 4 per cent
manganese with 0,25 moelybdenum, 0.25 per cent C ars
unaffected by the rate of cooling, even after cooling at a rate
equivalent to that ¢f the center of an 18 inch plate cooled in
air. The equivalent manpanese is defined as the manganese
content plus cne-half of the nlokel content.

SELT Alloys in which nickel is used to replace part of the
manganese have mechanical propertics which are superior to those
of the alloys without nickel. Excellent fibrous fractures on
thick sections and good resistance to high velocity shock have
been cbtained. The 1limit wvelocity of the shoek test compared
favoerably with those cbtained for STS armor.

52 The ductillty of the iron-manganese alloys, even
after slow cooling und tempering, is superior to that of quenched
and tempercd SAF sbecls when measured by per cent clongatlon,

reduction ¢f area and Charpy V-notch impact. When a comparison
1s made betwecn the physical properties ¢f the iron-mangsnegse=
nickel 2iloys and those required by Yavy Specifications 4932
(INT) the superlqﬁii} is at once apparent. The iron-manganese-
nickel alloys have twice the yield strength for the equivalent
dietllity of the Navy steel class "An" as shown by the following
data:

MDO
Allcy MDO _ An RRhge S
Tona’le dt”ength, pai 119,300 80,000 1.5
Yicle Shrengbh, nel 92,000 45,000 2
Per Cent Elongaticn 25.5 25.0 1
R LL‘CtJ-« n \'\f 1:\:.1"0-‘1. (fa) 6230 ‘{.1:500 ln".‘l:




S The iron-manganesc-nickel alloys with less than

018 per cent carbon arc not susceptible to embrittlement upon
furnace ccoling after tempering as measured by Charpy V-notch
impact. Those alloys without niclkel and 0.25 per cent C are
embrittled on slow cooling after tempering; however, the
ductility is fully recovered b7 a secund tempering treatment.
54 An alloy MDS (Fe~ln-Ni) gave exceedingly good Charpy
impact resistance down to =90°C (-1300F). The critical impact
temperature for this alicy was -90%¢ (-15009) as compared to
~707C (~94°F) for 1% inch STS deck armor,

H5. Although no quantitative forging tests have been
made, these iron-mangancse alloys were found to forge very
e¢aslly and have an unusually long forging range (2300°F to
1500°F), which is particularly advantageous for decp drawing
or the shaping of complicated sections.

56. Although no full scale tests have been made on the
ircon-manganese-nickel alloys, the physical pProperties such as
high velocity shocl and coupon fracture test indicate that these !
alloys mey hsve good ballistic properties. l

RECOMMENDATTIONS

57 It 1s recommended that an alloy of the following
composition be tested for heavy forgings: Mn 3.3, Ni 1.5,
Ho .25, ¢r .25, C .15, 81 .25 per cent. '

58. A list of possible usocs is suggosted,

Heavy forgings

Crank shafts

Mairn line shafts

Gears (Largc)

Gun barrels

Turret tops

Turret rings

Heavy armor (over 1% inches thick)
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TABLE I CHEMICAL COMPOFITIONQH

g 51 Mn N1 io Cr
9,34 0.0 3.25 0.22 v 0.05
0.14 08 3.92 0.19 Ti  0.04
0.i5 | @.18 B.36 v 0,06
0,10% 0.20% 4.00% TL  0.10%
0.15 B.05 4.3 0.04
0:35 0427 .87 0.29 B 0,003 %
0.16 0.14 3.38 0.99
0.20 0.86 3.42 0.03
0,25 0.10 3.0 1.02
0.8% 0.7 2.97 v 0,06
OBk | BuEE 297 v 0,06
0.22 016 2.94 v 0,086
G015 | 0ol 2,81 3,97 . 0,52
e | 0, a5 T1 04015
Qel9 | 0.E8 3.27 T{ 0,01

Oe.21 0,07 1.88 5.78 0.53
QLT 0.09 2:00 5,86 0.54
0.23 0,086 1.56 3.68 0e4d7
0,15 Q.27 354 i 0.04

0. 22 013 2=t L9535 0.50
0,22 D83 3.68 0.186
0.18 0.03 3443 0,29
D,16 .03 3457 0.43
0.18 0.03 285 2.20 Ti 0.03
017 0.06 2T Bath G 0.055
0.18 ©0.08 2.78 2:82 ™4 0,005
0.18 0,07 229 B+25 0.29 °
Q37 0.086 2.84 2.25 0.48
0.18 0,086 2«77 2.26 0.73
015 0.03 23T 2 ET 0.28 0.18
Q.19 0.03 2t B.24 0.28 0.28
0.19 0,02 2:60 2.27 0.28 C.40
0.10 0.03 2465 B2.83 1.01
0.08 D.05 278 2.24 0.61
0.10 0.05 2.84 2.46 0.26
00207‘5 O. 20';:' 2.81"“" 1388*’ 1.00*’
0,17 0.03 2«88 2455 0.28
D:37.| Belx ®.07 1i1F Oo6
0.18 0,04 Sa T BuBY 0.16
Dads 0,13 40 Q.72 0.31
‘Ii
0486 Qul¥ 3+85 1.68 0,80
0,86 0,17 35468 1.16 .28

0026 Gol"‘.}: 506/1: 0085 O.SO
0:13 0.16 .00 1.%0 0. 25
0416 Ded3 S«31L k.55 0.29 0.386

0.8, 0.12F B.d2 1,51 ©.24 0,94 q
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0.16
0.03
0,204

0.20%
0.20

04203
04203
0.20%

0,209
0,203
0, 20%
0, 20%
0.20%

O420%
Q.20
0,20
0.20%
0.10

0.17
0.16
0.17
0.03
0,13

0.15
Ol
0.12
0.13
0.13

iin Ho
5.39 1.02
3.66 0.89
5679 0e47
3496

3694

3680

3+50 0.72
3093

S 't

428 Q.75
4.28 0,757
4.28 O, 75%
4.28 0,753
46,13 Q.50
4,13 O, 50%
4,13 0. 503
4413 0450%
4.21 :
4.21

4.21

4421

4,00% 0,75
4,00 0.75%
4,007 0.75%
4.25 0.80
460

4456

4,63

4.40

4.36

‘.122055

<o D2 1.05
4,60 1.06
4,50 0.70
4480 C.b4

*‘Nominal content,

0.186

0,50
0.70

0.96

0.79
0.81
0.83
1l.41
1.46

1.41

Q.26
0.31
0.32

0. 30%
0,407
0. 55
0.28
0. 30%

O¢ 403
0,50%
0.53
O, 40
0,77

0.,60%
0.091
0,10%
0.15%
0., 003%#

Q.11
0.088
0.11
0,04
0.078

0.094
0,113
0,12
0.10
0.10



Y PR EFFECT OF AUSTENITIZING TEMFIEBATIURE ON THE
TRENSFORIATION TEMFPFHATURE L¥D PTRCENTAGE
OF RETAINED AUSTENITE

ALLOY MVK

Starts End Start End Retained

Austenitizing = ¥ - Austenits
Temperatbure e o¢ o 0@ Per Cent
o)

840 1545 714 829 410 372 22
870 1600 714 . 834 396 336 19
900 1650 7li 833 383 323 15
955 1750 714 822 384 314 15

870 1600 715 Be2 586 319 15

T e e O = e
§ B f £ g .
L/ L 5 £ i F 5
— ol B g’ S— _—




TASLE 3 EFFECT
V=-NOTCH TiPACT

Treatment;

OF AUSTERITIZI NG TEMIFRATURE ON CHARPY
Austenitized at Indicated Temperature for
Two Hours, Furnsce Ccoled According to Curve

A, Plate 3, Tempered at 650°C (1200°F) for
Two Hours and Water Quenched.

ALLOY HWVK

Austenitizing Charpy V-Notch

Temperature Impact Hardness

% o £t.~1bs. Re
800 1472 31 -
815 1500 51 24
840 1545 47 -
370 1800 100 22
930 1706 104 22
955 17350 26 20




. TEMPERING TEMPL'R.TURES ON THE
ORM.TION OF AUSTENITE

ALLOY MVK

Tempering Per Cent Austenite
Temperature Formed After 5 Hours
OC OF

1050 0
illgz 4
1200 16
1250 2%
1292 35




TABLE 6 EFFECT OF TEWFFRING TIME AND RATE OF COOLING
FROM TEMPFRING TEMPER:.TURE ON CHARPY IMPACT
OF ALLOY MVK

Heat Treatment: 900°C (1650°F) for 2 hours, furnace
cooled (4) and tempered as indicated

Tempering Charpy
Specimen Treatment Impact X-Ray
Nurmber 650°C (1200°F) Thelbas Diffraction
12 4 hours, We Qo 122+ = sharp
4 moderately
strong
15 4 hours, F. C. 25 4 broad
4 medium
205 4 hours, A. Co 20
i 4 16 hours, F. C. 25 >very broad
Jvery faint
26 16 hours, W. Q. o5& = sharp

gstrong

2 ¢

S i
( *F HOQIET =N
s %'*v--!‘" gm.vjﬂ%hv % &5 % | === :{;--‘?




TABLE 7

=

e

S g aledt gaeon

EFFECT OF DOUBLE TEMPERING 0 TEMPFR BRITTLENESS

Heset Treatment:-

900°¢ (1650°F) 2 hours, furnpace cooled (&)
furnace ccoled after each tempering treatment.

Tempering Held 3 hours Hardness Held 5 hours
Treatments Impact ft.lbs. Re Impact ftelbs,
- -
G ALLOY MVK
650 W.Q. 123 plus 20 2o
650 25% 2e 6"
B850 plus 650 69 22 57
650 plueg 600 67 22 62
. 680 plus 550 42 22 40
575 plus 600 22 20
650 plus 500 22 21
600 plus 550 al a5
ALLOY MEB
800 W.Q. 87 28
600 51 28
600 plusg 600 85 28
550 81 30
ALLOY MD3
600 W.Q. 122 20
600 123 20
600 plues 600 136 20
ALLOY MDZ
600 W.Q. 10% 23
€00 102 2

* Four hours
P
" Sixteen hours

f‘h'.- I\F.r.;\!
i




TABLE 8 EFFECT OF TEMPERING TIHE ON IMPACT RESISTANCE OF
aLLOY MVK

Heat Treatmont: 900°C (16500F) furnace cooled (4), tempered

at 650°C (12009F) for indicated time and
water quenched.

: Impact
Tempering Resistance Hardness
TlITlE;(HI‘S.) ftr“‘les RO
2 104 21
4 123 20
8 93 20
8 62 20




TLBLE 9 HARDNFSS DATA OF ALLOYS CONTAINTING TITANIUM,
VANADIUM, CHROMIUM AND MOLYBDINUM

Heat Treatment: Purnace cooled (i) from 930°C (1650°F) and
tempered for 2 hours at btzmperatures indicated

Furniso 60COC g500C 5750

alloy Mn o S1 c Ti Cooled 1100°F 1200°F 1250°F
“ Be &g He fig .
MYM 1 28 J756%  ,20% X2 BB a2 26 25 b
MYN 4,28 ,76% ,20% ,12 ,30% 24
T{IYO ""‘."2028 .75-:3 .PO‘::‘ 012 .{]::O.I‘L 15
iYP 4,28 7S D05k iin  aEG 12
MYR 4,13 LB0% J20% 18 28 29 23 23 24
MYS 4.13 B0% _20% el B0 29
MYT 4,13  JBO*  ,20% .13 ,40% 26
MYU 4,13 ' «B0% 420% 13 ,50% 23 i
MYV 4.21 S S B 22
MYW 4.21 2 BE w2 a0 9
MYX 4, 2L o 205 L S5 9
MYY 4,21 o 20% 113 803 10
MZi\ 4,003% J75% ,20% o L0V . 001 39 32 30 51
MZB 4,003% 5% ,20% » 103V, 10% 40 3 23 32
MZC 4,00% ,75% 20% .10V, 15—: 39 &9 34 30
1
Cr 21 a il :
MZE 4.60 L79 wiky PTG 5 36 25 23 24 :
Mz J 4220 Vot O3 »09 04 35 20 21 23
MZM 4,52 1405 Pl P2 T ) 36 29 a2y 27
i
Nominal analysis
| SLASSIFIED




TABLE 10  MEQHANTGAL PROPERTIES

Heat | 321 - :
xea Trestment s 900°¢ (1650°F) 2 hours furnace cooled (&)

b, = SR 0L

r’; L gigg;i:g j" hours at 60020 (11120}3‘) water quenched

c - Toﬁpgrad = hours at 650 °C (1200°F) wetsr quenched

D - Temper;d ? hours at €675 °C (1250°F) water quenched

- 4 hours at 675°C (1250°F) fu:nscc cocled (A)
B

retempereg 650°¢ (1200°F) 2 hours, furnace cooled (A)

5 = Tempered 4 y o o
e ani nace
soolon L) urs at 550°C (1020 F) ani furnace

BB Temperea_ﬁ;ﬂgprs at 600°C (1112°F), furnace cooled (A)

(0.2 Charpy
Per Cent) V-Notch
i Tensile Yield ‘ TS x % Fl Impact
reatment Strength Strength % Bl % RA x 106 fg.-lbs.
- 137,500 23.0 44.1 3.2 66
126,000 S%s5 Bl 3.0 --
105,100 24,5 60,3 2.6 68
115,500 35:H Bhd 3¢9 55
115,000 246 BBl 2.5 10
112,500 25.5 B55.3 2.9 22
96,800 27.0 68.1 Sel 25
116,200 28.0 46.3 Bl B
125,000 21.0 5144 2.8 45
111,700 28,0 575 Bel 37
116,500 5.5 Bbe 2.7 37
122,200 26.5 42.0 240 B
123,500 20.5 49,6 2.6 20
110,700 25,0 5842 2.8 39
108,200 23.0 66,9 2.4 51
125,700 2245 4843 2.8 4
125,000 22,0 4844 2.8 54
108,806 21.5 5645 -2 40
114,000 3040 5344 5,4 6
130,000 1865 3669 2e4d 30
95,000 25,5 6649 225 25
111,500 26,0 5d.1 2.8 13
115,200 2845 4643 Bad 20
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A [ ile Yiel

5 el A 0 s X 3
M 3. 77 5 1§7’QOO 18.5 53.5 c d
v 31 - 125,000 T 2s5 1
b, o % 1.0 e o] 21

. ] 2 Lt R >
- 2Ly 400 L o .-
A s
L A 0, 5 ; ”
. s 150,500 106,000 15,0 &2 & 2.3
o ; 132,000 S0e B0 BAs S50 B 45
51 .10 D 125]000 88,500 25.0 62. 7 65
- i e o L B s 100
[ B o Lk 5
B «003 sdded b e
¥7G ; .
o A 155
e ¥ , 500 8%,706 16,0 431.5
Cr 0.81 § }3¥3OOO T8;250 2%7.5 B55.5 w
71 0.086 D ii?’ggg 81,000 27.0 80.7 =
st .%e iy 58,500 24.0 48,8 o
U ® O
IZH : ' '
— s wa . i =t
in 4.63 R 15*’?00 120,000 13,0 41.3
Cr 0.83 c =000 €0,000 g1.0 38 e
1 0.11 D S . : o=
NZK A
= \ 160,500 L
pin i, s 94,500 18.0 A
F 1 ¢ 127,500 74,500 21.0 é%'e s 2
1 .07s D %§3’500 82,300 23.5 53'2 e 42
MZL'I I fi
—_— £ =
n 4,52 B 162,500 93,000 18.5 49.2
o 1.05 ¢ .137,500 87,000 22.0 54 -
E iz o %éé;goo 89,300 1.5 57'8 66
3 - 20,800 74,500 24.0 51,0 e
14y : - ]
in 4, 60 E 161,500 | 101,000 12,0 45,8
o 1,06 ¢ 138,300 92,000 21.0 i pe
gL .12 D %?S;SOO 93,000 21.0 és'g -
1 .ég = ,OOO 78,000 2{'-:.0 ,19:5 ?g
’; ™
| |




Table 10 (Continued)

——

(0.2 Charpy
Fer Cent) V-Notch
Tensile Yield oS x % ELl Tmpact
s1loy Treatment Strength Strength £ EL Z BE x 107 ft.-1lbs,
Z0 i 151,500 94,000 15,0 Bl:.d 952 29
¥n 4.50 B 127,000 80,500 22.0 EU.5 2B 26
Mo «79 e 119,500 88,500 22.5 £8,0 2eb 26
71 0.10 D 134,500 67,000 27.0 56.8 346 21
61 1B
C .09
WZEP A 149,000 97;000 18,0 852.5 Pt 26
bin 2.50 B 128,500 81,000 22.0 50.0 2.9 25
o <64 c 120,500 90,500 22.0 60.0 el 24
+10 D 132,800 72,000 26.0 55.5 35 20
kB
.08
E* 119,300 92,000 25.5 62.0 B340
: P 118,000  ====-- 59.5 62:79 Sl 96
«28
.28
Mo
.19
B 121,560 161,000 B283.5 55:5 =~ 3.1 64 i
.75 | BE 126,000 90,000 26.5 58.0 Bad |
1.93 |
l50
015 I
28 “
: B 116,000 87,500 25.5 61.3 %:0
in 2.85 F¥* 112,100 67,500 29.5 61.5 Bed 85
i 2.55
l28
.03
517
G A% 122,250 100,000 23.5 58.6 2.9 97
0 3,42 Est 127,500 104,500 23.3 57.6 340 105
.51 P 118,100 95,500 25.7 62.4 3«0 150
0 024
.24
11 r
.18 %

* 900° (1650°F) 2 hours furnace cooled (B)
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ToBLE 11

COUF ON

PRACTURE STUDY

A4lloy

MBT
MCH
MCG
MCK
MBR
MRy
MCS
MCM
MCN
MBS
MBY
mBw
MCC
MCD
MCE
Dk
MDB
MDC
MDE
MDG
MDH
HMDX
MDL,
MDM
MDN
MDO
MODE
ptitede)
MCF
WCR
MWDK
MDS
_f 'l'.ll D T

9000¢ (16500F)
Air Cooled;
600°C {(1100°R)
0il Quenclied

900°C (1650°F)
Furnace Cooled;
600°¢ (1100°F)
011 Quenched |

900°¢ (1650°F)
Alr Cooled;

600°C (1100°F)
Furnace Cooled

900°C (1650°F)
Furnace Cooled;
600°¢ (1100°F)
Turnace Cooled

Charpy Charpy Charpy Charpy
wacbure TOpach . . Impact Impact T Impact T
Fracture ft.le.BHN Fracture o, =, ¢ BHN Fracture ft.lbs.BHN Fracture o ™3, BHN
Cryet. 47 250 Cryst,. 250 24
i -- 264
17 267 24
16 ECA .
! 60 250 Cryste 250
(- 102 248 Cryste 250 ’
i 27 229 03
0 8 266 i
I 19 345 17
i 92 260 Crysts 250
i 105 280 Cryst. 250
it 75 B0 Cryste 250
o 69 250
p 20 241 22
B 10 587 10
G e ‘68 204 s 200
. 64 229 Cryst. 25 240
n bo E22 78 220 Cryste 220
Crvats BD 223 38 220
i 55 223 (Cryst. 33 226
@ 28 215 Cryst. 26 Brl ,w
) - 231 Cryste 289
e 21 231 Cryst. gE . g3y
b 4 224 Cryst. 18 224
Ribrous 73 239 Pibrous 91 239
. 100 229 Fibrous 96 242 -
B 95 29B 89 Cryste i 49
o 50 298 Fibrous 256 S
n 60 500 Pibrous 253 s
:: 54 313 Cryst. o %?g 16
O £, ™4 Iy .
3 li% %%% Fibeone 282 Fibrous #29
" 111 208 117 Cryste 223




Table 11

(Continued)

Alloy

900°¢ (1650°F)
Alr Cooled;
600°9Cc (1100°F)
0il Quenched

900°C (1650°F)
Furnace Cooled;
600°C (1100°F)
0il Quenched

BHN

900°C (1650°F)
Aly Cooled;

6000C (1100°F)
Furnace Cooled

Charpy
Impact

Fracture ft.lbg.BHN

900°C (1650°F)
Furnace Cooled;
600°¢ (1100°F)
Furnace Cooled

Charpy
Impact

Fracture ft.lbg.BHN

NMCL
MCT
MDU
MDYV
MDW
MDX
MDZ
MEA
MEB
MBC

MED*

286
294
215
230
234
228
230
2L
275

Charpy
Impact
Fracture ft.lbs.BHN
Fibrous
: 64
il 95
- o7
" o
i 107
i 76
" 617
it 55

266
214

Charpy
Impact
Fracture ft.lbs.
Fibrous
Fibrous 85

82
Fibrous 99
Cryst. 103
Fibrous 5%

Fibrous 76
Pibrous 58

#% Zeinch coupon bhar

266

240
240
232
222
275
278

2175

Cryste

CI‘yS Te

75
102
35
By
20

220

241
230
230
300
300
290

pRirEL
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TABLE 12 HIGH VELOCITY SHOCK TEST

Heat Treatment: A - Air cooled from 900°C (1650°F).
Tenpered at 600°C (1112°F) oil
guenched

B - Purnace cooled (B) from 900°C
(16509F), Tempered at 8000¢
(1112°F). 0il quenched

: Heat Limit
Composition Treat- Velocity
Allcy | © Mn Mo Ni ment BHN ft./sec. Fracture
MCO .21 1.88 .53 3.78 A 298 2590 Fibrous
MCT 22 2.71 .50 1.98 A 294 2660 Laminated,

fibrous

MDV 17 2.85 .28 2.35 A 230 2850 Fibrous

MDV B 240 2850 Slightly
grainy

MDs .08 2,75 .61 2.24 L 218 29210 Slightly

) grainy -

MDO A8 2002 .28 2.24 Or +E8B & ges 2880 Fibrous,
woody

MDO B 242 2830 Slightly
grainy

MEC 26 3.64 .30 .83 A 275 2620 Crystalline
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Manganese, Weight Fer cent

900 a 10 20 30
. ' 1 1800
800 %% 5
\ — 1400 4.
%S 700 N = &5
5 2
S \ y | 200
3
S 600 ﬁL = %
Q S
8 \\ - 7000
500 —* \\ :
@
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-+ 800
400 —¢ \’"\‘—
i b
a 10 20 30

Manganese, Atornic Fer cent
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PLATE 35

CURVES!
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TYPICAL 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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