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ABSTRACT:' A wide range of microstructures were obtained ih Fe—analloyS
by varying the manganese and chromium contents. When a bcc (o) structure

was produced, increasing amounts of manganese were found to be detrimental

_to‘low temperature toughness. At manganese levels greater than 12% where

appreciable amounts of € and Yy phases formed the ductiie;Etittle
transition temperature‘dropped rapidly. In terms 6f the (€+ 'Y) phases

present, the ductile-brittle transition temperature decreased at a rate

. of’l%3°C/vOl% (e+ v). Increasing the (€+ Y) content to achieve good

low tempérétufe toughness, however, also caused a decrease in the yield

-strength.,.Increases in the yield strength were achieved wichqut

appreciablevinCrease;in'the ductile-brittle transition temperature by

greater manganese additions and by chromium additioné. :

KEY WORDS: fracture (toughness), ductile-brittle transition, mechanical .

properties, microstructure.



Introduction

If superlor iron-base cryogenlc alloys are to be developed to meet :

the ever—lncrea31ng demands: of technology it .is necessary to understand

the‘atomlstlc_and microstructural roles of the coﬁmon alloying elements
of iron ar.low temperatures; In this paper,.the preliminary results of

a Stuleoflthe influence of the element manganese on the cryogenic prop-
erties ofblron are reported.' The propertles of seueral Fe;Mn alloys were

compared‘tofthose of the cryogenic:Fe—Ni—Ti.alloys developed in the.

authors' laboratory 1n the last several years [1 3].

The benef1c1al effect of n1cke1 in lowering the duct11e-br1ttle
tran81tion temperature (DBTT) of 1ron—carbon alloys 141 has been known
since»the;l940's#f The'knowledge'of this phenomenon has led to the devel—
opment of'an:entire class of commercial’cryogenic alloys.  Recently it
was shown;that Ni lowers the DBTT of carbon free iron‘as nell:[5;6]."The
atouistlé’andimicrostruotural mechanisms .responsible for.thefimnrovement
in notch toughness resulting from nickel add1t10ns are not well under-

stood. Itils‘usually_assumed, however, that the crystal lattlce (rather

‘than the'miorostructure) is influenced by the nlckelvsolute.and that the

effect‘of nickel is to raise the cleavage Strength'ofairon) Manganese is

another solute thought'to improve the low temperature ductilityhof'iron

but abparently'behaves in a different way than Ni does. jolleyﬁIS]'has_
_reported that manganese improves the notch impact propertles of iron onlyr
~whenvearbon:}s present. He found no improvement in the toughness of

B decarburiéed'iron alloys, and concluded.that the effectiveness”of manga-

- nese was primarily through -alteration of the morphdlogy and distribution
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of carbides;_ Roberts [7], in a later study of Fe-Mn- alloys contalnlng up
to 94Mn found that the impact toughness and DBTT. were relatlvely 1nsen—
sitive to the manganese content. Instead he suggested that manganese
influenced the transfotmationisubstructure and grain size. The gra1n.

size~dependenCe of the DBTT amounted to 6—7"-0/mm"1/2

wh1ch is roughly the
same_grain size dependenCe Leslie (8] and.SaSaki,fet al [9]'have found
for Fe-Ni alloys . | | |
Inrthe'Fe—Mn system, a variety of substtuctutevchangesgoccur in the_»
bee lattlce? as'shown‘by'Roberts-[7] | Additionally, Qheh nanganeSe'con—:
tents exceed'about 10°. austenltized and quenched alloys exhlbit a hex-

(Gk ep31lon) (Gk alpha)

agonal € phase and mixed o € m1crostructures result [10 11] ~ When the

(Gk gamma)
manganese content is increased beyond 15% the face centered cublc Y phase
is reslstant~to'transformatlon even when cooled to llquid,nltrogen ten—
peraturesA and mixed d'+ € + Y,micfostructures are ohtained.,.Thelcryo-'
genlc mechanical propert1es of such mlxed mlcrostructures have.not been
breported‘in detail in ‘the pub11shed 11terature and are the subJect of-a
continuing study in the authors' laboratory. | PR

The DBTT phenomenon is normally assoclated w1th alloys hav1ng a becc
or bct’ctystal structure.'-Alloys with these crystal-structutes usually :
have,adeduate_strength but are 1inited by a tendency tonard.catastrophic
~failute-at‘1ow temperatures Hexagonal and especially fcc structures
normally do not possess a DBTT except in certain cases where solute or
prec1p1tate segregatlon at grain boundarles occurs’ [12] The strength of

alloys w1th the hexagonal or fce crystal structureVlsagenerallyxlower than'

those with the bcc structure, although the low temperatute ductility is




good. A ptimaty ohjective of the ptesent_studvaasvto explorehthe
feasihility of designing Fe;Mn alloys wlth mixed microstructures for
attaining combinatlonsdof stfength and toughness which are equal'to or
superior to those of the cryoéenic Fe-Ni alloys.

Recent studies in this laboratory and elsewhefe.[13—l5]bhave shown

that strain induced transformations can significantly raise the

'ductility and fracture toughness of alloys having metastable matrices,

- In the Fe—Mn system ‘the p0831ble straln 1nduced transformatlons ‘are

those of the hexagonal ¢ phase transformlng durlng deformatlon to bee a

and of the retained austenite transforming to’either’é’or*a,,or both,

White and Honeycombe [10], and more recently Holden,.et al [11], found

phase transformations of this kind to occur during cold working of Fe-Mn

~alloys whose compositions were similar to those of the presént”Study. \

Materials and Experimental Procedure

‘The compOSitions and designations of the_Fe~Mn~alloysduSed in the

present 1nvest1gat10n are llsted 1n Table 1. All alloys-contained O.lO%Ti

. and 0. 05/Al which were added to 1mmob111ze the 1nterst1t1als carbon

‘»nitrogen'and oxygen. The C+N+0 content of the alloys was abOut 0.02%

Alloys were induction melted in an inert atmosphere and cast 1nto three

inch'diameter ingots in copper chill molds. The ingdts'were;vacuum homo--

genized fofﬂ24 hours at 1200°C, furnace cooled, reheated to.1200°C, and

- then upset forged and air cooled

Charpy and ten51le specimen blanks were austenltlzed at 900 'C for
2 hrs,. ice-brine quenched and then cooled to liquid nitrogen temperature

(-196°C). The prior austenite grain sizes of’all_alloys were in the‘v



range 36—50 u. Sheet tensilé specimens d.iS_in;.thiek, a gage’seetion
width.of d.lZB.in.'and a gage length of 1.0 in., andvstandardeharpy
V-notch impact specimens were carefully maehined fromvthe heat.treated
blanks." |

vInpaet'tests were carried out (in accordance”With ASTM procedure
E=23-64) onha 225 ft,lbecapacity impact testing machine. VLiouid helium,
liquid'nitrogen 1sopentane, and methyl alcohol-dry ice mlxtures were
used»as-CrYOgenic coolants.- Tensile’ tests were performed ‘on a’ ll 000
1b capaclty Instron testing machine using a crosshead speed of 0 1
cm/mln. Yield strength was determined by the '0.27% offset method

The k1net1cs of the phase transformatlons durlng both heatlng and
cooling were studled by dllatometry with heating and coollng rates of
10°C/min. - Dllatometric measurements were made on cylindrical tnbular_
specimen.s 1.0 in. long, 0.25 in. in outside diameter and w‘it:'h:'a‘ 0.10
'in.'internal-diameter.’ | o

‘quantitative measurements of the amount'and type_of phasesppresent
were madevuSing a Picker X—ray_diffractometer'ﬁithvaeCuFKd;sonree and an
LiF monochromator betneen the diffracted beam and detector. The:percent—
ages of.the:phases preSent were determined'by'eomparing the?integrated
diffraotion:intensities of the (200).and (211) diffraction:peaks'of the
:avphase. the (220) peak of the Y phase, and (012) and (013) peaks of the
€ phase.' The Surfaces of X-ray and metallographlc speclmens were ‘care-
fullybpreparedfso as to avoid changes in structure»from mechanloaily
induced transformation. Specinens'were chemically etched in ﬁiémh's

reagent with acetic acid.



Fracture surfaces of broken Charpy specimens were examined in a
Jeolco JSM-U3 scanning electron microscope with the secondary emission

operated at 25kv.

Results and‘Discussion

‘The phase transformation temperatures of. FeeMn.alloys as determined
hy dilatoﬁetry are shown invFig..l. vAlso shown in Fig. 1 are the results
of other 1nvest1gators [11,16]. When these a110ys'ﬁere-cooled froﬁ the
austenlte phase a varlety of complex microstructures reSulted The.as;
quenched structure of 1ow manganese alloys which were cooled to LN (;l96°C)
was entirely bce. However, it has been reported [7] thaththe.substrue;
turelmorphology changes from'equiaxed ferrite'(d) tollathfapd plate mar-

tensites (a') as the manganese content is increased’to ahout'12Z.‘vIn

Fig. 2 are shown micrographs 111ustrat1ng the structure of the Fe-Mn

alloys of the present study. An example of the typlcal lath martens1te

microstruCture of the 124Mn alloy is shown in Fig. 2(a). lh;alloys with

manganese contents greater than lZZvincreasing'amounts-of'thevhexagonal

- phase formed.v It has been reporte& that in alloys with apptokimately

SOAMn the austenlte ) phase is completely retalned even on coollng to

‘—196 C[ll] W1th1n,the 12%-30ZMn comp031tlon range var10us.complex

P

m1crostructures; consisting of mixtures of the a', € and Y phases, were-

‘obtained. . Examples of these mixed microstructures are shown Jin- Flgs. 2(b)

and'2(c) ‘ The microstructure of the 162Mn alloy (Flg 2(b)) was predom—

1nantly o' + € while that of the 207Mn alloy was entlrely + Y (Flg

2(c)).



The sequence of structural changes‘in:Fe—Mn'ailOYS-was;simiiar to
that in the more fam111ar fe—Nl.system except for the occurrence in
Fe—Mn alloys ‘of the hexagonal € phase, This phase has been found only
in thosedalloy systems where solute additions.decrease the stacking‘fault
energp ofithe'austenite to very 1dw values'approaching zero;j.At these
very low stacking fault‘energiesdthehdriving‘forceAnecessary forvthe a2
transformation is reduced beiow that of the y-a! transfornationland a
metastable € phase forns [17]. |

| The'Charpy impact toughness for the various-Fe—Mn.alioys'of the
present 1nvestigat10n is plotted as a- function of temperature.ln Fig. 3.
The fracture surfaces of the Charpy bars broken at both room (25 C) and
LN (-196° C) temperatures are shown in Flg 4, and correspond to the m1cro—
structures 1llusrated in F1g 2. The room temperature Charpy fractures'
of the 12/Mn 16/Mn and 20%Mn ‘alloys revealed dlmpled rupture character—
1st1c'of ductlle behavlor. In liquid n1trogen (- 196 C) tests, the 12/Mn
alloy exhrblted features due to 1ntergranular fallure whlle the 167Mn
. and zormn alloys showed predominantly dimpled rupture.withfsome quasi—l'
cleavage. | L |

In Fig. 5 is shown a plot relating the DBTT to manganese content.
It is ev1dent from Fig. 5 that as the manganese content 1ncreased the
DBTT first-lncreased up,to approximately 8%Mn and then decreased rapldly
at a rate of 21°C/at ZMn, Also shown in Flg 5 is-the DBTT behav1or of

-1nterst1tlal free Fe-Ni alloys whlch exhlblted a DBTT decrease at the

‘rate‘of lSAC/at.%Ni [61.



| -If was'eétablishedvfrom X-ray ﬁhase‘énélysis;lfabié'2; thétvﬁhe
4%Mn.ahd.82Mn alioys were completeiy béé whiie the‘iZiMn;il6%Mﬁ:and ZOZMn
allb§$ c0ﬁtaiAed increasing amounts of'thé € and Y'phases;‘.THe?l6%Mn
alloy hgd.an a + € + vy mixed microstructuré.whileifhé-ZOZMn élloy had aﬁ
e+ Y mixed microstructure. Thus the reSulfstéf the'X—ray‘anaiysis and

DBTT détefminations suggested that the € or Yy or both phases were respon-

~sible for'the”imprqved low temperature toughness of the higher'manganese

alloys (12»t0.20%Mn). The variation of the DBTT-aé influeﬁcéd by the
amount of ‘€ phase present is shown in.Fig. 6. ‘The decrease in the DBTT
was approximately 3°C per volume percent €. In terms of the total vélume‘

percent of the ¢ and vy phases, the ‘decrease in DBTT was'1f3°CfpérZVOlumev

percent (& + Y). Alternatively, this decrease in DBTT could be attributed .

to a decrease in the volume percentage of a present.
It was evident that the relation between microstructure_ahd’cryogenic_
mechanical properties for the Fe-Mn alloys of the.ptesentistudy was quite

differént‘frdm that for the interstitial—free'Fe—Ni alldys;f The>FéeNi

' allbys‘exhibited a decrease in the DBTT with increasing»nickel'conteﬁt'in

a'single,phase bce structure. . In the Fe-Ni. system, as'préviously men-—

fiohea,'the'lowering of the DBTT by nickel is essentially Hue“;o;solute~

- lattice interaction rather than due to a microstructural effeét, while in

Fe-Mn alloys the decrease in DBIT was éccompanied by micrdétiﬁctﬁral

changes involving variations in the relative amounts of the o, ‘&, and Y

" phases..

Besides,a low DBTT, an adequate yield strength must'a1so be’develbp—

~ed in an alldy which is to be considered for:cryogehié applications. The



yield and nltinate tensile strengths, both.at room anerN'temperature,
for alloysrof the present investigation are plotted.asfa‘fnnctiOn of
manganese content in Fig. 7. Similar plots for elongationfand reduction
ln area are shown in Fig. 8. From these figures it can be seen thatvthé
4%Mn, 8%Mn‘and lZZMn.alloys-with bee matrices exhibited fairly high yield
strength bnt:rather'noor elongation. vAs the manganese content of the
alloys was increased _the amount of the hexagonal € phase also 1ncreased
vThis in- turn led to a considerable decrease 1n yleld strength f lhe ropm
temperature_yield'strength of the 167Mn ‘alloy which had‘almOSt 5621€'was
only 30:ksit“Increase in the manganese content to 202 resnlted?in;
stabilization.of the y phase, and no « ohase was presentvin_the;ése'
duenchediallo§; The alloy.contained’GGZ € and 347 Y.;-Ithnashsurprising
that although a stronger phase o, was replaced by a weaker.nhase Y,
both the yield strength and elongation 1ncreased .At room-and~LN temper¥
atures yield strengths of 60 and 78 ksi respect1vely, and elongat1ons of
43 and 62/ respectlvely, were obtained for the 20%Mn alloy i‘Thus it
appeared that with 1ncreasing amounts of € ln a prlmar;ly_aénicrostrnc_
ture the yield7strength‘decreased; honever, nhen the microstrnctnre-Was
predominantlxé , and y replaced (x,the yield strength increased:{

The above behavior can be rationalized if accountgisitaken;ot;the
differences,in yleld strengths between.phaSesland the changlnglstabillty_
of the é nhase nith increasing manganese content. In'an'd 4-é‘duplex
strncture the flow or strain tends to concentrate in ‘the weaker é ‘phase,
and the yleld strength is controlled by the strength of the € phase

- The results”of X-ray analysis (Table 2 ) clearly indicated that dnrlng



tensilé tesfing the ¢ phase in the 167Mn alloy traﬁéfbrmed to o, It was
probable that a stress induced martensitic transfofmationiéf € to 0 con-
tributed to the low yield stréngth of the 167Mn alioy. Stress induced
transformations have been reported in several metastable austenitic
steels of ‘low austenite étébility [15,18]. The incfease in manganese

content to 20% apparently resulted in two changes. First, it led to the

" elimination of the o phase and the formation of the 7y phase. As a

result tﬁe él1oy consisted of a mixture of € and Y phases of apparently.
comparable strengths, thus preventing localized flow in either phase.
Second, the é phase'in the 207Mn alloy was more stabie_than-th;t in the
lé%Mn_éli@y; ;hus minimizing the possibility of 0ccurrencé of a stress
induééd fransformation} The higher étability;of the 20%Mn ailéy compared
to that of the 16ZMn alloy was evident from the observation.that during
tensile tesfing a greater volume frac£ion'of ¢ transformed tb o in the
latte?valloy (see TablelZ).

The iﬁter—relatiohships between the DBTT and»the :ensile properties

are shown in Fig. 9. The figure shows that the yield strength and the -

“DBTT varied in a complex manner with increase in the manganese content.

An important feature of the plot is in the region.béyqnd 127Mn where the

‘heXagonai € phase begins to form and the DBTT of the alloys begins to

decrease rapidly. Unfortunately, it is in this range of éom?ésitidnsv
that thé alioys bégin to lbée their strengfh coﬁsiderabiy; iThg cause of
thisvdecrease was discussed earlier.

The relationship between microstructure;_sffength and t0ughness was

also examined in several Fe-Mn alloys containing 8%Cr. In Fig. 9 are
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.shown plots relatlng strength and DBTT for these alloys“ 'Theurelathe
proportlons of the o, € and Y phases in the chromlum—contalnlng alloys
before'and”after tensile testing are indicated in.Table 2ﬁf “The results
suggestedvthat chromium_additions‘to'Fe-Mn'alloys'favoredfthe~formation
of the a- phase In the as;quenchen condition the-Volume’ fractlon of
‘the o phase in the l6AMn8/Cr alloy was almost tw1ce that in the 167Mn
alloyr 'The_yield strength'of the chromium—containing'alloy'was,corres—
pondingly‘hlgher. In spite of the greater volnme_fractionjof altand-the
smaller7volume fraction of €) and the higher yield strength the chromlun
containing alloy had approx1mately the same DBTT as the alloy w1thout
chromium. - The reasons forvth1s_behav1or are not well understood. "Never- -
theless;:it was evident that the 8% chromium additionpto.theﬂl6iMn alloy_
was eonslderably heneficialpfor attaining a superlorieombinationhofv
strength'and-tonghnessth These‘properties eonplenﬂwith the enhanced
’corrosion.reslstance of'the lézMnSZCr alloy'wonld_be nery deslrable inh
'cryogen1c.app11cations.. Additlonal decreaSe'in the DBTT nas:ohservedv
:with little . loss in strength in the 20/Mn8/Cr alloy ThefDBTT:was:belon
-196° C the temperature of llquld nltrogen (see F1g 9). hlt nas-lnter;
estlng to note that the 207Mn "and the 20/Mn 8/Cr alloys had approx1mate1y

the same strength and t0ughness (DBTT)

Conclnsions:
(1) A wide range of microstructures was -produced in Fe-Mnfalloys by
varying the manganese and chromium contents. b

(2) Inialloys that contained predominantly the bcc o phase; manganese

additions raised the ductile-brittle tranéition-temperature (DBTT) .
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f_in Fg—Mn_alloys Qithout.chrémium? thevfdrmatién'of the.héxagonal
e.phasé énd the.féc Y phase at‘manganese.concentrati§hs.ekcgeding
127 fésulted'in a &ecreaée,in‘the DBTT.__' | |
(3 ,ihe'yield streﬁgth decréased with increasing émount éf'e.in a mixed
u 1-€_ﬁﬁcroétructure, vThe décrease was possibly due to localized
’row ig the weaker € bhéée ;nd a étress.inddééd traﬁsfofmafibnvof .
'€'t§xd;}fThe yieldvstreﬁgth was réiséd when the mahéaﬁééévcontentv'
v was inqreased to 207%, resulting ip é mixéd €‘+_Y:micfoétructure.
(4) :Chromiﬁﬁ_édditions of 8% ied to increase in the<Yie1defféngth of
- -the Fe;ﬁn alloys withéut causing appreciable ghangés"in»fhe DBTT.
In the case of the 16ZMn alloy, én‘8ZCr addiﬁidnbnearly dogbled the
.Yield>étrénéth at approximateiy the same DBTT. .Cﬁroéium additions
'did hqt:significantly'éhange‘the'field Strength:aﬁd.theiDBfT of the
ZOZMh:élloy.' However,,the.enhépced_oxidation resistéhge that would
be ébtained with chromium additions is considered desifablé for

potentiai cryogenic applications.
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Table 1--Chemical compositions of ‘alloys

Designation Compdsitions, Wt %
Mn cr Fe
i 41 - Bal.
s 8 - Bal.
12 12.2 - Bal.
1620 16.0 | - pal.
20mm - 19.5 -  3Ba;.
_lZZMﬁS%Cr 12.2 7.7 Bal.
16mmszce 158 7.9 Bal.

207Mn8%Cr  20.2 7.9  Bal.




Table 2——Volume percents of phases in . o
’ Fe-Mn and Fe—Mn Cr alloys kR

'f:Vblﬁﬁé-Percent ofiPhaséSC~'” ””

| Alloy Designation |Prior to Temsile | After Tensile | .After Temsile
L e N . |Testing at ‘25°C’ . Testlng at =196°C .
& ] € YL oo e | Y| ol e | Y

 4ZMﬂ f,;f?E T\ o ‘f;iob‘ ::.;-  :;3;1>1005 ..;v_. v %;';1qQ *J _+ . _  
12/Mnff:? ; i;??5;a;-f_'9431t_;5,5?'”'¥f i§0“ '5ff;ff 'f' ii§§?f:ff; | -
x:20/Mn5:ft.iéff f;. _f '::5‘51 ’66.1 '33}9'718}3 i5§.7f31?0 ¢;59?3 2547;3éF°’
12/Mn8/Cr ’ff;f f f1 : iOo; .7 :;fﬂ”Qf5‘fi6o f' {;;?:° -:_"1§6;i ;{;'5‘;‘
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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