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SUMMARY

Austenjtj c manganese stee-Zs containing nolqbdenum decompose

during isothermal ageing in the temperature intetval 300-gO0oC to ptoduce

five quiÈe distinct. transformation teaction products: (i) widmanstatten

cementite, (Fe,Mn) rc; (ii) proeutectoid grain bound,arq and intragtanuTar

carbide identified as MrrCr; (iii) a:loq peatTite consistinø àf 
'rr',

and ferrite; ¡iv) discontinuous plecipitation of M23c6 + soTute deplete<1

au.stenite; (v) a hetetogeneous matÏ,ix precipitation of Morc in austenite'

The widmanstatten cementite is the onlg xransfotmation

Teaction product identical- with that occutring in the basic austenitic

manganese stee-2. sgstem, wheteas the grain boundarg 
'ZgCø 

carbide and the

a77og pearTite reactions ane anal-ogous to the proeutectoid and peatlitic

cementite transformation products observed in HadfieLd steeL' The 
'23"A

carbid.e (fcc) was shown to exhibit a simpTe cube-cube orientation

reLationship with the ad.jàcent austenite grain and the a77or1 peatTite

constituents displag the famil-iat Kutdjumov-Sachs' teLation between bcc

and fcc structu.res.

ft js shown that \t'o rC precipitation on disfocations is the

primarg mode of nucLeation ancl gtowth of the heterogeneous mattix teaction

which occurs at el-evated ageing tempetatures (above 600oC). Â sjmultaneous

transformation reaction of grain boundarg nucLeated coaÎse fameTlar

MZSCA * sofute depheted austenite, shown to be a cJ'assical example of

discontinuous plecipitation, also occu¡s wìthin a nattout composition

linit.
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"1:,lCHAPTER ]-

1. SCOPE OF PRESENT WORK

l-.1 Inttoduction

The isothermaL decomposition of austenite to ferrite in Low

altog steefs containing the additìon of strong carhide forming elemenfs

(Cr, Mo, V, W, Nb, Ti) is accompanied' bg the precipitation of aTlog car-

bides at the advancingor./y bound.atg. A number of diffetent a77ot1 carbide

dispersions, including a pearTitic form, fine fibres and banded atrags

of fine, discrete particles, a1e fotmed during the transformation teaction'

These notphoTogies are inffuenced bg the composition of the carbide phase'

the growth kinetics of the ferrite and the crgstaTTographic nature of

the advancinq e</y boundarg. Al-though the first two factors have been

wel-l- d.ocumented in a recent teview bg Honegcombe (1976), crgstaTTographic

studjes of the d/y boundarg ìnterface have ptoved ditficuLt due to the

instabilitg of the parent austentite which transforms to mattensite on

subsequent cooTing to room tempetature'

In a recent studg of the isothermaT decomposition of austenite

to pearlite (Dippenaar and Honegcombe 1973) the probTem of the trans-

formation of the retained austenjte to marXensite on cooTing was circum-

vented. bg using a hìgh manganese steel-. After pattiaT ttansfotmation of

the a77og Fe-f3Mn-O.8C bompositjons are expressed in weight percent)

peartite and retained austenite coexisted at room temperatute permitting

a compTete crgsxaTTographic examination of the teaction. Duting the coutse

of that work the precipitation of vanad.ium carbide in association with

stable austeni te was btiefTg tepntted on ageing the a77og Fe-f3Mn-2v-O'ac

(Dippenaar 1970).
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This al-foq was investigated in greater detaiL ( AinsTeq et al- '

1979) and a number of quite distinct transformation reactions wete

reported during isothermat ageing ovel a wid.e temperatune lange. In

particuTar, in the temperature intervaf 550-770oC, òliscontinuous

precipitation of fibtous and exttemeTg fine pattìcuTate vanadium carbide

to austenite was observed and the r:eaction is describeìd b'l the exptessiori:

T * Y'''* Vc

The fine discontinuous ptecipitation (d.p.) reactioñ. was tecognised

as being eminentTg suitabl-e for ctgstaTlogtaphìc anaTgsis fot a number

of teasons. Firstlg, the unttansformed austenite (\r) renained stabLe

at room temperature. SecondTg, the vanadium carbide adopted a simpTe

cube-cube orientation reLationship with the advancing austenite phase

( y^ ) wnich was afso stabl-e at toom tempetature. Thitd'l-q , the application

of the Coincident Site Lattice l"lod.ef Xo the crgsXaTTographic anaTgsis of

the advancing austenjte boundarg (y,/ Y^ ) was directTg amenabLe since it

invofved grains of the same crgstal- sttucxure. As a resul-t of these

investigations it was shown that fibtous ianadium carbide fotmed behind

advancing planar boundaries that exhibited a high densitrl of coíncidence

lattice sites and that particuTate VC fotmed being non-pTanar boundaries

that had a Low densitt¡ of coincidence sites'

7.2 Aim of Present I'lotk

The aim of the ptesent investigation was to examìne the isothermaT

transformation charactetistics of austenitic manganese steeTs containing

the addition of alternative strong carbid.e fotming efements in the

anticipation of obsetving simiLar d'p' reactions'



l- .3 ScoPe of Present Work

ApteTiminarginvestigationoftheeffectoftheadditionof

strong carbide forming eLements on the ageing chatacteristics of austenitic

manganese steef was undertaken to d.eLineate an a77og composition suitabl-e

for ()x¿nit¡¡tic-¡tt. tttit.i-,t1t.t¡ l..it-ttttiutn ¿trtcl rtiobium wctc considcrccl sincc it

has been shown ¡¡4¡ I'e-c aTJoqs containing Ti and Nb as the ptincipal

carbjde forming e-Lements exhibit simifar isothermaT ageing behaviour to

vanadium stee-Zs (Freemart Lg7L, Grag et at. L96B' Davenport et al' 1968)

The reaction rates are compatabl-e and the fotmation of carbides isoÍÞrphous

with vanadium carbide (f .c.c. structure) occur. I4ictostgscturar examina-

tion of the fof l-owing a77oqs, based on the pubTished sof id sol-ubil-itt¿

l-imits of Ti and Nb in austenite (Aaronson l-969) :

Fe-l-3Mn-O -SC-O.5Ti

Fe-f3Mn-O'BC-Ì'íNb

showed that, aTthough age hardening due to continuous precipitation of

aJTog catbid.es occutred., no d,.p. reactions weTe observed after ptoTonged

ageing over a wide tempetature range'

Indeed, it has been shown (Ainsleg, private communicatíon) that anTg

continuous precipitation of vc occutred on ageing the a17or1 Fe-I3Mn-)'8c-0'5v

whichiscompatab]-einso]'utecontenttotheaboveaTTogsandconfirms

pravious oLtst:t'v,ttions (Ilornbogen 7972) th'¡t tlt(] t r-'r¡lsitiolì I ron cottti¡¡uclus

to disconllinuous precipitation occurs with increasingJ supersatutation'

Sjnce the maximum sofid sofubifitg of Ti and Nb (apptoximateTg 0 '5%) in

ausÈeniti c manganese steefs is much l-ess than v (2.0%) it is suggested that

the Low Level of soLute saturation obtainabTe mag be a conttibuting factot

tct the absence of a d.p. reaction in these al-foqs'
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Thus the add,ition of moTgbdenum' which has a rel-atiieLg hiqh

soLid sol,ubiLìtg in austenite, was consì¿lered since, al-l- other conditions

being equa7, it appears that L:he concentr¿tEion <>f the carl¡idtt Lormi.rtç¡

eLement in sol,ution in,rustcni Lic mancTalrc.se steefs is a sign).f icant

factor in d.etermining the nature of the transformation reactions on

isothcrmal aqeing.

An expToratorg investigation of a nuniber of Mo bearing austenitic

manganese stee-Z.s teveal-ed severaf transformation reactions hitherto un-

reported in this a77og sgstem. At elevated ageing tempetatutes (above

600oC) a fine fibrous and. particuLate precipitation reaction of I"lorC in

austenite formed over a wide composition range. A simultaneous trans-

formation of a d.p. Ieaction of ,ZS"O associated with grain boundarq

migration occurred at the same temperatures over a natrow composition

;range. Bel-ow 6OOoC the austenite transfotmed to an a77og peatlite

consistinø of MrrCU + ferrite pteceided bg the formation of proeutectoid

M23C 6 und Widmanstatten cernentite,

A detail-ed examination of the Fe-ILn-Mo-C sgstem was subsequentlg

undertaken to determine the factors controTTing the ptesence and natute

of these various ttansformation ptoducts. The resul-ts of a sgstematic

variation in a77og composition on the ageing chatacteristics of this a77og

sgstem are outl.ined in Chapter 3. A brief examination of the transformation

products that occurred on ageing beLow 6O0oC is al.so d.escribed. A studg

of the discontinuous and matrix precipitation reactjons that occurred on

ageing above 600oC is outLined in Chapter 4 together with an investigation

of theìr mutuaL interactions.
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The austenite phase in the host affog', austenitic manganese

steei., is metastabfe and undergoes a numbet of transformation teactions

during ìsothermal ageing in the tempetatute range studied in tåis work.

The stabiTitg of the austenite is also dependent on the solute carbon

and. manganese contenÈs which varg d.uring ageing as carbide ìs precipìtated

and martensjÈe mag be formed, on subsequent cooJing. Since these teactions

compTicate the microstructure rendering crgstalTographic studies difficult

and mask age hard.ening effects, a teview of the l-iteratute on austenitic

manganese stee-Zs (Chapter 2) was undertaken ìn order to determine the

range of compositions in the a77og sgstem Fe-Mn-Mo-C that wouLd gield

stabl-e austenite at room tempetature aftet isothetmaT ageing.
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CHAPTER 2

2. LTTERATURE REVTEW OF AUSTENTTTC MANGANESE STEELS

2.1 lntroduction

when Hadfiel-d announced. the discoverg of austenìtìc manganese

sÈeefs in L882 the practical impTi.cations of its unìque properties were

immediatelg recognised. lts ptincipaT vittues are: outstanding toughness,

a high work hard.ening capacitg and paÏamagnetism. The mechanicaf

properties, in combination with the l-ow cost of manganese and the

simpTe casting and heat treatment procedutes, rende¡^ Hadfiefd stee-Z

afmost indispensibte in mang industrial-, heavg dutg appTications r¡hete

resistance to ablasive wear under severe service conditions ìs demanded'

The nominaT com¡nsition of austenitic manganese steels Ianges from

L.0-l .4V" catbon ancl L0-14% m¿Ìnganese. The austenitic stlucture is tetained

at room temperature bg watet quenching fron LTSOoC to ptoduce a soft,

tough steeL. During service Xhe steef acquires a hatdened surface laqer

by abrasion or impact Toading. However, since HadfieTd steeL possesses

a refativeTg 7ow giel-d point, substantiaL dimensionaL changes occur in

service before an effective surface hatdened Tager forms. In manv cases

Ëhis mag be overcome bg col,d working prior to service but in other situations,

wlrc:re the component is a complex shape, thjs is not a ptacticaT apptoach'

since the final- toughening tteatment necessatg to deveTop the

chatactetjstic propetties of manganese steefs consjsts of tapid cooling

from the soLution t¡eatment tempetatute (in ordet to maintain compTete

sofution of the catbon in the retaìned austenite) the rate of quenching

is impnttant. The necessitg to .-;ltceecl a mìnimum ctitical- cooling velocitg

throughout the mass being tteated to ptevent precipitation of carbides
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im¡rcses a Jinitatlon on the maximum size of section that mag be effectiveTg

toughened. În practice this maximum sectìon is restticted to about l25nn.

Furthermole, the tetained austenjte in a suitablg toughened steel wilL

teadTTg decompose durlng reheating, for example conventìonal weTding

operatìons, resufting in a J.oss Ín toughness due to carbide precipitation'

Austenitic manganese steels have been the subject of extensive

researc h fot neatlg a centurg bg a Tatge numbet of workets in four main

avenues of investigation:-

(a) The infl-uence of carbon and. manganese on the stabiTitg of the

auste¡ite phase after quenchìng from the sol-ution tteatment

temperature.

(b) The effect of cofd working on the sttucture and mechanicaL prop-

erÈies in an attempt to efucidate the natule of its high wotk

hardening caPacitg.

(c) The isothermaL decomposition of the retained austenite on

teheating at el-evated temperatutes -

(d) The effect of aTToging additions on its mechanicaT propetties

and isothermaL transfotmation characteristics.

In the Literature thete are a number of contradictotg resu/ts jn

these investigatjons which can be attributed to a varietg of factors

(snith 7957, whÍte et a7.1962). Fjrst-zg, there is a Targe variation

in the initial compnsitlons of the steefs exarnined. ?his is further

aggravated bg the tact that austenitic fi6nganese sÈeeJs a¡e vetg susceptible

to segtegation on soLìclifìcation and to decarburization duting heat
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treatnÊnt. SecondTg, because of the dÍfficuLties associated with

the fabtication of high manganese stee-Z.s I some workers inadvettantlg

induced work hardening and/or decomposition during specinen prepatation.

FinaJTg, the significance of impuritg eTemenËs sucl¡ as sil.icon and

phosphorous h/as not alwags considered.

2.2 Àustenite StabiLittl

The solution treatment of Hadfiel-d stee-Z. foLlowed bg water quenching

produces a singLe phase austenitic structure that impatts optimum

mechanical properties (Ofiver and Bogd L956). The austenite is metastabl-e

and its retention on quenching is a function of composition (Hal-l- 7966) '
temperature of the quenchant and the degree of subsequent coJd working'

Cina l-958, White et al-. 1962). However, even though these conditions

mag be satisfied, decompositìon of the retained austenite mag occur

during isothermal ageing at eLevated temperatures to form a numbet of

transformation products. This aspect of austenitìc manganese steels

wiLl- be examíned in depth in a l-ater Sectìon.

The first sgstematic studg of the retention of the austenite påase

on quenching Fe-Mn-C aL7ogs as a function of manganese and catbon contents

was carried out bg Bain et af. (1932). Howevet, their tesuLts wete

subject to a svstematic error since al-l- of the allogs were sol-ution treated

at 950oC for verg short periods. EquiTibrium conditions for the higher

nanganese steeJ,s were not achieved on soLution treatnent, and, furthernore'

this tenperature is bel-ow the soTvus J,jnes of the higher carbon steels

investigated (Benz et aL. 7973). The resuLtant microsttuctures of the

steeLs within the Hadfìeld composìtìon range contained austenìte and

undissolved carbide aftet quenching. Afso, since the free carban contents
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of the temaining austenite r¿e¡e fess than the reported analgses, some

a77ot¡s exhibited a martensiÈic structure which js aÈ variance wi.th

nore recent ìnvestigators who reported the presence of austenite onlg

(Maratrag l-964, Bernshtegn l-977) .

Four dlstinct structures have been reported in the Fe-Mn-C alTog

sqstem at various catbon and manganese contents aftet quenching from the

sofution treatment temperature:

(a) The austenite phase ( Y fcd a = 0.360rN) is an intetstitiaL soLid

sol,ution of carbon retained at room temperatute on quenching and ìs

metastabl-e with respect to ferrite and (Fe,IuIn) 
,.,C 

which readiTg fotm

on reheating above 350oc.

(b) ATpha martensite ( ntr"r. a = 0.285qm, a/c = 1.O32) re¡rcrted in

the a77og Fe-6Mn-0.9C (Dautovich et af.1972), is simìl-ar to that

occuztìng in Fe-C a77ogs. Howevet, the Ms is deptessed from

approximatelg 250oC in binarg steels to weTL bel-ow toom temperature

in Fe-Mn-C alTogs containing hiqh manganese additions.

(c) ATpha prime marter2site ( a<', , d = 0.2873nm) observed in Fe-Mn alTogs

(Hol-den et a7. 1977, ,r',un""o:i ^r. 1972), has aLso been reported in

the a77og Fe-L2Mn-}.]C (Sedriks et aL. 1964).

(d) EpsiTon martensite f t a = 0.2547nm, a/c = 7.615) obsêtved in the
cph

sgstem Fe-26Mn-0.2C (Sipos 7975) ís anatogous to that occurring in

ausÈenitic /Vi-Cr stee-l.s (Otte 1957 , Cina 1958, Venables 1967,

Mangonon et aL. 1970 and Remg et aL. 1974).



The transition Y f"" to e 
"pn 

Iltêtg occur in fcc metals of 7ow

stacking faul-t enelgg (Remg et af' 1974) bq the superposìtioning of

stacking faufts on everg second (trr) r.o plane' Trioana et af' (l-943) '

who re¡nrted the existence of e 
"On 

ìn Fe-Mn aLlogs, considered the

structure to be a transi tion phase Ín the ttansfL¡¡¡ation reaction Y f".*

&,o... This 
.view 

was reaffirmed bg cina (1957) who afso observed an

anaTogous pfjocess in the Y r"?4O", ttansformation ìn Fe-Mn-C a77oqs'

crocker (1962) suggested that the accomodation distortion for the

reaction Y rc? nL"" mag be sìgnificantlg reduced bg the presence of an

intermediate t , phase. G¡unes et af. (1972) examined the transformation
cpn

of austenite jn Fe-l-S}ln using efectton microscopg technìques and found

that d.t 
^^^ 

nucleated as thin plateLets at the intersection of two e 
"pnDCC

Laths and concluded that in this sgstem the two stage teaction:-

Y r"" - 
E "irþ- ú bcc

occurred with t 
"pn 

acting as an intermediate phase in the decompnsition

of the austeni.te to *í"" martensite.

ATthough severaT investigatozs (Bain et af. 7932, Hal-L 7966) have

examined. the infl-uence of carbon and manganese on the as-quenched structute

of a number of Fe-l,In-C alTogs no sgstematic teview of the vast range of

a77ogs repotted. in the literature has been pubTished. A compiLation of

this data, ind.icating the approximate clemarcation Lines between ausÈeniÈe

and the various martensite ptoducts, has been consttucted bg the authot

of the presenÈ wotk and is illustrated in Fig' 2'7'
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It can be seen that the composition range of HadfìeLd steel- l-ies weTl-

within tÌ¡e austenite tegion. High manganese-fow carbon alTorTs exhibit

Y + t martensite whereas how manganese-high carbon steefs exhibìt Y +

oL ¡¡ta¡rfel¡lsite. The boundaries of the 3 phase f +4 +t structure observed

at an intermediate composjtjon tange are onlg tentativelg indicaxed due to

a fack of sufficient data ìn the Lìterature. Not incfuded in the diagram

/is tàe o(- structute which ìs fonred. at vetg 7ow catbon Levels in the
bCC

range 0-l-5?. Mn (Hol-den et aL. 197L' Grunes et aL. 1972).

Since high nanganese sÈeeJ,s are verg susceptibTe xo segregation on

sol-idifÍcat,ion (Col-Iette et af . Ig57), and decarburization on heating in

air (sedriks et al. 1966) , this d.iagram mag expTain some of the 'dìs-

crepancies in the mÌcrosttucËures obtained bg a numbet of investigatots

examininE the Fe-Mn-C sgstem. For example, the a77og Fe-73Mn-0'7C (who77g

austeniti c on quenching) has been shown to exhibit Y + d +e on quenching

after soaking in air at l-150-7Z0OoC for sevetaL hours (Grigorgin et a7.

1968).

The com¡nsition fimits of a77ogs whose mictosttuctutes are found

to be austenitic on quenching to subzeto temperatures (-1g6oc) ate al-so

indicated in Fìg. 2.7. Obsetvations repolted bg V,tLúte et al-. (7962) tend

to suggest that the retained austenite boundarg Tine js shifted hotizontaTTg

to the right and that the overaTT etfect jn the microstrucÈures of the

a7logs on quenching to -Ig6oC is apptoxìrmteTg equivalent to reducing the

carbon content bg about 0.3%.
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The effect of subsequent coLd wotking on the microstructures of

quenched Fe-Mn-C a77ogs i¡as been extensìve7g investigated bg a numbet

of workers in an attempt to explain the hìgh work hardening capacifg of

austenitjc manganese stee-l,s. It has been found that both -1 and e

mattensite nng be induced ìn sone a77ogs bg deformation at room tempetature.

ATthough jt is not ¡nssibTe No quantifg the pubTished data since diffetent

modes of deformatTon were used (s7ow compressìon, im.pact Toading, rolling

and tensj 7à bading) the general- effect observed is a vertical- shift of the

boundarg Ljnes in Fig. 2.7. For exampLe, it has bæn shown that Fe-2OI,In-0.2C

(Y +e ) transforms to\ +d.+E Gìna 1g5s); whiTe the allog Fe'4Mn-l-.2C

(Y ) transfonns toY + o< (white et al-. 1962).

Defotmation at subzero temperatures has been observed to further

erthance the presence of the martensìtic structures. ft Ì¡as been shown

that the a77og Fe-L3ltln-7.8C, whìch remains whotTg austenjtlc on quenching

to subzero temperatures or after deformation at room temperature, ttansforms

to f + o(+ t when d.eformed at -7g6oc (white et aL. 7962). rt is therefore

propnsed that the ovetaff effect of deformatìon at subzero tempetatures

on the structure of guenched Fe-Mn-C a77ogs mag be quaTÍLat:ivelg described

bg a verticaL and horizontal shift of the boundarg Lines in Fig. 2.7.

Detaifed investigations of austenitic manganese steeLs of Hadfield

com¡nsition, which l-ie welf within the ausÈenite region in the diagtam,

have shown that theg remain wholTg austenjtic even aftet severe deformation

at -196oC (Otte Lg57, Cina 7958, White et al. 1962). Thus onlg those nanga'

nese steeLs with compositions cl-ose to the austenite boundatg l-ine ate

susceptÍbfe to martensitic transformatTon bg eoTd working and/or quenching

xo subzeto temperaÈures.



20

2.i ltork Hatdeninq of Austenl.tic Manga¡1esê Steels

ATthough the mechanism responsìbLe for the unusuaTTg high work

hardening capacitg of austenitic rnanganese steefs has been the subject

of extensive teseatch and specuTatìon bg numerous investigatols no

concLusive evidence has get been presented to satisfactorìL7 explain this

phenomena. EarTTer views that work hardening resu-l.ted from decomposltion

of the austenite to martensi,te (Hall- l-929, Krivobok 1,929, Coffette et al-.

1957) have been d,iscounted since jt åas been shown bg eTectron microscopg

studies that the structure remains who779 austenitìc after severe defozna-

tion (Roberts L964, Sastri 1973). It can be seen from Fìq. 2.L that carbon

depletion of Hadfiel-d steel- bg either focal-ized segregatìon ot decatbur-

ization d.uring specimen preparation (as suggested bg White et af. 1962)

wil-l- tesuLt in a structuraT change to ù( and t, martensite.

SeveraL investigators have attributed the high work hardening abiTitg

of Hadfiekd steel- to its fow stacking fautt energg (10. 20 ,n¡/^2, FiTip¡nv

et al-. 1977). It has been shown from detaifed el-ectron microscopg tech-

niques (Raghavan et al-. L969, Sastrj 1973) that numerous intrjnsic stacking

faul-ts are observed at smal-l- ptastic sÈrains. The individual stacking

fauLts thicken with increased deformation to form twin LameLTae which

subdivide the origina-L austenitic matrix into smaLlet domains. (Defotmatìon

twinning ma7 occur in austenite bg the super¡nsitionìng of stacking fauLts

on everv (111i( plane (Reng et al-. 1974)). tt was concLuded that work

hardening vtas caused bg the formation of a Targe numbet of twin boundaties

whích wete observed to be effective barriets to disLocation movement.
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SjncethestackingfauTteneflggofausteniticmanganesesteels

d.ecreaseswithdecreasingtenperature(otte7957)thÍsmechanismwould'

seem to aceount for the highet wozk harilening tate of Fe-l'3Mn-I'2C at

subzeto tempetaXures (Whìte et a7. 7962, Raghavan 1969) ' Howevet ' two

difficul-tjes arlse wTth thTs suggested mechanlsm. Fírst, a reduction

in stacking fauTt enez:gq brought about bg d.ecreasìng the carbon content

toSago.S%resu.ZtsinadecteaserathetthananTncreaseinwotk

hardening rate (white et al-. 1962). Second, HadfieTd steeT stìIf exhibits

a high work hardening rate above 225oc where, as Dastet et al-' (7979) have

shown, mechanìcaf twinning is no longet observed'

The suggested tv¡inning mechanÌsm fot the high wotk hatdening of

ausÉenjtj c rnanganese stee-Ls was dìscounted bg Roberts (1964) when he noted

that this pfrocess is aJ-so obsetved, to Fe-Ni a77ogs (Cohen 1962) but does

not produce the sane hardenìng effect. He ptoposed that disLocaxion

rocking occurred in Hadfiel-d steei d.uring deformatìon eìthet bg segregation

of the jnterstjtial sol-ute cafjbon or precìpitation of a fine carbide

dis¡rersion. sastrj et af. (Ig74) aTso considered this approach when theg

found. that heaviTg defotmed austenitic manganese steel age hardened from

750 Hv to'g50 Hv after heating at 350oc for 3 hours - Although no evidence

of catbide precipitation was cletected bg efectton mictoscopg teclniques'

an inilication of carbon cLustering was obtained bg Þtossbauer specttoscopg '

Daster et aI. (Ig7g) repntted that the stress/strain curves of a

commetcia| grade HadfieLd steeL exhibited serrated flow during tensiTe

Ioading over a range of testlng tempetatures. Kinetic studies indicated
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that this etfect was refated to vofune diffusion of carbon jn ausÈeniÈe

and. it was tentativeTg pro¡nsed. that work hardening is caused bg teorienta-

tion of C-Mn coupl.es in the strain fìeLds of disl-ocations bg short range

jumps of catbon atoms.

Thus curtent specufatìons on the woxk hardening mechanism of

ausËenitjc manganese stee-Zs tend to ìnvofve the interstitìal sol-ute

carbon. This is not unex¡>ected since Hadfiefd steef containìng 7.?%C ìs

an intenselg supersaturated soTid sol-ution with pnrhaps the highest

interstitiaf sofute content of ang fetrous a77og known at ambient

temperatute.

2.4 IsothetmaL Decomposition of Austenite

The austenite obtained on quenching high manganese steeL is metastabTe

and readiTg undergoes decomposition during isothermaT ageing Ín the tem-

perature range 300-700oC (Irvine et af.7956, CoTTette et aL.7957, Imai

et aL. 1962). The Fe-Mn-C equìLìbrium phase diagram indicates that the

equiTibrium structure of tåese stee-Z,s at 600oC consists of ferrite and

carbide (Benz et al-. 1973). The carbide, with the stoichionetric

compnsition M3C containing considerabl-e amounts of nanganese in soLid

soTution, has an orthothombic crgstaJ. structure whose unit cel-I djrnensions

increase with manganese content.

The microstructure of high manganese steeLs after partiaT ttansforma-

tion exhibits Wìdmanstatten cementite, grain boundarg catbíde and nodular

peatlite cofonies in an austenìte matrix. The decomposition charact'eristjcs

of a nurnber of seLected allogs published ìn the TTtetatute are reptoduced

in Fig. 2.2 where the C-'curyes represent the onset of the transformaiion

reactions. The formation of ¡rear7íte on isothermal ageing of HadfieTd
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stee_¿ (Fis. 2.2a) is preceded bg the nucLeatìon of proeutectoid

cementite since the composìtion of the a77og ìs hgper-eutectoid (Rohtig

1974). A continuous fil-m of grain boundatg catbÍde fotms aTmost

ìmmediatelq on ageing above l\OoC and intragranuTar pTates of tLìdman-

statten cementite ínitiate wÍthin one minute at about 550oC. Nodul-ar

pearTite colonTes nucfeate on the graìn boundarg carbide and wìdman-

statten cementite at 60O0A aftet an l-ncubation period of L5 minutes.

Transformation to 5O% vofume ftactìon of pearTite occurs at 500oC and'

it is estjmated that approximateJg 5 gears woufd be required fot the

reaction to go to compTetion (Inai et al- - 1962) .

A red,uction in the carbon content to O.S%(Fig. 2.2b) retards the

formation of grain boundatg carbides and eLiminates the Widmanstatten

cementite reaction on isothetmal ageing. The onset of the ¡narlite

teaction is unaffected but the maximum vol-ume ftaction ttansfotmed is

onlg about 20% after 24 hours ageing (Dippenaar 7970) '

Reducing the manganese content ftom 73% to 6% (Fis. 2.2c) gteatTg

affects the kinetícs of the transformation reactions. ATthough Maratrag

observed. t.he presence of gtain boundarg carbides in this a77og the

Teaction was not incl,uded jn the transformation diagram. However, this

reaction is expected to be simiLar to that in Fig. 2.2a but shifted somewhat

to the l-eft. Above 450oC the pearTite reaction precedes the Widmanstatten

cementite and goes to compTetion in l-0 hours at 550oC'
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The remaìning austenite in high manganese steefs that ate partiaLLg

transformed to pearTite unðlergoes a further transformaXìon to t' martensite

on subsequent cooLìng to îoom temperature (Nìshigama L935, rsoø) Lg5l-,

CoLl_ette et aL. Ig57). A graduaTTg broadening lager of t mattensite is

obse]lved at room temperatute in the austenite ìmnedìatelg ahead of the

advancing peatTite cofonies. Detaì7ed examination of this mattensitic

reaction ln the atTog Fe-L3.7Mn-L.2c (lnaì et af. 1962) using metaTTographic

techniques supplemented bg diTatronettg and x-tag difftractjon has

reveal-ed that:-

(a) The remaining austenite, after ageing at 500oC for L00 hours

transforms fu77q to t maîtensite on cooTìng to room tempetature.

(b) rh.Y- e transformatìon temperature on cooTing is just above

toom temperature.

(c) The martensitic reaction is reversible and t'het*Y transformation

occurs over the tempetature range 200-280oC on teheating.

The formâ.tion of e martensite can be consid.eted to be a tesuft of a

d,gnamic change in the composition of the temainìng austenite as the

¡narTite teaction proceed.s. sìnce ,it can be shown that the mean catbon

content of pearlite nucfei is higher than the mattix it fol-fows tåat the

remaining ausÈenite becomes carbon depleted bq Tong range diffusion as

the pearTite col-onies advance. ?hus it can be seen with refetence to

Fig. 2.7 that, as tl¡e catbon content is teduced, the ausÈenite becomes

^Zess stable and has a greater tendencg to fotmmattensite on quenching'

The absence of o1 mattensiÈe in Èhe structure is not unexpected since
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çIuenching is cattied out ftom tel-ativefg Low ìsothermaf ageing tempeta-

tures (approximatelg 5000c) .

Imai et al-. (1962) had pro¡nsed that Tong range diffusion of

manganese during isothermaT ageing was also significant in the formation

of E martensite. However, other sÈudies bq CoTJette et al-. (1957) using

el-ectron beam micro-anaTgsis techniques showed that thete was no

vatiation in manganese content between the austenjte regions immediateTg

ahead of the advancìng pc:arTite and those far removed from the cofonies.

Kinetic studies bg CoJLette et aL. (1957) have shown that the

diffusion of manganese in the ferrite is the rate control-Líng process in the

formation of pearTite in Fe-ILn-C a77ogs. Since the solid solubilitg of

manganese in ferrite at the isothetmal- ageing tempetatures is about 2%

(Benz et al-. 1973) partitioning of manganese occuts and the carbide

(Fe,Mn) -C forms. This view is con.sistent with earl-ier obsetvations that
J

the pearJjte Èransfotmation reaction tate increases with fower manganese

content.

The effect of catbon content on the transfotmation tate of the

pearJite reaction in high manganese steeJ.s is not quite as evìdent. A

meclranism, suggested bg the author of the present wotk to account fot

this influencet is ouÊl.ined in Section 3.6.2.

The adverse effects of the transformatìon products on the mechanicaL

propetties obtained on ageing austenitic manganese steel-s have teceìved

considerabLe attention in tåe Literature because of the wide practicaf
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impTicat.ions (Itvine et af . f956, ol-ìver and Bogd 7956, Cof Lette

et al-. 7957, Imai et al-. 1962). The d.uctì7itg of Hadtield steeL is

reduced from 65% elongation to Less than 5% an isothernaT àgeing'fo'r one

hour at 6OOoC. This loss jn ductiTitg is afso accompanied bg a sub'

stantiaf decrease in tensil-e strength- The infLuence of ageing fot one

hout ovey a wid.e temperatute range on the mechanicaT ptopetties of the

atTog Fe-l-3fin-l-.2c is shown in rig. 2.3. A dramatic d'ecrease in the

characterjsÈjc toughness of austenitic manganese stee 7 begins at 400oC

due to the precipitation of grain boundarg and Widmanstatten cementite

and is maÍntained up to g00oC where tedissoLution of the catbide occuts -

ATthough tensile strength, elongation and reduction in atea fofl'ow a

simifar pattern the gield strength rç,mains constant over the entire

ageing temperature range.

In contrast, there js an increase ín hardness over the cortespondìng

temperature intervaL. lmai et af. (1962) consideted this to be due to the

precipitation of Widmanstatten cementite bUt mictohatdness measurements

of pearTite nodul-es bg the author of the present wotk showed that this

structure exhibited a hatdness of 500-600HrZO0g. This rel-ativelq hìgh

val,ue for pearliÈe js attributed to a numbet of factors: the exttemeJg

fine interl-ameLl-ar spacingr', the subgrain structure of the coLonies and

sofution hardening of the fertite phase which contains dissolved

manganese. Wear tests have shown that the abrasion resjstance of high

manganese steel. , isothermatlg transfotmed to 50% peatTite and exhibiting

a gtoss åardness of 450Hvrg, is infetiot to austenitic manganese steels'

This mag be due to a decrease in the work hardening capacìtg of the

remaining austenite because of carbon depletion'
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2 .5 Crqstal-l-ostaphtl of the Deconþosltìoñ Ptôducts

2.5.1 Proeutectoid Cementìte

(a) l{ìdmanstatten cementite

The orientatìon rel-atìonshìp between lÌidmanstatten cementite

and the ad.jacent austenjte was determÌned in the a77og Fe-72.8Mn-7 '28C,

(Pltsch 1963), and the centtes of the range of orientations were

found to be:- Pitsct¡ ReLation

(0o1) // (225)
c

(o1o) // (1 1o)-c

(1oo)c // (5s4)

This resul-t has been confìtmed bg other ìnvestigators and agtees with

the reLations predicted bg STeeswgk (1966) and Jack (7974).

(b) Grain boundarg cementite

Proeutectoid. cementite also nucl-eates at austenite (\r/\r)'

grain boundaries and grows for a shott distance inXo one of the

austenite grains (Yl to form a continuous carbide netwotk. f.t has

been shown that the grain boundarg cementite and the adjacent austeniÉe

grain (Yl into which it is not growing aTso exhibit the Pitsch

rel-ation (Dippenaat 7970) .

2.5.2 Pearlite

In binarg Fe-C steels two distinct ctgstaTTographic otientatìon

refationships have been established between the cernentite and fettite

phases (Ohmori et al-. 1972).
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(i) Pitsch-Petch Relatìon

(1 0 0) 2 -60 from'c
(0 1 0) 2.60 from'c

(o o 1)c //

(1 37)

(1 I 3)

(s 2 1).(

(iì) Bagargatskl RefatLon

(t-00)c // (o11)4

(0 t_ o) e // (1 t r)6-

(00t-)c // (217)4

Shackl-eton et al-. (1969) investìgated a nuflíber of pearlite

coLonies in the aTlog Fe-12.?Mn-f.l-5C and found that the peatTite

constituánts exhibited both the Pitsch-Petch and Bagargstski orienta-

tion rel-ationships indicatìng that there is a sÉrong simiTaritg in the

nucLeation process of pearliÈe in pTain carbon and austenitic

mangdnese stee-2.s.

ft is propnsed bg Jack (1974) that the orientation rel-ationships

between carbìdes and the matrix in steeLs coufd be consideted in tefins

of a simpl-e correspondence between the metaL atoms that coordinate the

interstitial- atoms in the carbide and the octahedron of metaL atoms

that iurround the carbon in the parcnt phase. Both the Pitsch and the

Bagargatski tel-ations can be derìved from Èhis consideration and, furthez

ÍÍþre. a combìnation of the ferrite-cementite and cementite-austenjte

re-Lationships is consjstent with the weIT estab-ljshed Kurdjumov'Sachs

otientation between ferrite and austenite.
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(07 0) c
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Indeed, Darken et af. (1962) have suggested tåese otientations

between the pearTite constituents anil the prior austenite in pTain

carbon sÈeel.s although theg were unabfe to d.etermine a compTete

crgstaTTographìc anaTgses of al-l- phases due to the transfotmation

of the temaining austenite to mattensite on quenching to toom

temperature.

This probTem was overcome bg utìTizing the unique ptoperties

of austenitic manganese sÈeef. Sjnce the Ms ís depressed to subzeto

temperatures (section 2.2) the remaining austenite coexists with

pearTite after partiaT transformatìon. Dippenaar et a7. (1973)

succeeded in obtaining a fu77 ctgstaTTogtaphic d.esctiption of the

pearTìte phase and the adjacent austenite in the a77og Fe-ff.9Mn-0'79c'

In essence it was shown that the peatlite constituents of colonìes

that nucfeated on grain boundarg ploeutectoid cementite dispTaged Lhe

Bagalvatski reTationship whereas those pearTite cofonies that nucTeated

on ,cfean' austenite gtain boundaties exhìbited the Pitsch-Petch

teTation. In both cases the pearTixic cementite was found to be

related bg the Pitsch tefationship to the adjacent austenite grain (Y2)

in which it was not growing. Tn addition, xhe çnattitic ferrite, in

the case where colonies nucl,eated on clean austeniËe gtaín boundaties,

was found to displag the Kurdjunav-Sachs reLationship with (Y /.
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It can be concLuded from that wotk that the fetrite which forms

at the, grain boundarq between two austenite grains is in direct contact

with \ . and, moreover, has a 7ow enetgg interface wìt'h Y , definea
't

bg the Kurdjumov-Sachs relationshìp. Conversefg, the random otienta-

tion between the ferrite and the austenlte grain ( Y I in which nodul'e

growth occurs resu-/. ts in a high eneTgg intetface of high nobiTitg '

sinilarTg, the pearTitic cementite afso has a high energq mobiLe

interface with Yl. The overal-l- effect of pearlite growth is the

migration of the original Y1/Y , grain boundarg interface into the

Y austenite qrain and the p¡:ocess mag be defined as a discontinuous
'1

precipitation reaction (Hornbogen I972) '

Thus the major contzibution of the above wotk to the studg of

the pearTite nucfeation and. growth ptocesses in steels tias to show that

there existed. an orientatìon refationship between one or both of the

pearTite constituents and. the adjacent austenite gtain ( Y / in which

it was not growing. Howeve?, some of the concTusions ate inconsistent

with the suggestions and obsetvations of othet workets. FitstLv, it

was shown that pearl-ite coLonies displaging the Bagargatski orientation

reLationship invariabTg nucl-eated. on p?e-existing gtain boundatg cenen'

tite. The pearTitic cementìte was shown bg dark fieTd eLectron

microscopg to have the same orTentation as the proeutectoìd cementite

which jn turn was rel-ated to the adjacenÈ austenite gtain ( Y ì bg the

Pitsch reLation. But the pearTitic ferrite was stated to be randomTg

orientated with respect to Y r, contrarg to the suggestions of Datken

et al- (1969) and Jack (1974) who showed that the Kurdjwnov-Sac'hs

refationship must exjst between the ferrite and austenite phases under

tl¡ese conditions.
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Second.Tq , Dippenaar et aJ - ptedìcted, on the 'basis of theit

ex¡>erlnental rasu IEs, that tl¡e D¿tgargatski orlentation relationship

woufd predomLnate in pearTìte coLonìes ìn a mote hgper-eutectoid steel

since the fotmation of proeutectoid grain boundatg cenentite is

enhanced (Section 2.4). Howeve7, Shackfeton et af. (1969) showed

that onlg one of eLeven pearl-ite nodules examined in the a77og system

Fe-l-2.\Mn-L.75C disptaqed the Bagargatski relation and the temaining

ten col-onies exhibited the Pitsch-Petch rel-ation.

A numbet of factors mag conttìbute to these discrepencies.

ft has been observed bg the authot of the present work that pearTite

nodufes jn these stee-7s ate not simple duplex strucÈures but consist

of nuTtipTe subgrains that d.ispTag diffetent variants of the

orientation rel-ationships. In addition, the interlamell-ar spacing

within each subgrain, whìch are onTg se7etaf J000nm ìn diametel, ate

of the order of 1o0-500nm (Honegcombe 1976). Under these conditions

extreme care must be exercised in order to obtain a true representation

of the various orientations bg eLectron difftactìon technigues. It

is shown Later that the ,utiLization of Kikuchi pattetns, which are

readiTg avail-abLe in the austenjte pàase, greatTg simplifies the

or ienÈation determinations .

2.6 Modificatìons of Austenitic Iulanqanese Steei.

The ¡oss of toughness and the ìnabiJìtg to form an effective wotk

hardened. surface Tager aftet reheating is a serzete testriction on the

practical appTications of hìgh manganese steels. The maximum wolking

temperature is linìted to 260oC (Avetg 1961), and repair or lesulfacing

operatìons using weTding techniques must be apptoached with caution' In
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addition, heavg section castings mad.e flom high catbon gtades of austenitic

manganese steeJ,S a1e pTone tO ctacking in the foundtg duting sTow coolinq

from the meft because of catbìd.e precìpìtatÍon. Although a teducXion

in the cAnbon content from 1.2% to 0.87" wìfl- reduce the tendencg' to cause

embrittLement there Ls afso a substantial- decrease jn the wotk hardening

çntential of the mat.rix Orhiæ et aI. 1962) -

A second npdificatíon to the composltion of Hadflel-d steef js the allog

Fe-6l,In-f .2C which has been found. Xo offer a higher tesistance to gouging

and grinding abrasion but possesses onTg mod.erate toughness, (Notman et a7.

1960). It can be seen wjth refetence to Fig. 2.7 that Èhese ptoperties

are the resu^Zt of partìal transfotmation to d- martensite on su.bsequent

coTd working. Another drawback wíth thìs fower manganese steeL is that

jt is even mote susceptibLe to catbìde precipitation on reheating than

conventional HadfieLd steel.

A thitd vatiatìon ìn the mìcrosttucture of austenitic manganese stee-Z.s

that has r.eceived some attention in the literature is a process described

as 'd.ispersion hatd.ening' (Maratrag et a7. 1961, Ha77 7966) . Nomínal Had-

fieLd stee-l. is sol.ution tteated., foTTowed bg isothermal ageing to produce

partiaT transformation to pearlite, then upquenched to approximateTg g00oC

to spherodise the carbide LameTTae and finaflg watet quenched. The

resuftanÉ mícrosttucture consisÈs of a refined gtain size and an uneven

djstribut ion of undissoLyed carbid.e which ìs generaTTg Tocated in the

vicinitg of grain bounclaries. The affect is a flþde¡ate ìnctease in gield

strength and ìnitial hard.ness, which slightlg teduces the undersìrable pJastic

ftow that occuts in setvice.
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However, the presence of undissofved carbìde not onlg fowets the

ductiJ-ittl of the steel- but aLso its work hardenlng capacitg due to the

renovaL of catbon ftom soLutÌon. Sìnce controL of the catbide dispersion

js al.so linited bg the ìnherent segregatTon of cast ausÈenitic lllranganese

steel.s lsedrjks et a7. 7964) , and the crìtLca7 tequìrements of the heat

treatment proced.ute in tl¡e upquenching stage, the process is not

tecommended.

Thus the modLfìcation of Hadflel-d steel. bg vatging the carbon/

nanganese ratio or the conventìonal heat treatment procedute causes a

d,ecrease in the characteristic touglutess and/ot work hardening ¡ntentiaT

with a resuLÈanÈ restrìction in its generaT appTícations.

The additions of stlong carbide fotming elenents to high manganese

steeLs , in particuJ-ar chromium and moTgbdenum up to 2 weìght pet cent, is

an estabfished practise (Matattav l-964, Middleham 7964, Averg 796I) ' In

Èhe solut ion treated. condition tl¡ese additions cause a slight increase ín the

initiaL hardness of the austenife and marqinalTg improve both the gìeld

¡nint and the tensil.e sttength due to sofid solution hardening ' Thus ex-

cessj1ze dimensional changes of austenitic fir.nganese steefs that occur in

serrzjce as a lesuLt of plastic flow prior to work hardening are teduced'

Both chtomium and molgbdenum bearing manganese stee-Z.s are Ieported to dís-

pTag a greater weaJ^ resisÈance than the basic HadfieLd steef ìn some

applications (HaLL J-966)
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Rao et a-1. (1963) exa¡nined the inffuence of a numbet of catbide

formers (Cr, Mo, W, V, Tl) on the transformatìon charactetistics of

austenitlc manganese stec-Zs. Their results were ìnconcl-usive since the

wide variation in the soLìd solubil-itg of these carbides jn austenite was not

consideréd. Aff steefs. irrespectìve of the kind and quantitg of carbide

former added., were sol-utìon treated. at l-l-O0oC producing microsttuctures

consistlng of undissoLved a77og carbides in ausÈenite. The formation of

these carbides effectiveJg removed vargìng amounts of carbon ftom the

austenite matrix. Since ìt has been shown earl-iet that the ttansfotmation

chatacterjstjcs of austenitic manganese sËee-Z.s are greatlg influenced bg

the carbon content (Section 2.4) no quantitatiye resu-l.ts can be obtained

from this work.

Maratrag et al-. (1961) have repnrted that 27"Mo completeTg dissolved

in austenitic manganese steel. eLÍminates the formation of Widmanstatten

cementite on isothermal ageing and increases the incubation period for the

onset of the pearlite reaction. It wil-7 be shown in Later chapters of the

ptesent work that the addition of moTgbdenum has a more fundamentaf infiuence

on the transfotmation charact.eristics of austenjtic manganese stee-Zs in so

far as the decomposition products ar"e concerned. The crgstaL sttuctute ot

the proeutectoíd carbide and the pearTitic carbide will- be sho¡,r¡n to be

the complex cubìc carbide VZZCA. ft wiTl- al-so be shown that at higher

ageing temperatures ( 2AOOoC) two further transformation reactions occu¡^;

discontinuous ptecÍpitation of grain boundarg nucl-eated noduLes compnsed of

MZSCø * austenite and precipitation of MorC in austenjte causìng

substantiaf hardeníng of the matrix.
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ptecipitation hardenìng of austenitic nanganese steels containing

other strong carbide forming el-ements have been re¡torted jn tàe Literature.

The a77og Fe-L4Mn-4Cr-0.8C age hardens ìn the temperature range 6500-g00oc

(with a maximum harðlness of 375Hv) due to matrix precìpìtation of the a77og

carlridc- M23C(, (Sai.to 1972). Decomposifion of thc: ausùenite to gtain boundarg

carbide and pearlite was afso observed at lower ageing temperatures but

not reported in ang d.etail. The additTon of 0.55V to this a77og incteases

the age hardening response to 440Hv due to the precipitation of VC in the

austenite.

fmai et aL. (1970) reported a greater age hardenìng response in the

rno;re complex a77og sgstem Fe-l-7Mn-l-2Cr-2 .4V-2 .2Ni-O.44C . Peak hatdness

is attributed to precipitation of extremeTg fine coherent partìcles in the

matrix and overageing coincides with Loss of cohetencg when the patticles

size exceeds l-6nm in diameter.

Age hard.ening of the altqV Fe-25Mn-5Cr-5Ni-1Nb-0.IC due to precipitation

of NbC on disLocations at 800oC and on stacking faul-ts over a range of

temperatures beLow TOOoc has al-so been reported (Chaturvedi et aL. l-965).

Atthough the compositjons of the above aL7ogs are :omplex and deviate

bg varging amounts from the basic Hadfiel-d sgstem, theg iTTustrate tl¡e

propensitg of austenitic manganese stee-Z.s to age harden bg the precipitation

of a number of different alTog carbides. The additions of chromium and

nicke-l have been incLuded in these aL7ogs to ìncrease täe stabiTitg of the

ausÈenite phase. However, the same resuft can al-so be achieved bg sinplg

increasing the carbon content of hiqh manganese steeLs (FiS. 2.1) and the

compficating effeet of the precipitation of chromium carbide, which can

occur in Èàese sgstems (Saito 1972) js eliminated. Thus, in the ptesent
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v{e1k,, no¡e neaningfùf and fundamental infOrmatìon mag be obtained bg

considering the addìtlon of a sìng7e carbicte forming efement to maximum

supersaturation ìn a host aLJog cLose to the basic Hadfield compnsìtion'

.å djscuss ion of a recent ìnvestigation of the a77og Fe'l-3Mn'2V-0.8C (AinsLeg

1979) which satisfies tåese criteria ìs outl-ined below'

The maximum sofid sofubifìtg of vanadium in Fe-73Mn-0.8C is 2% at

l-300oc whir;h is about 20-3ooc bel-ow the soLidus temperatute. Precipitation

of VC, under equiTibtium conditions at the ìsothetmaf ageing tempetature

(600oC) removes apptoximatetg 0.45%C from sofution reducing the comçnsition

of the remaining austenite to Fe-l-3Mn-7.35c. Thus, ftom Fig. 2.1-, vc

precipitates coexist with stable austeniËe on subsequent coofing to room

temperature in this a77og sgstem.

Three quite distinct transfornation teactions, obsetved ovet the

ageing temperatur:e intervai 400-900oC, are surwnatÍzed in Table' 2.1.

TabLe 2.7

400-900

400-550

550-7 L0

640-900

General I'Iatrix Precipitatíon

Pearlite, (Fe,Mn) ,C + o1

Discontinuous fine

Precipìtation coaTse

TEMPERATURE RANGE fC)TRAN SFORUAT T ON REACT TON

The tirst reaction, generaT matrix precipltation, is identicaL with that

observed bg Inai (Ig70) discussed eLsewhere. An extremeTg .fine dispersion

of semi-colrerent VC particfes fotm homogeneousTg thtoughout the matrix and



,59

resu-Z.t,s in a verg substa¡¡tia7 age hatdening effect (55OHv) '

The second reactlon, decom¡nsltlon of austenlte to (Fe,Mn) 
3C 

+ e¿-

is sjmi1ar to that occurring ìn Fe-Mn-C a77ogs. In additTon, VC precipitates,

al-so observed within the ferrìte l-amel-l-ae, are consLdeted to have deveToped

in contact wìth the advancinq d-/\ boundarg.

In the third reaction super.saturated austenjte (Yl decomposes in

a d.iscontinuous manner at grain bound.aries to gìe7d a dispersion of VC

precipitates jn sol-ute depleted, austenite ( Y ). At the hìghet ageing

tempetature range coarse lamaLl-ae VC forms and ìs easiTg tesol-ved in the

optical microsçope. At l-ower temperatures tÌ¡e motphoTogg of the VC

precipitates, revealed bg eLectton mÌctoscopg, consists of Tong thin fibtes

and smaff discrete particles. The resuf ts of crgstaTTogtaphic studies of

thistransformation reaction have been previouslg discussed in Chapter 7.

Although the fine d..p. reaction occurs over the temperature intetval- 550-

7l-0oC it onlg proceeds to completion beLow 640oC. Above this temperature

genetal matrix Rtedjpitation ahead of the advancing coLonies ptevents

compTete transformatTon from taking place. In fact, termination of the d.p-

reaction coincides with peak åardness of the untransformed austenite ( Y l.

Although the hatdness of the structure after complete transformation

to the fine d. p. reaction product is about 55OHv the work hardening

capaeitg is expected to be much Lower than Hadfìel-d steef because of the

reduced. carbon content (0.35%C) of the austenite phase. In addition there

is a marked. reductìon in tensil,e properties. The verg 7ow ductiTitq of this

al7og (7% elongation compared with 65% for Hadfiel-d steeT) causes- premature

fracture during tensjLe Toading.



40

It woufd seem to the author of the ptesent work, however, that the

utifization of the generaf mattix precìpitatìon product that forms teadiTg

at higher ageing tempeIatuf:es mau be of some ptactical sìgnificance.

If the carbon content of the sofute depleted austenjte can be increased

bg carburLzatìon duting the ìsothetmal ageing plocess ' a steel of essentiallg

HadfieLd composìtion containing a dispersìon of extreneTg fine ptecipìtates

mag be rea-z,ised. ?hus , an a71og with the characterìstic toughness and

work hardenlng ¡ntentìa7 of convenional austentìc manganese sÈeel coupled

with a high initial- hardness and, ìmproved gieTd sttength is envizaged'
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CHAPTER 3

3. TSOTHERMAL TRANSFORMATTON OF Fe-Mn-Mö-C ALLOYS

3.1 Genetaf ObsêrvátÌ.ons and pteLlntÌñarq Invêstlsations

3.I.L SoLubll-itg of MoTgbdenum ìn Austenitìc Manganese stee-ls

ATthough it is known that apptoximateTg 87" Mo wil-l- dissofve in

austenjtj c Fe-c aTloqs the sol-ubì7itg linìt of moTgbdenum in austen-

itic manganese steefs has not been repotted in the Litetatute' Manga-

nese tends to increase the sol-ubiLitq of earbide forming el-ements in

austenite (Freeman 1971) whil-e catbon has an oppnsing effect and al-so

substantiaTTg Towers the sol-idus temperatute. The pattiaT phase dia-

gram of the reTevant portion of the quartemarg sgstem Fe-Mn-Iúo-c

was òletermined bg metaTTographic techniques (Appendix AJ) and the

resul-tant sol-vus and soLidus tempetatures as a function of molgbdenum

content for Fe-L3fin-|.5C and Fe-73Mn-l-.2C steels ane shown ín Fig' 3'7'

3.1.2 Isothermal Ttansformation Reactions

' A number of austenitic manganese stee-Ls containing up to 8%

Mo with a sgstematic variation in manganese, moTgbdenum and carbon

content were isothermattg aged in the temperatute lange 300-g00oc.

A totaf of five distinct transformation reactions which wete testricted

to f.ixed ageing temperatute Limits wete observed, TabLe 3.1-a. Howevet'

the presence and the extent of transformation of these r¡arious teactions

wete found to depend. on a77og composition. A suwnarg of the teactions

observed in the range of a77ogs investigated. after isothermaT ageing

for a maximum of 250 hours in the range 300-g00oc is outfined in

Tabl-e 3 .1b.
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TABLE 3.1-a

TABLE 3 . ]-b

TABLE 3.f Transformation reactions in Fe-Mn-Mo-C alTogs
(a) Temperature Range
(b) Composition Range.

(X) Transformatìon reaction observed.
(n.d. ) ¡¡ot determined
* Maximum vofume fraction achìeved within 25O hours
't,t Maximum hardness (HV jd achìeved within 250 hours-

350

450

475

650

600

550

625

625

850

900

Widmanstatten Cementjte (Fe,Mn) 
r.,C

Grain Boundarg and .TntragranuLar MZICA

LameLl-ar MZSCA + Ferrite
Lamel-l-ar *ZSCA + Austenìte
ParticuLate and fibrous Mo2c

TETI]PEIËITURE RilNGE (OC)TRANSFON,MATTON PRODUCT

x(310¡**
x(510)
x(550)
x(5e0)
x ( 605)
x(62s)

x ( 321)
x(480)

x(31e)
x (47 3)

n.d.
n.d.

n.d.
n.d.

X(5)*
x(20)

x(s)

n.d.
n.d.

n.d.
n.d.

x (421 *
x (25)
x (12)

x( s5)
x(50)
x (45)
x(Bo)
x(42)
x(3s)
x(87)
x(76)
x(75)
x(100)
x(86)
x(78)

x
X
x
X
x
x

x
x
x

X
x
x
x
X
x

r
x

Fe-l-3Mn-.0..4C
Fe-J-3Mn-0.8C

t, _2Mo

" -4Mo
tt -6Mo,t _7Mo
,t _gMo

" -l_oMo
Fe-L3Mn-l-.2C

t, _ZMo
,) _ Mo

Fc-l-3Mn-L.6C
u _2Mo
t' -4Mo

Fe-9Mn-0.8C
t' -LMo
n _2Mo

Fe-814n-f -2C
,, -JMo

't -2Mo

Mo rc
Mzscø *
AUSTENTTEPEARLTTE

G.B. AND
INTRAGRANULATr

CARBTDE

WTDMAN_

STATTEN
CEMENTÏTE

ALTþY COMPOSITTON
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The a77og Fe^f?Mn-4Ma-f.2C was selected for detaifed

examìnation since lt exhìbited al-1. the transformatTon reactions

observed in ti¡js aTJog sgstem. The ìsothermal- transformation diagram,

Fì9. 3.2a, was constructed bg determinìng the onset on the precipitation

reactions uslng metallographic techniques. None of the reactions

went to compTetion in the maximum ageìng time (250 hours) used jn this

studg. The precipitation of MorC in ausÈenite coul-d not be incfuded

in the transformation diagram beeause of the heterogeneous nature of

the reaction. The age hardening characteristics of the matrix due

to the . precipìtation of MorC in austenite wete detetmined over the

range 6oooc to 850oc and are shown in Fig. 3.2b. The curves

il-l-ustrated the cLassicaJ- behaviout of an age hatdening materiaT.

Maximum peak hardrzess occurred at a Lower ageing temperature wheteas

the hardening rate increased at higher temperatures. However, ovet-

ageing in the a77og was verg slight resulting in a decrease in hard-

ness of about 20 Vickers after prolonged ageing at 650oC.

The mictost-ructures of the five ttansfotmation ptoducts

observed in tåjs aJTog system are il-l-ustrated in the optical micrographs

in Fig. 3.3. The individual- reaction products were sÈudied bg seJecting

different alTog com¡nsitions that presented optimum conditions for the

precipitation of each transformation mode. The ttidmanstatten cementite,

graìn boundarg carbide and pearlite reactions are brieflg examined

in the foTTowing sections whìLe the two eTevated temperature reactions,

matrix and discontinuous precipitation and theìr mutuaL interaction,

are jnyestigated in detaiL in a -later chapter.
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Fig . 3 .3a. Fe-l-3Mo-4Mo-l .2C aged at 500oC fot l-00 hours '
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3.2 l¡lidmanstatten Cementite

3.2.1 Them'icrostructure of the proeutectoid carbide observed in the

transformation range 35Ooc to 550oc consisted of approximatelg paralTel

arfaqs of. Widmanstatten pTates within each gtain (FiT. 3.4a) . Cfose

inspection showed that these plates were often not continuous and

some degree of discontinuitg and branching was obsetved in eLectton

microscopg. A bright fiel-d el-ectton microgtaph wiXh the austenjte

in two beam conditions for the desired. contrast (FiS. 3.4b) showed

the presence of disl-ocations and stacking faul-ts in the mattix.

Alëhough ciisl.ocations i¡¡ tl'te ¿ustcnitic wcrc aTwttgs ¿tssociatcd with

the transformation product in agreetment with Dippenaar (l-970), stacking

faul,ts were onlg evident when a number of plates fotmed in cl-ose

proximitg.

The plates wete identified as cementite bg seTected area

el-êctron diffraction (SAD) using the austenite phase, whose fattice

parameter had been determined bg x-rag difftaction, as a buil-t in

caLibratian. The inherent arnbiguitg of indexing spot patterns from

the cementite structure was resolved bg obt.tining at l-east two zone

axes over a measured tilt angLe using Kikuchi patterns from the adjacent

austenite to accuratel-g measure the tilt angle.

3.2.2 CrgstalTographic Investigation

The crgsteú Jcgraphg of a sinil-ar tlidmanstatten ptoduct in basic

austenitic manganese steel had previouslg been detez'nined bg Pitsch

(1963) and Dìppenaar (1970) and found to be withìn the orientatìon

tange predicted bg SJeeswgk (1966) and Jack (Ig74). In fheèe works

the empircallg determìned orìen|atìon refationshi-ps, -tbtained bg

el-ectron djffraction technigues with estinrated experimentaf ettors of
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Fig. 3.4a. Fe-l-3Mn-4Mo-f .2C aged at 450oC for 50 hours'

optical micrograPh " 350

Fe-J-3Mn-4Mo-7.2C aged at 450og fot 50 hours'

Thin foi.r el'ectron micrograph " 
23'000

Fig. 3 .4b.
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+ 20 Wg¡e found to be scatteted ovet a rathe¡' Targe anguTat lange

of about + l-0o. An ins¡nction of the publTshed difftaction patterns

showed. that the orientations wele obtaìned ftom the analgses of

supezim¡nsed spot patterns of cementlte amd ausÈenite exhibiting a

sìng7e zone axis of each phase . Experience bg the authot of the

present work had Tndicated tàat tàjs condltìon was extrernelg difficuLt

to achieve since the orientatìons were not a slmple reLatìonship and

occUrred Over an angulat range. Furtherlrto¡e, it was obsetVed that

higher order Laue zones ttom the carblde phase teadiTg fotmed in

eLectron ditfraction, (Hitsch et aL. 1965), and in mang instances

bands of these zones which wer:e +5o oI flþre from the actuaT zone

axis couLd be mistaken for the zero ordet Laue zone at Targe camera

constants.

This difficuTtg was overcome bg deveToping a technique

requiring a separate difftaction pattern flom each phase at two

tiLt conditions (eppendix A3.2). A ttlpicaT set of 1AD pattetns of

cementìte and. the ad.jacent austenite ìs shown in Fig. 3.5. Since the

use of graphical methods, ê.g. the steteographic ptojection, inttoduce

experimental- enrors of about L2o (Johati and Thomas (1970)), matrices,

const;ructeël from the diffraction data', I4lere used to complete the

analgsis (Appendix A3.2). The orientation nelationship between

cementite and austenite was found to b:

loo4" // l, -oo 2.10 4 -e7l Y

lotd. // lt.oo r.o8 
-.0øJ 

Y

Itod // ls.oa ¿ -¿s 4.ool Y
c
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Fig. 3.5a. lZOll zone axis of cementite exhibiting a concentric fírst
otdet Laue zone-

a

Fiq. 3.5b. lSt la eZl Kikuchi po¡e of the adjaceht austenite.
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which js pr¡ithin 3'5o of the Pìtlch relatÅonshìp;-

lootl. // lV z sl r

f,otd" // [r r o] r
l,roo). // ls E ¿l Y

Orientation reLationshÌps determined ftom thtee further sets of

diffraction data were aLl- found

relatLonshiP.

to be wlthl-n 50 of the Pitsch
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3.3 Grain Bounðlat¿ and rnttaqtanuLaÎ catbJ'de

3.3,1 Microstructural- lnvestlgation

Grainbound'4tgandlntragranularcarbidesprecededthe

formation of pearlite on ageTng the a77oq Fe-l-3Mn-4$o-L.2C in the

temperature range qSOoC to 625oC. A thin fifm of carbìde, simifar

to the proeutectoid cementìte observed ln the basic Fe-73fin-L.2C

steel, formed on the austenjte grain boundaries (Fis. 3.3b). Exami-

natTon bg thln foll- efectron micrscop7 showed that the catbide fiTm

was continuous aTong the gtain boundarg and gtowth occurred into one

of the adjacent ausÈenjte grains (FiS. 3.6a). Extensìve faufting of

the carbide fiLm is aLso evident ìn this mlctogtaph.

3,3,2 CrgstaTTographic Investigatìon

ThecrgstaTTographgofthegtainboundargcarbidewas

d.etermined bg thin foil- efectron microscopg teclniques. A super"-

imposed sAD pattern of the carbide and austenite (v ) is shown in

Fig. 3.6b. The anaTgsis of this diffraction pattetn showed the

fo77owìng resui.ts:-

(a) The catbid.e structure was isomorphous with the austenite

(f.c.c.) and a cube-cube orientation teJationship;

[u""] c // [u"'] Y

(¡r¡.r) c // (r,t-z) Y

was confirmed ftom a number of diffraction patterns at

various ti-Zts.

The carbid.e was identifìed as MrrCU from the measured

Lattice parametets using the fattice parameter of the austenite

as a calibration standard. Andtews et aL. (1968) have sttessed

the dlfficultg of íntetptetating SAD patterns of MrrCU and

MrC in ferrite sjnce theg ate Tsomotphous and have nearlg

(b)
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Fig. 3.6a. Fe-l-3It1n-4l,lo-7.2C aged at 600oC for 5 hours-

Thin foil- el-ectron mictogtaplr x 13,500

Fig. 3.6b. Su¡nrim¡nsea lTlzl zone axes of austenite !,
and t[rrC, in fig. 3.6a-
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the aatp Lattice Paîa¡rletersì 7,062 nm and 7,708 run

res?nctl,veJ-g. Ho:n¡ever, dl,fferentlatlon between tàese

stzuctunes ptecLpltatlng ln ausÈenite jn the curtent wotk

WaS simpllfled because of the cube-cube orientation telation-

sh!.p and bg the fact that the Tattlce paraÍrcter of 
'Z3CA 

Í"

JuSt Jess than 3 times the Tattìce parametet of tåe austenjte

(0.364 nm) whereas the Lattl-ce paranetet of lt!69 is just

gteatet than 3 times that of auste¡eite. Inspection oî the

relat|.ve ¡nsìt|ons of the carbLde and austenite diftraction

s¡roËs was sufficlent to ldentLfg the precipitating carbide.
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3.4 Pearfite

3.4.7 Effect of A77og ConPositìon

Extens¡ve decomposition of austenite to peatTite occurred

during isothetmal ageìng over a wìde composition range 7n the

?e-Mn-Mo-c sgstem. The effects of aTlog composTtion on the peatTite

reaction, indicated l-n Tabfe 3.1-b, are suÍwarized beTow:

(a)

It was found that a reduction of the basic austenitic manganese

stee-z (Fe-73Mn-1.2C) to 87o Mn not onTg acceLetated the decomposition

reaction but aLso resul-ted in l-00% ttansformation to peatTite '

(b) Carbon

Ateductionincarboncontentftomthebasicsteefto

Fe-l-3Mn-T.8C decreased the decompositìon rate and the finaT vol-ume

fractlon of pearTTte formed. No pearTlte was observed ln Fe-73Mn-0'4C

atter prolonged ageing over a wide tempetature range '

(c) MoTgbdenum

AnincteasejnrroTgbd'enumcontentwasfoundtotetardthe

pearTite reaction in agreement. with the observed effects of the

additions o1 other strong carbid.e fotming eLements in the ttansfotmation

behaviour of austenitic manganese stee-Zs (Ainsl-etl et aL. l-979) ,

Imai et af (1970). Indeed, in a77ogs containing moIe than 4% I4o

it was found. that the pearlite reaction was completelg suppressed.

3.4.2 Microsttuctutal- Investìgation

Pearfite nucl-eated at a varìexg of hetetogeneous sjtesì on

'cl_ean, austeni te grain boundaries, grain boundatg catbide films,

intragtanul-at carbides and on llidmanstatten cementite plates.

Transfotmatìon ptoceed.ed. bg the discontinuous glowth of pearTite

colonies jn Èhe austenjte matrix. I¡rvest ìgations of pcarlite nodul'es
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in the a77og Fe-t3Mn- Mo-l2Cshowed that individual- peatTite

cofonies consisted Qf numerous subgraìns about 5,000 nm in diametet

nith ìnterfameffar spacLngs in the otder of I00 nn (Fig. 3.7a).

Dark fiel-d efectron mìcroscopg studìes indicated that thete was a

change ìn the orìentation of both the catbide and ferrite.phases

across the subgtaìn boundries. InstabiLìtg of the austenite

adjacent to the advancing interface of the pearlite coTonies was

observed after proTonged ageing (Fis. 3.7b). Extensive stacking

faul-t formation, indìcatìve of the! 
- 

tmartensite ttansformation

reported in austenitic manganese steefs containing a Low catbon

content (Renq 1974) is evident.

3.4.3 CrqstaTTogtaphic Investigation

Atgpicale].ecttond.iffractionpatternofapearTitesub-

grain is shown in Fig. 3.8a. A 7ow index zone axis of the carbide

phase was obtained bg tiTting untiL a unìformTg spatial- zero ordet

Laue zone was obsetved. Minor tilting ad'justments, ptoducing a

concentric ting of highet otder Laue zones around the centtal sçnt'

pernitted an orientation estimated within ! 0.5o of the caTculated'

zone axis. AnaTgsis of the catbíde spot pattern showed the fol-lowing:-

(a) The carbide was a face centered cubic sttucture with l-attice

parameter a = -l .062 nm. ?l¡is jntetptetation f4¡as confirmed

. brJ sevetaf other diffraction pattetns and tl¡e structure was

identified as MrrCU.

(b) The d.etetmined zone axis was tf I 2l '

An irrational- zone axis of the ferrite, evident bg the

non uniform d.istrÍbution of diffractíon s¡rots around the centraT beam,

showed that the orlentatìon of this phase was cTose to t ¡ S 7J in
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Fig. 3.7a. Fe-L3Mn-4Mo'f.2C aged at 600oC for 25 hours'

Thin foil eTectron mictogtap¡ "19000

è

\-'-
Fig. 3,7b. Fe-I3Mn-4Mo-L.2C aged at 6O0oC for l-00 hours

Thin foil efectton micrograp¿ "41000
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(a)

composite Diffraction
pattern of MrrC, and
Ferrite.

éÈ
(.b)

Interpretation of
Ferrite Kikuchi Pattern.

a

'g

Fig. 3.8. ETectron diffraetion pattetn of al-l-og peatTite.

tl I 27 // t1 6-44 7-7sl rerrite'
' M23c 

6

S tttsl
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Èhe ,standard stereagraphic tvìangLe bounded bg bhe poTeg

lootl - lou) - [Ïr-z] . rhe anasJses of a number of

patterns had indìcated that the Kutdjumov-sachs orientation

refationship between the catbide and the ferrite phase was operative

in this sgstem. Thìs refationshLp, described stereographicaTTq bg

Andrews et af. (1968), was reduced to matrix fotm bg the present

author:

h

k

l_

742 .667

650 .7 42

L67 .07 5 ]['L
.07 5

.167

.98 3
bcc

l1 tzl
Substjtut ion of the accurateTg determined catbide zone axis

gielded the corresponding orìentatio"lø.¿¿ T Z'ZS) for the

fertite phase. Since the above Kurdjumov-Sachs tefation is onTq one

of 24 ¡nssibTe variants due to sgmmetrg of the cubic sgstem (Jaswon

*
et af. 7948) the aTLowable totation (001) Locates the fetrite zone

axìs within the standard stereogtaphic XriangTe' That is:

f t t zl Mzsca // t r 6.44 7.rsla<

A B.C.C. Kikuchi map withìn l_0o about the Il 6.44 7.757

Kikuchi poJe was constructed (Fig. 3.8b) and. compared with the fetrite

diffraction pattem in Fig. 3.8a. The foTl-owing observations wete

made:-

(a) The Tocation, direction and spacìngs of the ferrite Kikuchi

-Z,ines are in agreement with the consttucted map'

(b) The nearest low index zone axes are tI 5 

^ 

ana l1 17 ]-jl

which are 4.270 and 4.35o respectiveTg from the Kikuchi pole'

Both of these zone axes mag be derlved' from the fetrite

dl,ffraction spots thus confirming the interpretation of the

Kikuchì lines and. hence the Kurdjumov-sachs orientation
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relationship.

?hisresuTtaugmentsÈheteportedreTatìonshìps(ShackTeton

et af. 1969 and Bee et af. 1g7g) between pearTìtic constìtuents with

isostructuraT MrrCu carbldes formecl ìn aTlog sÈeel's containìng Mo and

Ct.ThepresentworkjstheonTgknownreþortedobservationof

pearlite wl-th a catbide constituent other than cementite coexisting

with stab.ze ausÈen ite at 1oom tempetature and is analogous to the

peatlite sgstem consistìng of (Fe, Mn) rC and fertite examined in

detai]. bg Dippenaar and Honegcombe (1973) ìn Fe-f3Mn-}.8c. However,

it was not possibfe to obtain a compJete crgstaTTographic description

of the austenite and pearTite phases sìnce the singTe beam tiLt unit

in the phiTips ¡;M200 el-ectron mìcroscope was used excfusivelq fot

magnetic correction due to the pnesence of ferrite. In addition' the

existing subgrain structute of the peatlìte requítecl mictodifftaction

faciLities which were unavaiLabLe. The above analgses were obtained

bg examining we77 developed pearTìte cofonies that were coarsened b9

proTonged ageing and thus far removed from the originaT nucl^eating

gtaín boundatg.
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3 .5 Surunatg

(a)TheaddìtionofmoTgbdenumtoaustenitìcmanganesestee]-markedTg

inffuencesÈhedecompositìoncharacterÍstl-csdurìngisothermal

ageìngresultìngìn5dlstìncttransfotmatìonteactionsovetthe

temperature l,nterval 3000 - g00o c '

(b)ThefotmationofWìdmanstattenCarbidepTatesatfowageingxem-

pelatu]resisìdenticafwiththatrepottedinthebasicHadfie]d

a77og;i.e.(Fe,Mn)tCexhibttingthePitschreLationshipwith

the adjacent austenite'

(c) The proeutectoid grain boundatg nucleated catbide was shown to

be MrrCU with a cube-cube otìentation telationship with the

ausÈenite grain into which it was not growing'

(d)ThecarbideconstituentofthepearTitereactionwasafsofound

to be MZf A which itisplaged the Kutdjumov-Sachs otientation

reLationship with the accompanging fertìte phase'

(e) Tv¡o further tlansfotmation teactions which wete obsetved on

ageing above 600oc, discontìnuous ptecìpitation of MrtCu +

sofutedepTetedaustenjteandmatrixhardeningduetothe

precipitation of MorC in austenite ' are examined in greater

detail ín ChaPter 4 '
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3.6 Discussion

3.6.1 CrgstaTTogtaphg of the PearLlte Reactlon

The pearTite reaction in naTgbdenum bearing austenitic

manganese steels js simifar Ln a numbet or respects to the peatTite

formed during ìsothermal ilecomposjÈion at el-evated temperatures of

pJain carbon sËeels containìng Cr and/or Mo. FirstLg, the formation

of the a17or1 carbides, Cr23C6 (Bee L974) and rrr"U (ShackTeton et al-'

1969) are isomorphous with the Kappa catbide observed in the present

work. Both Cr and Mo are stronger carbìcle formers than either Fe or

Mn ancl replacemenX of cementlte in the peatlitic product bg a77og

carbides is not unexpected when a sufficient quantitg of the sttong

carbide formÌng e-LemenÈs is present. Second,Tg , the Kurdjumov-Sacl¡s

refation between the ferrite and carbide phases ìn both steeJ,s indìcates

a strong simiLaritg in the pea¿Tìte nucLeation plocesses. The K-S

reTation minimizes the interfacial surface energg between the peatlitìc

constituenÈs since the matching of the cl-oses packed planes in the

fcc fattice (fff) and the bcc Lattìce (ltOl gives the Lowest degree

of atomic misfit (Honegcombe l-976).

In the alJog Fe-I3Mn-4wo-L.2C the proeutectoid grain boundarg

carbíde ,ZSCA was shown to have a cube-cube orientation relationship

ryjth the austenite grain t Y/ into which it was not growing (Fig. 3.6).

-IÈ can be envizaged that the carbide constituent of the peatTite forned

on thjs produc,Þ (FiS. 3.3a) is contìnlrous in fattice orientation at

the inÍtiaf nucfeating stage in anaTogg to the ptocess obse.rved in

detail_ ìn the allog Fe-l-3 Mn-0.8c (Dippenaar et a7.J-973). The K-S

tefation between the peatlitic ferrite and the adjacent austenÍte

( Y ì mag be deduced from the crgstaffographíc data obtained in the
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present wotk, i.e-

zsc a

cube-cube

ThepeatTiticcarbìdeandfettìtejnthjscasewoufdhavealow

energg intetface with the graln boundatg nucfeated catbide and a

hTgh energg interface of high nobiTìtg with the austenite grain

( Y l) 7n which coTong gtowth occurs '

3.6.2 Inffuence of Catbon on the Ttansformatìon Rate of the

Pearfite Reactìon

ït has been tepotted (Cofl-ette et aL' 1957' Fig' 2'2)

that a reduction in the cafbon content of the basic Hadfiel-d steeL

resuLËs in a decreased transfoymation rate of the peatlite teaction'

A simifar effect has aLso been observed in the present wotk (TabLe

3.7b). The foTrowing mechanism is pro¡ns"a ìo account for this

phenomena.

It can be determined lrom vofume fraction analgsis of newlg

formed pearlite nucfei and from the stoichiometrg of the carbide that

the mean carbon content of pearTite in the a77og Fe-L3Mn-f.2c is

apptoximateTg 3%C. At Tong ÍsothermaT ageing times, when most of the

austenite has ttansformed. to ¡rear7ite, the mean catbon content of the

coTonies tends towards the otiginal composition of the steef, xhat

is 7.27"C. Tàus, the catbide content of the pearTite at the advancing

front must gtad.uaTTg clecrease with coTong growth' Thís effect mag

be achieved bg an increase in the interTameTlar spacing of the catbide

phase. Indeed, this is augmented bg repnrted obsetvations of lameLTar

Y4M

/(-s
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coarsenjngattheadyancingfrontafweT]-developedFarTitecoTQnies

bg a nunbet of wrkeÊã -

PrefetentìaTpantitìonìngofthemanganesetothecarbide

occurs durlng pearlite formatìon ìn hTgh manganese stee-Ls (Razik et

al-. l-974) and is the rate contxoTtlng step in the transfotmation process '

since the partitìoning tate of manganese ftom the ferrite to the

catbid.e decreases as the diffusion distance increases with coarsening

of the ferrite lamell-ae it foflows that the growth rate of the peatJite

col_onies wiff dectease with interlamelfar coatsening. This mag exprain

the observations bg lrvine et aL. (1956) and. Imai et a7 (1962) that,

although the nose of Xhe pearTite teaction during isothetmaT ageing

of austenitic manganese sÈeel-s occurs at 600oC, the ttansfotmation

rate is a maximum of 500oc whete it has been shown (Dippenaar 7970)

that the inteil.ame77at spacing of the pearlite constituents is finer'

A number of predicÉions that can be used to test the vaTiditg

of this proçnsaL ate outLined beLow:-

(a) ïsothetmal ageing of thin sheets of Fe-73Mn-l '2C in a

catburizing atmosphete shoulcl acceTetate the ¡natTjte trans-

fornation rate. The readg suppTy of catbon will- eLininate

famell-ar coarsening and ptoduce a sËee-z wíth a finaL catbon

content of approximateTg 3%C. The e martensite reaction

normallgobserved'intheaustenlteaheadofthepeatlite

coTonies shoufd be absent.

(b)Higher inter].amellatspacingand'gteatetcoatseningshouTd

occur in Fe-Mn-c steefs containing a lowet carbon content.

(c) The carbiite (Fe,Mn),C at the advancing front of a we77 develope

coar:sepnarTitenoduleshoufdcontaínahigherpto¡ì¡cttiorlof

manganese than the catbide in the pearlite nucfeus since
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manganese pattitioning ttom a gteater volume of fettite

vàlf occar duglng the co1!ãentng ãtage.

3.6.Slnffuenceofl"lolgbdenumontheTransformationRateofthe

Pearfite Reactlon

It can Þe seen from a compatlson of Fìgs. 2.2a and 3.2a that

the addition of 47"Mo to austenjtj c manganese stee-z greatTg jncreases

the incubation period. for the onset of the peatTite reaction and al-so

substantialTq reduces the overal-l- transfonnation kinetics (Tabl-e 3 'lb) '

A simifar infLuence has been tepnrted. in the altog Fe- Mo-}'2C (Bee

et al-. 1g7g) and is attributed to the refativefg sTow subsËitutionaT

diffusion of Mo which pattitions to the carbide constituent of the

pearTite coLonies (to form aTtog catbides) during the transfotmation

reaction (Razik et al-. 1976) . Thus the sTuggish pearlite tlans-

fotmation reaction jn austenitic manganese steeLs containing MoTgbdenum

is due to the accumul-ative effect of the sLow diffusion of the su'bsËi-

tutionaL so-¿utes Mn and I4o to the carbìd.e phase to form (Fe,Mn) 2fÚo2c6'

3.6.4 EpsiTon Martensite Fotmation

The structural change in the austeniÈe immediateTg ahead of

the d.evefoping pearlite cofoníes (FiS. 3.7b) substantiates thet

martensite formation repotted in basic Hadf iel-d stee-l (Imai et a] '

7962). The extensive martensite fotmation is indicative of thx'E

transformation reaction that occuts on subseq'uent cooling to room

temperatute after partiaT transformation to pearTite. since jÈ has

been pninted out (Remg et al-. 1974) that t .pn mag fotm in austenite

of low stacking faul-t ene?gg bg supetpositjonjng of stacking fauTts

on evelv seconcl (111\ plane and it has been prevìous7g shown that

there is carbon depTetion of the temaining austenite as peatTite

f¡¡mcifnanheconcfudedthatxheteisateductioninthestackingLVLttÞt lv vst. 
'\

fauftenerggoftheaustenjteinthissgstemasthecatboncontentis
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fOwered. ?hjs propOsaT afsO accounts for the abserved presence

of stacking faults in the ausËenjte tegions between closeTg spaced

l,Ìidmanstatten cementÍte plates (Fì5. 3.4b) and is an al-ternative expTa'

nation to that described el-sewhere (Dìppenaar 1970).
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3.7 Concl-usions

I

2

The decom¡nsitlon of austeniÈe in Fe'73Mn-4Mo-f'2c in the

temperature range. 475-625oC resufts ìn the fotmation of an a77og

pearTìte consisting of MrrCU and fetrite.

The pearTìte colonles a¡e hetetogeneouslg nucleated and

nod.uLar ln appearance. The sfow transfotmation kinetics, as com-

pared wìth pTain carbon stee-Z,s , indicates the need for subsËjtutionaL

ditfusion of Mo and, Mn during the teaction. tlefl- deveToped coLonìes

consisÈ of subgrains of carbide and ferrite exhibiting variants

of. the Kurdjumov-Sachs orìentation teTationship'

The orientation of the catbid.e constituent of peatlite nuclei is

continuous wíth the graín boundarg proeutectoid MrrCU which has

a simp¡e cube-cube reLationship with the austenite grain ( Y 2)

into which it is not growing.

Long range diffusion of carbon to the pearlite coLonies during

isothermal ageing reduces the stabiTitg of the temaining austenite

bg Jowering its stacking faul-t enetgg and resufts in the formation

of t martensìte on su.bseguent cooTing to toom tempetatute.

3

4
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3.8 Susqes tions for Futute l,Iork

7. Since the a77og peatTite totned' in the present sgstem

coexists with stabl-e austenite at noom temperatule a detailed

crgstaTTographic anaTgsis of the peatTite nuclei using el-ectron micro-

diffraction technigues mav gieTd furthet insight into the mechanisms of

the decom¡nsition of austenite to alToq peatTite tepolted bg a numbet of

investlgaËors in plain carbn steefs containing Ct and Mo'

2. The origin and gtowth pr.ocess of the observed subgtain

structure of the a77og pearTite nodufes (displaging variants of Xhe

Kurdjumov-sachs rel-ation) mag also be efucidated bg crgstaTToiraphic

examination of the pearlite nucJ-ei.

3.Abtief,casua].examinationofaConmelciaTgtadeHadfield

sÈeel containing 2%cr indicated that an a77og peatTìte reaction, simiTar

to the present work, aLso formed and watrants futther investigation'
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CHAPTER 4

4. AGETNG CHARACTERTSTICS OF FC-MN -Mo-C ALLOYS ABOW 6OOOC - MATRTX

PRECTP TTATTON AND DISCONTTN(]OUS PRECTPTTATTON

4.1 Experimentaf Results and Obsetvations on Mattix Preciqitation

4.L.1 A77og ComPnsition

Precipitation of MorC in.austenite was accompanied bg a

substantia! increase jn hardness of the matrix. The maximum age

hardening response was expected to occul in an aTlog with the

greatest degree of supersaturation, (Ke77q and Nicholson(7963)).

Reference to the phase diagtam (FiS. 3.7) indicates that thìs condition

is achieùed in the alTog Fe-73Mn-8Mo-0.8C. Reducing the carbon content

from l-.27o to 0.8% raised the sofidus temperature bg apptoximateTg

50oC and resufted in compJete dissolution of the carbide at the

sofution treatment tempetature of J-SOOoC. However, if it is assumed

that aLL of the avaifabl-e mofgbdenun in this aTlog is precipítated as

MorC then the composition of the mattix austenite woul-d be reduced

to Fe-l-3Mn-T.3c which, aÇcording to FÍg. 2.1-, white and Honegcombe

(1962) , Grigorkin et a7. (1965), Drabnjok (7970) , is unstabfe at

room temperature. The a77og composltion was npdified to Fe-73Mn-714o'0.8

in order to retain stabl-e austenite after compTete precipitation of

MorC and therebg avoid the complicating effects of the mattensiXic

transformation on the microstructuraL ínvestígations and hardness

measurenents.

4.1"2 Ageìng Charactetistics

Irlicto l¡ardness measurements of the matxix austenite tegions

containing precìpitates (discussed in detaiT in the next section)

indicated a hatdness of approximateTg 550 HV200n from the onset of
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the Zeaction. Howe7e!t sinifaf rrF,asurements of the untransfotmed

nnttix. showed that these regions maintained the sofution treated

hardness of 230 HVZOO. even in the l-atter stages of the reaction'

consequentlg macro .lrardness flteasuÏements with a 70 kg l-oad were

used. to studg the progress of the teactìon since the indentation

measuted. an average hardness of both regions.

The age hardening characteristics of the aJTog Fe-l-3Mn-7Mo-0.8C,

detetmined at temperatures in the r.ange 6O0oC-850oC usìng macr:o hardness

measurements, are shown in Flg. 4.La. These curves again ifl-usttated

the cl-assical behaviour of an age hatdening materiaf and exhibited

a higher peak hatdness and hardening rate than Fe-L3l'1n-4wo-l- '2C at the

same ageing temperatures (Fis. 3.2b). The cutves afso indicated that

aTthough overageing was marginaT, ê.9. a d.ecrease in hatdness from 550

to 490 HV,O at 6S0oC, there was a tendencg for a l-owet degree of ovet-

ageing xo occul at hìghet ttansformation temperatutes, i.e. 47O to

430 HVrc at 850oc. The time requited to reach peak hardness at each

temperature coincided with the time required for compTete ptecipitation

to occur in aL| regions of the matrix austenite which riete pteviousTg

precipitate free. The time of compTete precipitation was determined

opticaTtg and considered. to be the point when a uniform dark etching

appearance was obsetved thtoughout the mictosttucture'

The activation energg for the precipitatlon of MorC in

austenite was obtaíned, from the slope. of the sttaight Ljne jn the

.Arrhenius pTot of the hardness data, Fig. 4.fb, and found to be

764 + 70 KJ/gram-atom. This is considerabTg Tess than the activation

energg of 245 KJ/gram-, atom for the vol-ume diffusion of moTgbdenum
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in austenite reported bg Ham (L945)' sínce vofume'diffisuìo¡i öf norgb-
denum

in austenìte ¡ar¿s cleatTg not the tate controTTìng step in Èhe

teactìon a mìcrostructuraL investìgation was undez'taken to

el-ucidate the process responsìb7e for the low activation energU.

4.7.3 MictosttucturaL lnvestl-gation

The nucleation siÈes and npde of growth of the precipitates

are j-Z-lustrated in the serjes of optical micrographs in Fig. 4.2.

Nucl-eation was observed to occur hetetogeneouslg at grain boundaties

and around incLusions ot undissoLved carbtde particTes. Gtowth of

the precipitates occurred bg broadening of the grain boundazq zones

and the development of stringers of precipitates within the grains.

This.npde of ptecipitation has been observed in a number of other a77ot¿

sgstems; (Nb-N, de Lamotte et al-. (7967) , Fe-Mo, Hornbogen (l-963) ,

Fe-Sn, Predel- et a7. (19731, and has been described as a heterogeneous

precipitation process (Hornbogen (1972) ) .

The precÍpitate was too fine to be resofved in the optical

microscope and. it was onlg bg e,Lectron microscopg teclniques using

thin foil-s and carbon extraction replicas that its nature was revealed.

The bdght fieLd electron micrograph, Fig. 4.3 showed that the reaction

product formed as såeets which were found to consist of a fine dis-

persion of partìcul.ate precipitates when tìl-ted normal- to the el-ectron

beam. The particLe size of the precipitates varied from 20-50 nm in

wìdth.'

A detaiLed eLectron mlcroscopg examination using carbon

extraction repTìcatton reveal-ed that there was a change in the narphoTogg
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1. /

Fí9. 4.3. Ee- l.3Mn-7Mo-0.8C aged at 750oc fot I hour"

Thin foil eLectton micrograp¡ x 25,000
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Fis. 4.4a. Fe-l-3Mn-7Mo-0-8C aged at 750oC for 5 hours'

Carbon extraetion tePlica " 
12'000

Fiq. 4.4b. SAD ting pattetn of fine ptecipitates in fig' 4.4a.
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A Widmanstatten sheet Of fibrous and pattìcuTate precipitates

is shown in greater detaiT ìn Fig. 4.5b. The sheet consists of a

number of alTgned fibrcs varying 7n w.iclth from 20-50 nm and approximateTg

5,000 nm in length. Ît appeals from observations of a number of

extraction replicas at diffetent ageing times that in the Tattet

stagres of the development of the I'tidmanstatten sàeets the fìbrous

morphoTogg degenerated. into a patticulate morphoTogg with patticTes

ranging in size fron 20-l-00 nm in width.

Thin foiT exanimation showecl that the disttibution of the

precipìtates iLfustrated in the above extraction tepTicas was a ttue

replesentation.

The mictostructure of the matrix austenite examined bg thin foiT

techniques at peak hardness was found to be stab]e at room tempetatute

with no indication of decomposition to o< ot e martensite. The

continuitg of the orientation of the ausÈenite thtough the precipitate

regions is shown bg the unìfotm conttast conditions of the matrix

in the dark fiel-d electron mìcrograph (Eig. 4.6). The presence of

disLocations in the austenite immediateJg adjacent to the MorC Preci-

pitates were afwags obsetved.

-It was previouslg noted. fz'om opticaT metafTographic studies xhat

MorC precipitates nucfeated ptefetentìa7lg in the vicinitg of

undjssoLyed carbides within the graìns. Cfoser examinatìon of these

sites using thin foiT technLques (Fi9. 4.7a) Tevealed a network of

itislocations aroûnd ùhese partìcles jn Èhe sofution tteated condition

d.ue tO thermaL st.resses Set up on quenching. Hatding' and Honegcombe
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Fig. 4.6 Fe-L3Mn-7Mo-0.8C aged at 750oc fot L hour'

Thin foil- erectron micrograph x 21,000
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Fig. 4.7a. Fe-l-3Mn-7Mo-0-8C water quenched from L300oc'

Thin foiL efectton microgtaph x 25000
I

"l-Ls

Fì5. 4.7b. Fe-L3Mn-7Mo-0.8C aged at 7 C for h hout.

rhin foif electron microgtaph " 15,000
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Fig. 4.a Fe-I3Mn.7Mo^0.8C aEed at 750oc for t hour.

Thin foiL eLectron micrograp¡ *13,000

Fe-73Mn'7Mo-0.8C agect at 7504c for 20 hours.

Thin foil efectron micrograph " 31,000
Fig. 4.9
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The I nl I zene axis in the austenjte ph4se was readiTg obtained in

the efectron micr:ascppe bg til|ingj in reciprocal space aTong (220)

Kìkuchi paìrs ln a thlck regìon of the grain. A superìm¡nsed spot

pattetn of austenite and MorC 7n a thinnet region of the same grain

at tåis tiLt condìtìon qìeLded an otientatìon refationship consistent

with this data, A dark field eTectron micrograph using a stronglg

d.itfracting Mo2C strnt (Fìq.  -g) showed that onlg a portion of the

precipitates fit up indicating that sevetaL va].iants of the orientation

refationship occurred.

4.1.5. Effect of cofd working on Ageing characteristics

Thero].ethatdis].ocatìonspTagonthenuc]-eationandptopa-

gation of the IuIo2C precipìtates was investigated bg examining the

effects of prior cofd. working of the sofution tteaxed austenite on

the kinetics and. microstructure of the pzecipitation reaction' The

aTtog Fe-L3Mn-7Mo-0.8C was deformed ¿ nominaT 5', l-0 and 20% eTongation

bg uniaxial- tension and isothetmaTTg aged for periods up to 25 hours

at 650oC and 750oc (Fis. 4.10). The age hardening chatacteristics

of both temperatures wele markedlg affected bg the inttoduction of

prior coTd working. The hatdening rate incteased with the degree of

defoymation whiLe the incubation period fot the teaction was gteatlg

teduced. The maximum vafue of peak hatdness was achieved with the

gteatest afi:ount of deformation.

The microstlucture after col-d working and subsequent ageing is

shown in the el-ectron mictogtaph in Fig. 4.11. The pteviousTg obselved

Widmanstatten arrag of sheets of parti-culate precipitates was replaced

with a more uniform distribution of fine precipitates associated with
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Fe-13Mn-7Mo-0.8C deformèd 5% and' aged at 7500 for

l- hour. Thin foiL electron micrograph " 15'000
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4.2 Expetimental Resufts and Qbsefvatì,ens en DÌËcontìnuous Precipitation

4,2.L, AJ-fog Conpositl,on

.Tnspection of the preTìml.narg ml.crostructuraL investigations

of the Fe-Mn-Mo-C sgstem (Table 3.1) ìndicated that the alJog Fe-l-3Mn-

4Mo-L.2C contained the optimum Mo/C ratìo that gìelded the maximum

vofume fraetlon (20%) of the d.p. product on isothermal ageing. At,

hìgher ItIo/C ratìos matrìx precìpltation of MorC ptedomìnated at

the expense of the d.p. .reaction, for example onlg 7% volume ftaction

was observed Ln the a77og Fe-f3Mn-7Mo-0.8C after ageìng under

identìcal- condl.tions. The paucìtg of the d.p. product in a7Logs

containing J.ess than 4?" Mo coul-d be attrtbuted to their low TeveL of

sofute content in the sol-ution treated condìtion sjnce a high degtee

of su¡nr saturation is a dominant factor in aL7ogs exhibiting dis-

continuous preclpitation (Hornbogen 1972) .

4.2.2 Microsttuctural- Investigation

The generaL featutes of the d.p. reaction are i7l-usttated

in the opticaT micrograph in Fig. 4.L2a. Precipitation of lameLfar

carbide in austenite initiated at grain boundaries and approximateJg

hemispherical shaped col-onies formed bg growth into the adjacent grain.

The reaction js shown schematicaTTg in Fig. 4.L2b and mag be described

in the expression:

__> Y
2

+ catbide

There was a tendencg for wel-l- deveToped nodules to exhibit LameLl-ar

coatsening at the advancing interface which aTso adopted an exttemelg

irregular configuration. The precipitation of MorC in austenite,

described in the previous section, occutred simultaneousTg in the

matrix ahead of the d.p. reaction.

,7



BB

Fig,4.72a Fe-.L3lt!n^4Mo-7.2C aged at 750oC for 12 hours'

optícal mictograPh " 500

Fig. 4.I2b Schematìc diagran of a d'p' colong fotmed on an austenite

grain bound'atg and gtowing hemíspheticalTg into one of

the austenite grains (Y,)'
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r}¡e grain boundat! nucleatÅQn and earfg st4ges of gtowth

Of the d,p, ¡¡e¿'ctl,on wer.e examlned bg thl.n fo|.7 eTectton microscopg

tecÌ¡nlEueS. .Tt [üa5 obsetved that wlthln 30 minutes of ageing at

75OoC'coarse carbides had formed at grain bound.aties (FiS. 4.L3a) '

park fiefd l.maglng technìques' using a strong diffraction spot from

y, showed thaÈ lts or[.entatTon was contlnuous with the austenite ìn

the cofong indìcatìng that the reactìon was accompanied bg grain

boundarg mìgration (FiS. 4.13b). The specimen was til-ted to obtain

an lOOtl Klkuchi pole fxom y, and a spot pattem of the colong

was f:ecord.ed at the same tiTt condìtions (Fis. 4.14). AnaTgsis of

the diffraction patterns reveaTed the foTLowìng resu-zts.'-

(a) The carbìde in the cofong was a face centred cubic structure

wìth a Lattice parameter of l-.062 nm and was identified as

MZICø bg comparison with pubTTshed data.

(b) The carbid,e and austenite in the coTong exhibited a cube-cube

orientation refationship in agreement with the findings of

Lewis et a7. (1965):-

(i'ru) c // (¡p) Y

["r*l c // l"*l Y

(c) The paralLel 1""*l zone axes of Y, and the austenite ìn the

coTong confitmed the continuitg of the otientation of the

austenite ac1:oss the originaf site of the grain boundarg shown

bg dark fieTd microscopg.

This reaction is a cl-assical exampTe of a discontinuous pre-

cipitation ptocess (Hornbogen 1972, Fournelle et aL. 1972 and Iu 1972)

and has previouslg been observed. 7n a host of a77og sysÈems including

austenjtic manganese sËee-Z supersatutated. with vanadiun (Ainsleg et a7'

l-g7g) ancl austenìtic sÈainfess steeLs containíng excessive carbon

(Kotval et al-. 7969, Hillert et al-. f971, Pumphreg et a7. 1974).
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(a)

(b)

Fig. 4.73 Fe-t3luIn-4Mo-7'2C aged at 750oC for 4 hgu!

Thin foì7 erectron ^1""àg'upn= 
* 22'000

bright fieTd image.
darkfield (Y / image'

(a)
(b)
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Fig. 4.1-4a. lootl riruchi pole of Y, in tiq- 4-73.

oor.
aao

Fig. 4.14b. Superim¡nsed lOOll spot pattern of colong in fig. 4.73.
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It can be concl-uded th4t the incoherent' high enetgg

bounclTry of thr; advanc.ing d,p. coTontl was mai.ntaine:d during a71. stages

of the precipitatìon reactìon and the arîest in the growth of the

colong gas brought about bg a change in the nature of the.mattix

austenjte at the ,l/oZ interface.

.9jnce d.p. and matrìx precìpitation occutled concurtentTg

(Fig, 4.12a) an interaction woul-d be expected between these reactions

as both compete for sofutes, moTgbdenum and catbon, in the a77og

durìng ageing. Thìs aspect js examined in detail- in the foTlowing

section.

4.2 .4 Sutrrmarg

Discontinuous ptecìpitation of col-onies consisting of

l-ameffar MZf ø and sofute depleted austenite accompanied bg gtain

boundarg migration occurred in Xhe a77og Fe-L3Mn- úo-f.2C on iso-

thermaf ageing. ,Z:COrin agreement wixh previous work in Ct-Ni

austenitic steeJ.s (Lewis et aL.1965, Pumphteg et a7. L974)radopted a

cube-cube orientation rel-ationship with the austenite in the colong.

The misorientation between the cofong and the mattix into which it

was growing suggested a 'Low densitg of coincidence l-attice sites

betwee.n the two grains infetring that the reaction front consisted of

a high energg migrating grain boundarg.
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4.3 In teraction Between Discorttinùöús and Mattix Ptecipitation Reactions

4.3.1 MicrostructuraL lnvestigation

The sìmuftaneous ageing characterjstics of the d.p.. and maXrix

precipitation reactions wete examined in the allor¡ Fe-f 3Mn-4luío-f .2C

on ageing at 750oC to determìne their mutuaL ìnteraction. The voLume

fraction of the d.p. product was determìned metal-fogtaphica)7g using

the point countìng technique whìLe the progtess of the matrix precipi-

tate was obserVed bg taking macto hardness measurements. It can be

seen in Fig. 4.1-5 that the maximum vol-ume fraction of the d.p. product

was attained before peak hardness of the matrix and temained constant

on further ageTng. Examìnation of thin foifs of wefL deveToped

col-onies showed. that concave depressions in the advancing grain bound-

arjes were ftequentlg associated with the presence of Mo.C in the

matrix ahead of the coLonies (Fì5. 4.16).

An extzaction tepTica of a d.p. colong and matrix precipitates

obtained in the aTlog Fe-L3Mn-7Mo-0.8C is shown in Fig. 4.17. Local-

ized impediment of the growth of Xhe colong in direcX contact with the

MorC precipitates is evident. An interesting point ìfl-ustrated in this

micrograph js the variation in the morphoTogg of the carbide in the'

coLonies wíth aLfog composition. The famel-7ar pTates and interlameTl-ar

spacings of the carbLde in the colonq in Fe-L3Mn-7Mo-0.8C ate about

an ordet of magnitude finer than that observed in the a77og Fe-l-3ltln-

 Mo-l- .2C (Fiq . 4 .13 ) .

A turther confìrnation thaX the presence of the matrix ptecipi-

tate ìmpeded the growth of the d.p. product was obtained bg examining

the effect of cold working on the ageing characterjstjcs of the d.p.

reaction. Since prìor deformation accelerated the matrix precipitation
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Fig, 4.L8 Fe-L3Mn^4Mo'-.I.2C aged at 750oc for 2 hours.

Thin foil electton microEtaph * 10,000
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4.3.2 Swnlnarg

The extrenelg l,tregular contìgutatìon of xhe advancing

grain bound.aties of the d.p. coTonjes was caused bg bowing of the

nodufes around the heterogeneousTv fotmed Morc ptecìpitates in the

matrìx. The gr:owth of the d'.p- coTonjes was su'bseguentTg artested

after partìal transformation bg this competing reaction. Increasing

the disfocation densitg of the austenite acceletated the ptogtess of

the hetetogeneous teaction and consequentTg greatTg tetatded the d'p'

reactlon.

Bands of MorC ptecipitate patticLes devefoped in the

austenite (Yr) in contact with the d.p. coTonles at the sjtes of the

originaT tr/", boundaries whete l-attìce strain induced disLocations

have been reported ìn sintiLat teactions.
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4,4 Discusslon

-[Ë has been âI;awn that tw dìffetent types of ttansformation

reactions, hetetogeneous matrlx preclpltation of MorC and grain boundarg

nucl-eated d.p. of coarse fameTTay MZICA * solute depleted austenite, occut

during isothermaT agelng of Pe^Mn-Mo-C affogs above 60OoC. An attempt wiTL

be made in this section to del-ìneate the factors infl-uencing the occurrence

of these reactìon products.

4.4.1- Heterogeneous Precipìtation of MorC in AustenLte

It has been shown that MorC precipítates nucLeate hetero-

geneouslg (FiS. 4.2a) aÈ sites containing the presence of disTocation

networks (Fìgs. 4.7 and 4.f3) whÌch are dae respectiveTg to:-

(a) thermal stresses around undissolved carbide particTes (FiS. 4.7)

l.n agreenent with Sil-cock (1963), Harding et aL. (1965) and

Chaturvedi et al-. (1968) who reported a simiLar effect on quenching

Cr-Ni austeni tic stee-Z.s .

(b) Lattice strains generated at the MrrCU/austenite interfaces as a

resuLË of the nisnatàh in these l-attice parameters (Fiq. 4.73b

and 4.f8), aLso observed bg Beckitt et a7. (1967) and Pumphreg

et af . (1974) in Cr-wi stee-Zs.

In addition, the acceleration of the precipitation reaction

after prior cold working shown bg age hardening effects (FiS. 4.I0)

and thín foiT eTectron microscopg studies (FiS. 4.77) indicates that

preclpitation on disl-ocations is the primarg mode of nucfeation of

MorC in austenite in thjs system and is analogous to other carbide

ptecÍpìtation processes described in Cr-IVi sùee-?.s mentioned above.
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Further deyeTopnent aî the I,!o rc prectpi¿4tion reactioiì ' .

occurã bg t}re growth of sttingets (Pìg' 4'4Ð which wete shown to be

J,nvarl,abl-g assocl.ated wlth dLsl-ocations 7n the ltwnedìatelg adjacent

ausËenjÈe. ?hese dJ.sfocatlons ma7 be considered to have formed as a

resu-Z.t of the fattice mismatch between MorC and austenite (Honeqcombe

1976) and suggests a mechanism for the autocatal-gtic natute of the

teact{.on process: MorC precipitates form on pae-existing dísl-ocations

punching out further disl-ocatìons Ín the matrix due to fattice sXtain

effects and thus propagatlng ìn inctementaT steps (FiS. 4-8) -

The ll-lOl habit pTanes of the sheets oÍ InorC ptecipitate

particles are identìcaf with the reported mattix (fcc) habit planes

durl,ng xepeated' precipitation of the 0' phu"" on disfoca.tìons in the

alJog At-4Cu (GugoX et al-. 1974) and IuI ,rC, patticles in Ct-Ni. austenitic

steefs (Beckitt et aL. 1967). It is furthet noted that the maximum

degree of Lattice misfit between austenite and lllorC occurs jn Èl¡e

paraJTeJ planes ,rr.0) AoZ, and I trcI (Honegcombe 1976) and' mag aTso

be a significant factor in determining the habit planes of the MorC

precipitate sheets.

4.4.2 Discontinuous Precipitation

The precipitation of coarse fameffar ,zf a during isothermal-

ageing of Fe-Mn-I\o-C affogs is accompanied bg grain boundarg mi-gration

(FiS.4.l-3b) and is a classical example of a d.p. reaction process

(Hornbogen L972, Sunguist l-973). Al-though most studies of d.p. have

been made on much simpler binarg a77og sgstems there is a host of

ditfetent mechanisms that have been proposed. to explain the nature of

the drìving force of the migratìng grain boundaries (Tu and TurnbaTT
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L967, feurne]-l-e and CLark f972t Sulonen l-964t Hiffert l-969 and

M¿gnlck 1976) . It 7s, howeverz generaTlg recognised that'the migtating

grain boundarg pzovìdes a rapìd, short circuìt path for so-l.utes during

discontl.nuous growth (HifLert and Purdg 1978).

A number of observatjons of an anaTogous d.p. reaction of

MZSCA * so-Zute depleted austenjte have been reported in Cr-Ni

austenitjc steefs contaìnìng excess carbon (Hil-l-ett and Lagnebotg

1971) and several possibl-e mechanisms proposed to expTain the grain

bound.arg migration process. It was suggested that the change in

Lattice p4rameter of the so-Zute depJeted austenjte gives tise t,o

Lattice stïesses whìch provide a drivìng fotce for boundatg migtation

into the stressed region. Howevet, in the present work the grain

boundarg is observed to fi,ave awa7 from the sËressed region, see iot

example Eig. 4.1-3b where disLocations form in tåef 2 gtain to

accomodate stresses due to both the austenite l-attice patameter change

and the formation of the MZSCA carbide. A futther propnsaf was that

the cl-ose orientation rel-ationship (cube-cube) between ,ZS"A and one

of the austenite gTrains 
'( 
Y, mag favour the gtowth of this grain fro^'

surfaca energ7 considerations. NevertåeJ.ess, it was often observed

that the ausÈenite grain boundaries buTge out far ahead of the catbide

precipitate (FiS. 4.16) indicating that the d.p. process cannot be

explained soJelg bg the effect of a favourabLe orientation reLationship

between the coTong constituents.

Further discusslons of suggested mechanisms of sol-ute

segregatìon at the migratÌng graìn boundarg, expounded in depth for

d..p. ín binarg a77og systens and as get not fu77g resolvedt seem
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in\ppropp!4te in the cullent welk when one cansiders the compTicated

structure af the precì,pìtatlng carbide phqse ((FerrMor)CU in which

so¡ne Fe atoms maq be substituted bg Mn atoms),

4.4.3 Interaction of the Precipitate Products

Fundamental- to the discussion of the simuftaneous fotmation

of the heterogeneous MorC and the discontinuous MrrCU carbides

d.uring isothermal ageing of Fe-Mn-Mo-C af l-ogs above 600oC (Tabl-e 3 'La

and Fig. 4.12a) is the question of whg these two discrete teaction

products occul under apparent equiTibtium conditions. A considetation

of the refative nucl-eation and growth rates of these teactions (which

compete with each other for avail-abLe solute) suggests a sofution.

.It is initiaTTg pto¡nsed that the d'p' of *ZSCø * solute

depeleted austenite is Èåe equiTibtium reaction in the cuttent aTJog

sgstem. It has been shown (Benz et aL. 1973) that (Fe,Mn) 
ZSCA 

+Y

is tåe equiTibtium structul:e of the a77og Fe-40Mn-7.2C above 6OOoC'

Since moTgbdenum is a stronger catbide former than manganese the fotma-

tion of the carbide (Fe,Mn,Mo) 
23C6 

at tempetatures near 600oC in the

allog Fe-f3Mn-4Mo-1.2C wouLd be expected assuming that al-L other

factots remain constant. In addition, it is genetaTlg consideted

that grain bounòlatg nucleated teaction ptoducts fotmed duting iso-

thermaf ageing (for example, decomposition of austenite to pearTiXe in

Fe-C aTLogs) are the bona fide equiTibrium phases. The nucleating

sites of the ct.p.'ptoducts ate, however, resttìcted to the austenite

gtaìn boundaries bg the natute of the ttansfotmation reaction and

duxTng growth the col-onies readilg fan out and impinge upon each othet.
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On the othet ha,nd , the nucl-eation of Mo rC is cataTgzed

bg the presence of dialocaÈions,' a Pracesã which has been shown

(Cahn 1957) to J.ncrease preclpìtatlon rates bg factors up to n78.

Since the precl¡>ìtatìon of MorC can occûr at ang sìte containing line

defects(Fìs.4.2a)andgrowthjsautocatalgticd.uetotheassociated

formatìon of dl.sLocatìons ln the surrounding matrix, it can Ømpete

moze favourabTg for avaifabl-e sol-ute than the d.p. catbide. Evidence

tor this effect ìs shown bg the almost compTete eli\mination of the

d.p. reactìon bg prlor defotmatLon (section 4.3.1) and the accefetation

of the heterogeneous matrìx teactìon (FiS. 4'70 and 4'77) '

The gtowth of the telativeLg coatse d'p' teaction is

effectivelg impeded bg the presence of the hetetogeneous matríx

reaction ahead of the advancing coTong (Fis. 4.77). In a recentlg

proposed. mechanism of d.p. (Megrick 1976) jt is suggested that the

increased energg of the migrating grain boundatg is compensated bg

solute segregation from supersatutated regions ahead of the deveToping

colong. Howevet, prior.mattix ptecipitation of trrlorc Towers thjs dtiving

force for further grain bound.atg migratìon. This pro¡nsal is

substantiated bg observations repotted bg Hornbogen (1972) on a77og

sgstems ihat undetgo simaltaneous continuous and discontinuous pteci-

pitation. It was shown that the gtowth of the d.p. reaction is

retarded in aTlogs wìth a high degree of supersaturation bg matrix

precipitation ahead of the col-onies and that the d.p. teaction is

eliminated when the ínitial degtee of supetsaturation is Lowered'
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4.5 ConeLuslons

Both precipìtatìon reactìons examìned ìn this work (coatse

fameffar Mzscø anil fine Morc ìn austenite).mav be described as

discontinuous, heterog?neous and autocataTgtìc usìng the ctiteria

defined in the review bg Hornbogen (1972). Since the nucleatian and

growth of' these two reactìon products have been shown to occut bg entireJg

dìfferent Processes this cfassìfication is too genetaT to adequateTg

differentiate between the two reactìons.

In the present studg the term 'dlscontir2uous precìpitation' has been

used to describe the cefl-ufar ttansformation reaction - l-amel-l-a, ,23C6 *

soJ.ute dep|eted austenite - that nucl-eates at grain boundaties and ptopagates

bg boundarg migration. The orientatìon of the carbide phase is untel-ated

to the austenite matrix ( Y J) but has a simple cube-cube reTationship with

the accompanging soTute depleted austenite f YZ) whose orientation, in turn,

is continuous across tåe originat Yr/Y ,9tain boundarg. The adjective

discontinuous refers to the compositÍon (and Tattice patameter) of the

ausÉenjte which changes in a discontinuous manner from supersaÈurated Y,

to sofute depTëted Y, across the reaction ftont. The process maq aTso be

d.esctibed as heterogeneous sjnce nucfeation js restricted to grain boundaties

and as autocatalgtic bg the nature of the mígrating grain boundarg process-

On the other hand the term 'heterogeneous matrix precipitation' has

.been used to describe the formation of MorC in austeniËe. În this case

the orientation of the carbide phase js related to the originaT austenite

¡natrix ancl there is no sharpJ-g d.efìned intetface between the supersatutated

and soiute depleted austenite regTons. Preclpìtation is not testîicted to

graìn boundaries but occurs at point, Tine and areaf defects in the matrix.
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The 4utacataLgtlc progreâ€ çl ttæ reactLon can be eluci'dated bg the

assumpËCon ÊhaÈ dlsfocatl^ons in the ausÈenlÈe emanate ftom the MorC

pattìc7eS and serve as nucleatJ-ng sLtes fot fu¡"thet transfotmation'

4.6 Suggestions fot Future Wotk

1. Burgers vector anaTgsis of the associated disl-ocatÍons in

the hetetogeneous mattix precipitation of IuIo rC in austenite mag indicate

a mechanism for the teactìon p:":ocess and expTain the observed austenjÈe

habit plane fot the såeets of MorC precipìtates"

2.ThecauseofthechangeinmotphoToggofthesheetsofl,Io,C

precipitates from particuTate to fibtous at higher ageing temperatures '

observed in the course of this studg, is unexpfained and merits

a more detailed investigation.

3. The present stud.g inilicates that the sofution treated a77og

Fe-73Mn-7Mo-0.8C age hatdens rapidlg to about 50O Hv at 850oC after ptior

deformation and. that vetq Tittle overageing occuts after 25 hours' ft is

envisaged, that subsequent carburization of the matrix austenite to inctease

its carbon content to l-.2%C at this temperatute wì7I ptoduce a steeT with

the characteristic toughness and work hardenìng capacitg of Hadfiel-d steef

coupTed. with a high initiaL hardness and improved gieTd sttength' An

investigation of the mechanical properties of this allog undet these

cond,ítions shoul.d be carried out because of its potentiaL ptacticaL

significance.
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APPENDTX 1

1. EXPERTMENTAL TECHNTQUES

L.L MateriaL preparatlon

The alTogs used jn thls work were produced from hígh puritg

base materja-ls. Sutface contaìmìnants and qxides present on the

as-receìved material-s wete removed with the foTTowing ptocedutes:-

Ir.on Pick-Led 7n 20% suTphurTc acìd at 50oC fot 30 mlnutes, piAned

in 70% sulphuric acid" at 2OoC fot 5 minutes, rinsed ín

distiLled water, rinsecl in al-cohol and dried in hot ait.

Manganese ChemicalLg poTished ìn a sofution of HF-HNOr-Hr0 with

a vofume ratio 5'45-50 at toom tempetature for 2 minutes,

rinsed and dried.

MoTgbdenum ETectropol-ished at 70 Volts for 5 minutes in a solution

containing lOO grams chromic acid, 250 mLs phosphotic acid

and f00 mfs water, rinsed and drìed.

Carbon The glazed surface Tager of the spectrogtaphicaTTg pure

catbon rods wete removed bg abrasion.

l-.2 AJIog Preparation

Ingots were produced bg melting a 50 gram charge of the cotrect

proportíons of each element in an Atgon arc furnace. The furnace

chambet was reduced. to a vacuum better than l-T-f torr and fLushed

several- tjmes with high puritg Argon. MeTting was carried out under

a pressure of 7/5 atmosphere of Argon. Residua-Z impurities in the

Argon gas wele removed bg melting a Titanium getter in the furnace
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clt¿t$ìber for f0 ¡¡jnuÈes P\ior to aTToglng ' The charge was relted

lor 2 mìnutes to form an ìngot apptoxìmatelg 6O nuns Tong and 12 rwns

in dì.ameter Ln a boat shaped lmpressìon on a copper hearth. Aftet

soLidlficatlon the ingot was btTdged at rlght angles across

the lnpte.ssion and temeLted from the centre and the mol-ten metal

directed to the exttemJ.tles of the moufd' Thls proeedute was

tepeated slx tlrnes to ensure an even disttLbution of the aTToging

additìons. since some manganese, which is hìqh7g voratife in the

moiten state, evaporated dutlng the meTting process an additional

70% bg weTght was added to the change ptTot to mel'ting to compensate

for this J.oss.

1.? Homoqenìzatìon

ThelngotwashottoTfedintoanSmmdiametettodandthe

oxidized surface Tager temoved bg grinding and toTTowed bg uTttasonic

cleaning to renþve adhetLng patticTes. The rod was seaTed in a r.e7tsë-

abl-e mdilLite tube undet a pattial pressure of Atgon and' homogenized

atatempetatutejustbeTowthesoTvusTinefot]00hours.Metaf7o-

graphTc examinatìon of the homogenized rod showecl an even disttibution

of undissoTved carbídes thtoughout its Tength'

1.4 AI FabticatÌon

The I rrun diametet tod was tecluced in sËagres to 3 '2. mm bg

swagrìng thtough a tange of dies at l-200oc. FinaT sízing and rettpvaT

of the oxidized sutface Tager was obtaíned bg machining to 3'0 mm

díameter on a lathe using a tungsten carbide cutting tooL '
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7.5 SofuÈlon Treatnent and AqeJnq

SecÈions of the 3.0 rwn d'iameter rod wete encaPsufated in

slLJca tubl,ng unðler a Pa¡"tial pressure of Atgon and soaked at a

temperattire jusË above the soTvus ljne fot at Least one hour and watet

quenched, The sofution treated rods wete mounted onto a hoTding block

wlth epoxg resin and. sectioned ìnto 2 wn Tengths using a watez cooTed

sifìcon carbìde cutting disc. The epoxg tesin was removed bg

irunetsion in a bath of trìchLotoethglene. The sampTes wete xe-

encapsuTated ìn sìlica tubing in vacuo for ageing which was subsequentTg

termínated bg water quenching. A77 samples wege soLution tteated bg

¡rositioning in the same Tocatìon in one furnace and aged in a bank of

identicaT furnaces regulated bg teliable propnrtional- conttoLLets and

constantfg monitored bg a muTti-point tecordet. The actuaL futnace

tempetatune was measuted with an accutate digital indicatot connected

to a cal-ibrated thermocouple in cLose ptoximitg to the speciten and

was found to be within * 2 d.egtee Celsjus of the set points at a7L

times.

7.6 OpticaL Metal- f ogtaphq

opticaT specimens were prepated bg mounting in coTd setting

resjn and mechanicallg polishing in the usuaJ, fltanner to a one micton

finish. The etchants used ¡Íene 2% NitaL or a saËutated Pic.ral- solution

containing 57. HCJ. Opticaf examination and microphotographg were

conducted on a Zeiss tlTttaphot II microscope. The vofume fraction

of phases present in the microstructures were detetmined using the

,point counting' techniquei a t¡¿nspa¡gncg containìng 7500 çnints

was npunteðl on the ptojectol scleen of the mictoscope and the

anafgsis determined at a magnificatìon of I00 diameters.
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1.7 H s Testinq

A Vickers Harclness testìng machìne was used wìth a 70 Kg

load and a pgramìdaL diamond indenter fot a77 gtoss hatdness testing'

The specinens were prepared bq mounting ìn cofd setting tesin and

trnLished to an I mìcron finìsh. A vickers Microhardness Testet was

used with a 2oo gram load for aff microhatdness testing' Specimens

were mechanlcaTJg polìslted to a one micron finish and finaTTg

e1ectropoLished at 20 Vofts for 5 mìnutes at 7oC ìn a solutìon of

f07" perchl-oric acid - 20% gTgcerol- - 70% ethanol. This was necessara

to renove ang surface òIeformation induced bq mechanical pnlishing' A77

hatdness vafues reported wele a mean of five ot mote impressjons.

t.8 El-ectron Mictoscop\l

RepTica and thin foif studies were unðlertaken on a Philips

8M200 eLectron microscope operating at 80kV and lO)kV respectiveTg.

?his inst rument was equìpped wìth a beam til,t faciTitg which was used

fot either magnetic cottection or datk fiel-d studies. The speciren

hoTders were a d.oubl-e tit,t t+500,+SOo) stage and a totating tilt (3500,

ß0o) stage. Image magnifications were determined from a cross

grating replica and. the image rotation between the btight fiel-d and

the el-ectron difftaction pattetn was calcufated from a supetim¡nsed

exposure of an Moo, crvstal- and its diffraction pattetn. TLte camela

constants of the difftaction pattetns wele determined fot a number

of fens settings using a thin poTgcrgstal-Line goTd foi7.

1.9 ExttactÌon rePJ-icas

Discs3.0nnndiameterandonerunthickwetee]-'ectropoTished

under the conditions outl-ined, in section L.7 and lightTg etched with

satutated pìcra7 contaTnTng 52" HC7. A thin Tager of catbon was vapout

deposited on the etched. surface ìn an Eilwards vacuum coating unit'



111

The cArhen fifn .was sço,aed intO I mm squares and released from the

specimen sutface bg eTectropoliÐhLng at 7 Vo.tts ax 20oC Íot L0 seconds

in a sof uti.on of LO% Ítcl - ethanof . The replicas were stripped of f

tàe specimen surface in,distìl^l^ed water and colfecxed on el-ectton

microscope grids for examination.

1.10 Thìn foifs

Rods of aged material, 3.0 mn dìameter, were sectìoned ìnto

0.5 mm thick discs with a water coofed sif.Ìcon carbide cutting wheef .

The discs were wet ground wjth L2O0 grade emetg paper to a thickness

of O.O5 mm using a holder equippt:d with a cafibrated micrometer screw

push rod. The centres' of the discs were reduced to approximatelg 0.0f mm

in thickness bg dishing in a commerciaTlg avaifabl-e Fishione twin jet

electropoTishing unit using the solution and conditions outfined in

section l-.7. The dished specimens were finaTTg perforated bg eTectro-

polishing in the same sofution whife being supported bg 'Lacomit'

coated xweezers between two stainless steel cathodesspaced 40 mms apatt.

The Vol,tage ranged from l-5 to 25 vol-ts and the temperature of the

sol-ution was varied. from -5oc to -25oC depending on the påases present

in the microstructures. Muftiperforated specimens with thin regions

suitabl-e for transmission eLectron microscopg were obtained between the

perforu¿1org. Immediate washing of the thin foil-s on removal- from

the el-ectropnlishing soJution was found to be absoLutefg critical in

order to el-iminate etching. A TecoÍwnended practice of immetsion in

chil-Led (-20oC) ethanol- fofLowed bg rinsing with a copious quantitg

of water frc,e ethanof from a wash bottLe and drqinq in a stream of

warm air was found to be satìsfactorg.
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APPENÐTX 2

SOLUBILITY OP TI'TOLYBDENUTT TN AUSTENTTTC MNTGANESE STEEL.

Expe rìmental Procedure

The fol-Iowing a7Lo7s were prepared using the ptocedures described

in Appndix l-:

Fe-1,3Mn-2Mo-0 .8C Fe-f 3Wn-2Mo-l .2C

Fe-7314n-4Mo-0.8C

Fe-f 3Mn-6Mo-0 .8C

Fe-L3I4n-81t40-0 .8C

Fe-L3Mn-4Mo-7 .2C

Fe-f3Mn-6Mo-7.2C

Fe-l-3Mn-8Mo-7.2C

F e- l_ 3 ItIn- l- 0Iúo- o . I c .

Sol-vus Line

The a7Logs were encapsuTated ìn sil-ica tubing and soLution treated

at l-300oC for one hour to ensure complete dissol-ution of the carbide phase.

Approximate sofubiTitg Tinits were initiaTTg o$ained bg teducing the

futnace tempetature bg sOoC intetvafs, hoTding for 2 houts and watet

quenching. Each s¡ncimen was examíned metalToqraphicallg fot the ptesence

of undissoJ-ved carbid.es. ?hjs proced.ure was then re¡>eated at l-Toc invervaLs

over the previouslg d.etermined. 50oC ranges and the sofvus Line constructed

as a function of the molgbdenum content.

Sofidus Line

The solidus -l.ine was detetmined in a simiLar fiEtnner. The allogs

wete soLution treated at l-2OToC for one hour and. the furnace tempetatute

raised bg 70oC intetvals, heTd for one hour and water quenched.. The onset

of grain boundarg rneTting was cletermined metalTographicallg and the solidus

Line constructed as a function of molgbdenum content. The solubiTìtg of

nolqbdenu¡n in austenitic manganese sÈeefs is jl.-Zusttated in Fig. 3.I
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APPENDTX 3

CRY STALLOGRAPH ÎC TECHN TQUES

3.1- Anafqsis of Kl¡.]tchl Pattetns

-In tl¡is work Kikuchl patterns, which occurted ptominentTg in the

ausËenjte phase, were utiLlzed. in el-ectron diffraction anaTgsis in

preference to s¡nt patterns. There are a number of significant advantages

in the use of Kikuchi patterns:-

(a) The accuracg of the direction of the eLectron beam axis

determì-ned with the aìd of Kikuchì 7ìnes is withìn !0.7o (R¡der et

a7. 1968). This compares wiXh an error of 15o using spot patterns

(Thomas 7965).

(b) I,hc Kikuchi pattern for a givcn orientation is unique in the

majorìtg of cases and the l-B0o ambiguitg associated with s¡nt

patterns is efiminated, (otte et aI. 7964).

(c) ft is possible to obtain an orientatìon refationship between

two structures using onTg a singte Kikuchi pattetn from each phase and

without the necessitg of tiTting to a fow index zone axis (Von Heimen-

dahL et aL. L964) . This proced.ute minimizes contamination of the

specimen in the el-ectron beam.

(d) TiTting through reciprocaT space in a lstown direction can be

sgstematicalTg carried out with the aid of Kikuchi fines, Tl:is is

invafuabfe in obtaining two beam conditions fot conttast anaTgsis

and, at the same time permitting ptecise determination of the foil-

orientation. This ptocess is not possibTe with a two beam spot

pattern (Ievine et af. 7966).
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(e) since Kikuchi, patternS occur readifv in thìcker tegions of the

foìf where spot patterns aye not cletectecl, the effectìve working area

of the thin foìl- avaìfabLe for anaTgsis is increased'

The ana¡qsjs of Kikuchì patterns has been greatTg faciLitated bg the

deveTopment of computer clrawn Kìkuchi maps (Bomback et af. 1971, Young

et af. 1972). The beam direction mag be obtained bg comparing the Kikuchi

pattern with the Kikuchi map of the cotresponding crgstal structure.

However, severaf dìffìcul-ties r¿ere encountered with the use of these maps.

FirstTg, the computer drawn Kikuchi maps were based on a standard' I OOll

stereognaphic projection which is onTg an apploximation of the actual-

distribution of Kikuchi Lines in space. The degree of distortion of the

fines on the maps incr,eases with angufar distance from the I OOtl zone axis

and is significant at orientations gteater than 20o from this axis (Hitsch

et aL. 1965) . Secondf¡, a numbet of hiqh ìndice planes, fot exampTe (OaZl t

which were frequentTg observed on Kikuchi patterns are not incl-uded in the

pubtished maps. ThirdLg, the Tine spacings between Kikuchi paits obtained

in the austenjte phase at l-00KV differed widelg from those on the computer

drawn map which was based on copper at 500KV. In addition, the cal-ibration

constant of the Kikuchi patterns, which is a function of the camera constant

of the efectron microscope, differed. from that of the Kikuchi map. FinalTg,

there are rrtore accutate methods avaiLabl-e for the beam axis detetmination

than that obtained bg a simple comparison with the Kikuchi nap (von Heimendahl

et af.1964, Johari et al. f969, Okanpto et aL- 1967).

These dìfficulties were avercome bg deveToping a method of indexing

Kjkuchi patterns anaTgticallg using the measured angTes between diffracting

planes. The Kikuchi map was sinplifìed. and renderecl univetsalTg appJicabTe
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to afl F,C,C, sxructures at ang caner¡ Tength bg utiTìsing the medians

oftheKìkuchi].ì.nePaìts(Hlrschetaf,1965),Theìndexedstandatd

triangre, bounded. bs the polås lootl - lotl - [fu] ' used in arl

anaTgses j,F ShoWn in rig. A3.1. A computer prog?am was devised to detetmine

the trace of the planes of the F.c.c. stluctuze xhat pass thtough the

standaxd trTangTe ancl to cal-cufate the angTes between pTanes whose zone

axes 7ìe wìthin the bound.s of the triangTe. Bg distegarding the pTanes

that do.rlot pass through the ttiangle and the angTes between pTanes that

pass through the triangTe but intetsecù ouËs l-de Lts Limits, the tedious

and time consumìng trìal- and. eyroy method of indexing Kikuchi fines' (otte

etaf.1964)'wase]^iminated.Theca]cu]-ateclacuteanglesbetween

intetsecting Kikuchi Lines satisfging these cond,itions and indexed in

Fig. Aj.l- are Listed in Tabfe A3'L'

Al-l- Kikuchi pattetns were initialTq anaTgsed in terms of this standatd

triangJe. However, there were thto possibTe cases in which the detetmined

zone axis of the pattern had to be further modified:-

(a)InsomeinstancestheKikuchipatternsobtainedweteamitror

image of the corresponding patterns on the map (otte et aI. 1964) '

The standard pattetn coul-d be achieved bg ínverting the thín foiT in the

specimen hol-der in the efectton mictoscope. However, this ptocedute

mag be carried out anaTgticaTTg using matrices (Jaswon 1965).

[¡] = [^] [;l ¡¡mt\
wheteAisthezoneaxisinthestandardtriangTe

B is the zone axis of the mittot image

J is an invetsion oPeratot
t/z

(hkrJ is a rotatl-on through'7\To about a pnle notmal to the

standard projection' e-g- |Jf,ol

Irl
lootl

["] =[¿] 7
.1 l[;;] Ia]
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TABLE A3.L continued
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TABLE A3.L continûed
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(b) Qtientatians af zQne axeã that were obtained outside the

standatd triangl-e duting tì.ltJng operations rere derìved bg sgmmetrg

operatìons, These rotations, for both the standard triangLe (A) and

the mirror image (B) , are iffustrated ln the I ooll projection

in Fig. A3.2. The matvìx form of the sgnrmettg rotations are shown

ìn TabLe A3.2.

The zone axes of the ìndexed Kikuchi pattern were determined anaTgticaTTg

usìng Levìne's simplification of the von Heimendahl- technique. The ptocedure

invoLved the sofution of 3 simultaneous equations of the form:-

pu+qv+rw
cos0

2 2
wv ++

2
u

where I eøtl

| ""*l
I

is the beam direction

is an indexed ¡nle on the Kikuchi patter p

is the measured angTe between l¡ør1 and. l""rj

In some cases when 3 differery çn7es were not obtained on the

Kikuchi pattern, for exampLe at orientatìons near the lOlll zone axis,

the pattern was l-ocated on the Kikuchi map (with the same cal-ibration

constant) and the beam axis determined using the Okamoto (1967) reLation:-

p:q:-r

where o( is measured directJg

B is determjned u'sing the calibration constant of the Kikuchi
I

map.
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Fig. A3.2

I ootl Stereographic Proj ection.

o
oOls-o

tTo ol

[10 0l

Location of sgmmettg rotatìons and refl-ectìon opetations of zone

axes in the standard triangle A
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T A B L E A3.2

Matrix representation of the sgrwnetrq totations

iflustrated. in the lOOll Stereographic Projection in Eìg. 3.2
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3.2 Orientation Rel-ationshìp Betv¡êen Cementìte and Ausxenite

3.2.1 Expeximentaf Procedure

(a) A l-ow ìndex zone axis of cementl-te was

bg tiTting untìJ a concentric rìng of the first

observed around the centraT spot pattern. Arcs

zones which were vìsibLe wìthin +5o of the zone

indicatc tlta rcqu i.rcd tiLt tllrccLlo¡t.

accuratel-g obtained

otdet Laue zone was

of high order Laue

axìs wete used to

(b) A Kikuchi pattern of the austenite adjacent to the cementite

was al-so taken at the same til-t conditions and indexed using the

procedure outlined in Appendix 3.I. In generaT an itrational- indice

zone axis was obtained and this was found to be ideal- for accurate

anaTgsis and. the el-imination of the l-80o ambiguitg in the austeniËe.

(c) The s¡recimen was tilted approximatetg 30o and a second serjes

of diffraction patterns obtained. This finaL procedure eliminated the

l-8oo anbiguitg in the. cementite diffraction patterns.

The accuracA of this technique is indicated bg comparing the cal-cul-ated

angTes between the two determined zone axes of each phase.

Cementite Austenite

Zone Axis Zone Axis

lt o 2l tß t-7 sll

lz o tl)sa-zzo [:r n oz1)3s-tz"

The cal-cuJ-ated angles between the zones of cementite and austenjte

differ bg onlg 0.350 over a sso ti7t.
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3.2 ,2 Orientation Relati.onshiP

Bg convention the orientatìon rel.ationship between cementite

and austenite is descrl-bed bg defTning the austenite directTons that

are parafLel- to the priricipaL axes of the cemenXÍte. ?hese direcXions

obtained bg gxaphìcaf methods (Stereogtaphic Ptojection) are subject

to +2o error, (Johari et af.1969). Anare accutate analgticaT approach

using matzices outLìned bg Jaswon et aL. (1948) that described the

transÍormation o-f axcs from one cubic sgstem to another cubic sgstem

was modifi/ua to'suit the cubìc/ortho;pþs¡xþfç sgstem.

Patal-l-el- zones or d.irections Iu .v w) in austenite and

cementìte are obtained from the rel-ation:-

t1
-tIu] [c] t4

|;] C

where A and. C ate the transformation matrices of austenite and

cementite respectiveJg. The matrices consìst of the ditection cosines

of the angTes between the determined reference axes and the principaT

axes of each sgstem.

i.e.

lcl

1ll_23

00
b'/N 0

o c/N

m
3

m
2

nn
2

mf

nr-

where J., is the cosine of the angle of the determined zone axis

lu, ,, *rl , and the principal axis ox" etc-

L js the matrix d.escribing the change in Lattìce structute from

cubic to oz'thorhombic,

t';
[']



N = (a2 + ø2 +.2)*
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where â, b, and c are the Lattice paraneters of cementÍte and

The indl.ces of paraTTeL pTanes (h k l-) in each sgstem are obtained

bg the reLation:-

-t
Iu] [ c) Lz] ["]

;l
where ["] is a matrix defining the normal-s to the cenentite directions:-

An example of this approach is gìven bel-ow:-

The foLl-owing pairs of reference axes were determined ftom electton

diffraction patterns : -

[r o z)c // [r: u n:sla

lz o tlc // [-i¿ 24 nzla

Cross nuTtìpTieation gìelds a third set of axes..-

lo-olc // l%fitlo

Inl =

a/bc O O

O b/ca O

O O c/ab

Ic] trl .3187

.8019

tr^:Å

l-.1584

t- . 1047

.67 83

47 22

0

0

0

.5310

Iuì-]

1.2579 .6785

1.L424

.3657

.7 336

.0372

0

0

0

0

l_0 0 .70
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.3603 .2439 u

.3895 .2563 v

.0198 .6060 w

Substition of the prLncipaT axes of cementite gields:-

l. tozat_
l.zaøe

l,no,

Io o tlc
[o t olc

[-r o ole

I2.oo

I t.oo

I s.oa

A

A

a.ool,A

2.ro a.ozl

r.oB o.ool

4.45
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