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SYLOPETS

2 study hzs been made of both the trensformation
behsﬁiour &G mcchanic&’ proverties of z scries of very
10@ cerbon iron wmenpancse ©lloys within the range O to 10
maﬁganésé.

A&lloys eonteining between L and 10, mengenesc were
fohné.to undergo & wartensitic transforustion which wes

identicel to the "leth" or "uaassive" uzrtensite reaection

-

J

lc bainitic rezction

o

deﬁd in other iron &lloya. poasil
waes a150nfound in &lloys containing between L anc G,
mahganesc, aond vwas referreé to ©3 rccovery assistee uartensite
owing to the posaible s=anistance to prowth by recovery
processces in clther the auatenite or wmartensiic.

In the "lath' wartensitic condition the iron wmingencse

o

alloys vere shorm to possess good ternsilce strengths and
dudtilities but their iwmpnet properties werc uarkedly
inferior to eouivalent iron nickel sllovs. ‘n explengtion
oftthié poor imp&cﬁ resiatence wee sought in teras of oth
stfudtural pceuliarivices, l.c. twinned martcensite foruztion
ané from any deviation between iron nasnganese éné iron
nidkel alloys in their decpeuncence of flow stress on tcuperature
end atrain rate. ieither of thesc two avenucs of investigation
revealed any sourcc of expléensgtion, &nd the monst likely
cause of brittleress wssvghnwn to be the possible_ﬂegrcgation
of impurities at prior custenite groin beoundsries which
Ere&tcd &1l of the cffcects vmuzlly cnecuntered with teuiper

brittleness



1.0 INTRODUCTIOI

ilany of todays ultra high strength and cryogenic
stcels eontain epurecicinile cuantitics of nickel, and thereby
suffer fro: hirgh costs. fhe undcriying objective of this
resecarch has been therefore to test the velidity of
renlacing nickel by & chezper celewent. nangenesce wes chosen
for this purpose because of its chcapness and also since
it has similar effects to nickel upon sustenite stability.

In the present work the aim has been to assess the
basic transformation behaviour and mechanical properties
of a series of iron manggnese alloys within a composition
range which produces an austenite ~ ferrite transformation,
e.g. 0 to 10y manganese. The higher manganese alloys
in which epsilon formation occurs were &voided since they
would not have been comparable with iron nickel alloys.

It was hoped originally that by proving that iron
manganese alloys could produce eguivalent properties &nd
heat treatment characteristics to iron nickel alloys;
work could go on into the development of strengthening
by precipitation hardening. However, poor impact properties
were encountered in binary iron manganese alloys, and the
emphasis shifted towards finding the cause of embrittlement.
This was tackled by an attempt to discover any inherant
feature of iron manganese alloys such as the response of
their flow stress to low temperatures and to changes in
strain rate, or to peculiarities in the austenite decomposition
process. Neither of these two apyroaches managed to

distinguish iron manganese alloys from iron nickel alloys,



and 1t became evident thst brittleness was due to grain
boundary weakness. ‘This grain boundary effeect was given
some attention, but the iwpurity responsipvle for cubrittlenient

was not identified.
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forns in parallel sided banué pounded by the &1ﬁ
zustenite plancs. There rre o4 varicty of ndéans, e.pf.
cola working, tempering, or sub-zero Lrestnent oy which
e¢nsilon can e wnde subsccuently ﬁOfd‘PfYﬁl to o bouy

cenitred cutic ferrite vhinsc structure clozely veseubles

thet of lath uwsrtensice

(‘W

Sther procucts of ustenite decounsoaition °uci e
nerrlite or bainite ususlly involve corpice scporation
ang 50 heve not been inceluded in the sbove 1isat. lowever,
the inclusion of é Brindte uwode of transforuntion whiybe
Juatificd, sinece thire nre renorts 032 of nn imctherusl
shesr tronalori:s tion iﬁ Linvry iron alloya containing
virtually no ecarbon. Prou oo atructursl espeet this
isbthcrmal tranﬁfofmation i rocuct rescebles lath nurtensite.

in binsyy irom coanoenese alloys seversl of the zaonove
nodes of tronalforwstion re liwely to be encuntered and
will oo given further swvwention in the following =scetions.

Zee (General chorocioristics of noasive fervrite
and mortensite in iron allov:s

2.2.7 .z233ive Ferritc.

Jaasive ferrvite verives 1ta nane fron ita

nerghonlorical rescudsience to the strvetuvres ob3crved in

copier 8lloysa 12 ¢nd whiel were teruce Laasive” by

Poannnlsid 11 . In Terrouns ollo, s3yaiews weanive ferrite
strectures have been observed in nurerous 2lloys including

n - a - .
& 12 15 i . . 19 14 . 12
242 05 W 5 hon enromivn 0 T iren silicon

. 17 . o d-20 . 16-21 i
iron conper iror carbon iron nitrogen &na

??

iren niclel

iron uangsn

2.2.%.1 orvhalogy

Ky

Lotypical exarple of ¢ wassive ferrite structure,

s

shown in Fig. 1, revegls & structure consisting of irrepular



ragged fTevrite grains, which are often gifficult to
diﬂtinguigh from equiaxed Territe by optical wetallosraphy.
By over—etching wmessive ferrite develops ctch piltting due

to 2 substructure, vwhereas coauiaxed ferrite does not, &na
this substructurel feature is cven wore clcarly shown LY
either thin foll eleectron wetallosraphy oy by the weasurcucent
of' 1linc brozdening in X ray aiffrnction. bleciron

Fa)
L

metallography reveals that azasive ferrite consists o

grains sepnarcted by hih anple boundaries, which contain
11

. - . ; A 12 . 2.) T
areans of & high density (10 = 10 7 lines/cm) of

uniformly distributed dinslocetionse Thesc dislocetions
tend to ecdopt planer digtributionsqa. Low angle poundary
sub cells =re sornetimes Torwed particulerly when either
the cooling rate i3 incressed or the trensformztion
temperature ﬁecreasedqé'go.
| The high dislocation density of nsssive ferrite
compered to eqﬁiaxed ferrite ¢lso produccs . ray line
brosdening with the vesult that vsamive Territe cauqcé

brozd aiffuse X roéy lincs in contrzst to the sharp lines

bd

. . . . L, ]
produccd by ecuiaxed ferrvite “.

2.2.1.2 Crystsllorronhy

Trapnsfornation to wessive ferrite s stated earlicer
cgocs not produce surfoce tilting on & prepgolished surface,
end this iuplies that no lsttice correspondence exists
bectween the parent ond product vhese Qu- iMartheruore,

“the growth of massive ferrite appears to pay little regera

to changes in orientation across prior auztenite grain



boundaries which sugrests that no orientation relationships
oG
exist betwecen the ferrite and custenite phase. saronson’”
however has guestioned this and has supgested that both
& rotional habit plane end orientation relationship wight
exiat, because plener fecets are occasgionally observed
in massive crystals 10. s erystallopgraphic orientation
relationship can exist however only during the nucleation
stage if wmwassive ferrite growth is truly unaffccted by
prior asustenite pgrain boundarieé. In Fig. 2 & process
of sympethctic nuclcation either side of an austenite grain
boundary. is schematically illustrated which leads to &
suggestion of apparant growth acress the boundary gnd a
situation where &n orientstion reletionship could exist
between the custenite end ferrite. The basis for this is
essentially thet described by Zw:ith 26 for proeutectoid
ferrite and consists of the forwation of a coherent ferrite
nucleus at a grain boundary which grows mofe rapidly into
the grain in which it forws an incoherent boundery. o
orientation relationship exists between the ferrite and
the eustenite grain in vhich growth hzs occurred but one
Goes exist with the edjzcent austenite grain. It is also
possible that this effect could occur with uwsssive ferrite
transformations, and this woulc cccount for the failtire to
detecet any orientation relotionship between the ferrite and
austenitec.

2.2.7.% Kinetics

8.12, 1L

Zeveral authors have confirued thot wmessive



fervite tronsfovnection occurs iscthernzlly fron eviacencc

of the siliny to suppress the trensforeation tewperaturc

2

with incre~sco enoling retes.  H1lae & choracteristic © type

tranaforiciion curve has beer eatablishec Tor ivon chrosiu

cl1loys whieh elcearly incicotes on isothernnl nueleation

ano preowth uode of transforustinn for wassive lerrite.

It has glso beerr foundg thot the trsnsfor-ation tenpergturce

in depreszed by irevessing the coeling rote, but & liciting

tempereture is eventuelly reached whi
2,29 .

rther increoac in e¢noling rate . This liwiting

ch: is uraltered by any

v

trensfornstion tesperaturce provably corresponus to the te.p

- 3 1;‘ '3
croture ot vhich the nose of the ¢ - curve sceurs -, sinec

& ¢cooling retc designca to supress tronsfornstion below
the eritiecsl teuwperature viould misas the C curve &nd

conplcetely supress measive ferrite trovsfornstion.

41loying eletients uey &lso depress the wnnsive ferrite

[V

treonaforiction stuvd temierature  nd dinpliec tie O cuyve

o
oot
four
-
e
Ve
-
[
Lais
Ps
-
o
-
o
»
{
ot

rates snd the s teuperaturce, where the Yy lewpersture

a tuxt for thermedyvanic eguilibriuve betveon susienite

-t

and Territe of the =aue ccouposition. Transfor. ation
cen occur only ot temperaturaes below Tg and clenents such
&5 nickel or uancancae vhiclh ere suntenite stabilizers

tend to lover To eng henee the nssasive ferrite tronsforos

start teuperature. Ferrite stsbilizers, for crouple chrow

aré silicon, initiclly decres e T, Bul raisc it cshove o

3 ey SRV <y ATl et g f e l::,«;x.—, X IR S el e
LOT GLO VO GRCLYy R LUChCU Bpon Gl UsLn

tion

iut.

certuin eonposition, ond so tend t0 produce sirniler effcets

"

upon o, the massive Territe transforuatinn stert tewpernture

S

12



In addition to the effects of alloying upon 1. the
oly temperature is lowered by the reduccd fatos nf diffusion,
end it is thought that alloying elewents could retard
growth rates by creatirvg & frictional drag upon boundary
wopility Y. This drag effcet is due to the nced for
solute atmospheres to diffuse with the boundary, so thet
its mobility is controllecd by solute diffusivity 5 . Iin
iron carbon alloys for exawple the wassive Territec boundary

wigration rate is reduced Trowm 0.6 wi/sec to less then

. . , v oy 1
0.1 mm/sec by altering the carbon lecvel from O to 0.1 Ut .

®inally, the messive ferrite transforniztion is also
affected by both the sustenitizing tenperature ana tvime,
because these both control the sustenite grain size, aud
the muuber of nuclestion sites for transforustion. ény
factor which encourages swell acustenite grain sizes will
prowmote the formstion of wassive ferrite 1h.

2.2.1.1 Transforuation ilechanisas

r
et

Initislly wassive ferrite transforuations were

(€]
N

clessed as aiffusionless transformstions due to their
epparently rapid growth rates and to the absence of com=-
positional chenge. This possibility is now cxluded however
Adue to the absence of surface tilts on & prepolished surflace,
and the evidence concerning the isothermsl kinctic behaviour.
ilassive ferrite transforuation is, then, & diffusion con-
trolled transformstion which is thought to achicve repid
grovth rates by & process of short range diffusion of atous
acrnss the interfece region only, i.e. one or tvo inter-

s o A% e 33 .
atowic distences . An alternative proposal to this,



put forwerd by Aaronsonju, is & ledge uiechanism which
cuiploys & ferrite/zustenite boundary composed largely of
coherent interfaces but glzo containing & series of
disorderly (ineoherent) lcdpes lying perpendiculzar to the
main boundary, sec Pig. 3 Rapid boundary wigraetion is
said to0 occur by the rapid diffusion controlled laterel
.movement of these disorderly ledges, so thati thé cohercnt
boundary is moved Torwards. This coherent component of
the boundary does noé exclude the pos=ibility of an
orientation relationship from cxisting between wmassive
Territe and austenite, &nd the idecea of ledges might explain
the jJegoed nature of massive ferrite boundsries which is

freguently observed.

2.2.2 i.ertensitiec Trensforition

Prior to a dectailcd discussion of lath wartensites
it will be useful to review briefly sove of the characteristics
of martensite, and also the theories put forward in
explenation of these characterisﬁiés.

2.2.2.71 Characteriatics

ilertensitic transforuation is defincd 23 & shear
moveuent of atoms such that atow:s wove from a psrent to
a produbt lattice by & fully coordainuted moveuent 55.
The term “Lilitapry" has been used 1o deseribe suech
transformations, in contrast to Y“Civilian' transforusztion,
where atom movewent is & random proeess, i.e. difrusion
controlled. 4s well &as the above definition, wartensite

has several chsracteristic festures which collcctively

aid the definition of :.artensite. These characteristics



Z
are as follows:JG’ﬁj’

(1) fthermal Kinetics. In uost martensitic trans-

fortations the smount of martensite forued is & funcfion

only of the tempcrature, snd to induce coupicte trans-
foru&tioﬁ reguires continuous cooling through the g 7 ihp
tenperature range. Cescs of isotherual usrtensitic trons-
Toruation alwost ccertainly arise due to isothermal nucleation,
and not isothermal growth.' ftherual prowth is probaoly

2 unigue festure of martensitic transformations.

(ii) Crystelloprephy The parent end product phases in

a wartensitic transformation exhinit certaein chsasracteristic
crystellographic orientation rclationships and hault planes,
but this is not unicque to nartensite.

(iii) Curfzce Tilting martensitice transfor. tion produces

surfece tilting on & prepolished surfece which indicates
that the transforuied region has undergone & shape changee.
~ .30 workers have alwaeys regearded surfece tilting es proof

of & shesr trensforuztion, i.e. mertensite, but later thinking

has shown that this is not necessarily true ‘h. Ion=-

mertensitic transformztions, e.g. iduanstetten ferviteBB

AN

2
. o 2 -__) o
and bzinite””, and the ezrly stapcs of precipitation Lay
also produce surfece tilts.

(iv) Diffusionless Growth

Coupositions rewsin unchanped

by e martensitic transformction, and crovth retes are

e 4y o~y " - .
exXirenely rapid, i.e. they approach the specg of aound
within the rictal, but as scen with the eésa of massive

ferrit oh €
vy nelther of tlese two fzets arc unigue to mortensite.



2.2.2.2. Phenomenological theory of martensitic
transformation.

Phencmenological theories of martensitic transformation
are designed priwmarily to explain the observed orientation
relationships, habit planes, and the shape change produced
by transformetion. The two original theories are essentislly
equivalent although arrived at independehtly and are due to
#’echsler Lieberwamm & Read (T.L.R),MO and to Bowles and
ﬁackenzie,u1(B.ﬁ). Both these theories have been the
subject of numerous review9.35’u2’hu

The essential basis of thesc theories is thaet when
martensitic transformation occurs, the transforming region
undergoes & shape change,'and must,also renain in contact
with the surrounding parent phese orbthc material will
disintegrate. This mesns thaet a hebit plane which is either
coherent or semi?coherent must exist, and imposes the
dondition that the shavre chenge muzt at least approximstie
to an}"invariant plane strein®, i.e. &t least one plene
must remein both unrotated and undistorted by the shape
chenge. Two examples of invarient plane strains are simple
shear or dilatation, see Fig. 4, but neither of these is
capable of producing the necessary crystal structure 6hange'
required for martensitic transformation. Only by cowbining
the two is it pdssible to produce an invariant pianﬁ strain
together with & change in crystel structure, and hence
the shape change involved in & martensitic transforuviation
consists essentially of shear parsllel to the habit plane
plus c¢ilatation normal to the habit plane, and the angle

@ defines the shape change, see Fig. 'l.



In the ".5L.R. and ... thecories the total shepe change
is broken down into couiponent parts such that both the
necessLry chinge in cryét&l structure &nd the invariant
plene stroin condition is fulfillcad. Firsfto be consicereda
is the strein necessary to creste the correct change in
crystal structure, and this reguires knowledge ol the
lattice correspondenceY, which is =imply the relstionship
between the two crystal lettices. In the face centred
cubic custenite cell, ar- ecuivalent cell can be found which
after houwogeneous deforuistion converts to & body centred
cubic cell, and therc zrc seversl possible correspondences.
The most suitable correspondence of the sustenite - ferrite
transforiation is the "Dein correspondencce’, since this
reouires less strain to traenaform to & body centred cubic
cell, see Fige. H. TFrow the "Bein correspondence' & body
centred tetragonal celil raybe =welected snd its diwvensions
made eguivalent to thet of any nartensitic cell by contrsction
along the [§1Q]X exias plus cxpeansion along both the BOQ]K
and[bD{L,axis. This hosogeneonus deformation is referred
to &5 the Ygain strein® with principel strains eqgual to
*hh’ + Mo+ = M3. In practice the prinecipal strains depend
upon the reletive lattice parencters of the two phascs,
but for example in iron nickel alloys they are My =No = 112,
qj = 0.8. Although the ¥Bain strain produces the ncecessary
change in crystal structure it doc¢s not sztisfy the invariznt
plane strain conalticn, 2nd contact could not be mzintained
between the transformed recion and the surrounding parent

material. This is shown more clearly if reference is uzde



to Mir. 6 vhere the sustenite lettice is represented by
o unit spherc which deforua to an ellipseld by ¢ delerostion

ccuivelent to the Zz2in “treine.  In this cispraw no plone

is left either unrototed oy undistorled, tut instead there

¢re o serics of veeilors 1. inr on cones ¢4 the interncetion
between the origivzd unit srlicre, the strain ¢llipnold

£n6 the reciproesl stroin cllissnid, vhich crc undinterted
but not urrotsted. Theae {wo urextended cones refer Lo
£oserien o tora snd plene noresls left undistovted Dy
the Boin "irein.

To felTil1 the dinveriort plewe a3tr:in enondcition
recuircs thet tihe defov ~tilor Lhins priveipsl sotraivns vherc
onc is vositive, onc 1o we, ftive, oné. the third is zero
cuc thias conditien is cleeyly not et by the 30in
It ia poasible hovever to seldiove this by intreducing o
cooitionsd Geforistion.  Tlrple overrs zuch a3 scelonlecl
tvivwing or sli; on odjrecnt Jlonen cre towm oed Ylottice

invaricnt shesrs " alnece they do net slier the eryatal

vectors boing shoritentd orF incrensed in lenpth, mec F©ig 7.
Thus by the gacition of £ =s1ip or twinning doforestion to
the oin Ztrsin one of the prineipsl Soin strains csn be
restored te 1ts origivel leogth, @nd this will Gpp?rcntly
pfocucc én overall invericnt nlene sircin.  This i3 however
rot cuite correct since the Boin Strein élmo rosulta in
vectors being rototed, an& én ecuitionnl opcration is

requirced to return thew back tn their eoriginsl positions;

this is torwed ¢ "wigid Body Detotiont.



The totzl shape change involved in & martgngitic
transTormation way therefore by suummarisco as the suw of
Bain Strain plus Latiice Invariant Chear plus kigid Body
Kotation. Cuantitaﬁive precictions of the habit plane,
oriecntation relatiohship, end shupe change accoupanying
martensitic transformation ere obtzinsble frow & stercographic
analysis or by watrix elgcibra. ‘The two bgsic unestrix

ecuations are representeu by:

1. E = RPS (Vo Lelie)
= o
2. ES - = DR (#=1i)

1. nois & metrix which determines (i:¢ changes occurring
to vectors following the total shape chénge.

2. B is & matrix celeruing the changes in vectors
following the Bain Ttrein, &nc is fixed by the lattice
parameters of the austenite asnd nartensite. These there-
fore determine the velucs of the principal étrains; AT
additiongl veriable introouced ity the B~. theory is onc
which &llows for the hebit plane to be slightly distorted,
~and is referred to es the dilatation paraueter S . The
effect of including<gis to alter the dimensions of the

eriginal unit sphere by an awount equsl tog &ndg this &lters

the Bein principsl strains to becomecﬂqrng.&ns .
3 S is a watrix which determines the changes in vectors

due to a lattice invariant shcear with a Tixed planc and
direction, ang with & definite gngle of sheasr. DBy varying
the choice of this shear systew, different predictions of

habit plane @re produced.



L. b is an inverse watrix of T and represcnts an
JAnveriant plance atroin or lattice invariant shesar in

sn opposite ¢ireetion to .

Ve i

is o owatrix which ropresents & ripio body rotation

such thot 511 veectors vhich are rotated by the Hsin Ztrain

end latiice inveriant shesr re rotatea bueck to thelr
origingl poaitionm}

PThe tvo ecuations for the “o.le.i. and ... theories
gre ecuivalent to_e&ch other deassite their eppsrent

gifferencec, and this can be shown by the following:

. ry Ty o

H — IS H g N

£ = B . ( ‘e lieile )}
-

o~ -

el -

but since o = I & unit matrix
}*3:—1 = (eine)

In order to preaict the habit plance the i#-.. equation relics
upon the econcition th~t poth ¥ &and ="' are inverisnt plane
strains snd, as such, will creste on invarisnt line elong
the interscetion of the two shear planes.  Furtherniore,
tie plenc contoining the two shear dirccetions of i and 5-1
hes ao invariant norual which torethor with the invariant
linc of interscetion defires the honit planc.

“hen the theory ia #p licd to steels it successfully
npredicts the &Nﬂ%x haﬁit plene Tound in hirh coarbon steels

and in iron=-30, nickel zlloys vhen the lattice invariant

sheer systenm ia chosen to be twinning on the 612%4 B1£L\=

(1 10)3’ [j.‘ 10

pJ

]Xay:tew. However the Trcecguently obnserved {22§X
habit plane recuires the usce of the adéitional dilatostion
paramcter § . and thus sllows the hairit plane to we oistorted

vhether this is justified is doubtful &nd recent work has



shown that there is no experimental Jjustification for
ineluding glas a variable.u6'“7 further shortcomings

of the theory are its inability to account for the
observed scatter in hebit plenes found for carbon steels,
&nd elso the complete failure to predict the habit plane
found for lath martensites. The theory is nevertheless
successful in predicting the {259}x or {3’10’15}& habit
plane, and perhaps nore importantl& it predicts that
martensite should contain an internal substructure such
as mechanical twins which is fully in sccord with metallo-
graphic observations.u

2.2.2.3 Kinetic Theories.,

Kinetic theories are designed primarily to seccount
for both athermsl and isotheruel transforuation behaviour
during martensitic resction, and also have attempted to
predict a nucleation model. There are numerous theories
based uppn both classical and non classicel approaches
which heve been reviewed previmmly,48’l"9 but to date they
have ﬁot been sucecessful. For example, the classical
nucleation approach using either a homogeneous or heterogeneous
nucleation model predict nucleation activation energies
which are several order of magnitude too hirh, and non-~
classical wmodels such a&s the strain embryo theorie95o’51
prediet critical nucleus sizes which are far too large
and which do not explain the effects of pressure upon the
Mg temperature. fThe only clear indication given by
the kinetic theories is that martensite formation must

overcome some form of nucleagtion barrier, since it reguires



considerable undercooling below the TO temperature to initiate
transtbrmetion. Some of the factors which have been suggested
as contributors to the nuciecation barrier include:
1. Interfacial energy.
2. Elastic energy which is equivalent to the volume
strain energy.
3. Non reversible plastic deformation of the surrounding
austenite, €.g. accoumodation slip.
and it is necessary for the totzal chemical free energy to
overcome these before spontaneous'transformation can occur
or continue.

2.2.2.4 Thermodynzmics.

®'Closely linked to the kinetic theories is the
development of methods for deriving the driving force at
the lg temperature and this has reccived the attention of
various workers.12’ 21, 52, 56
The free energy for & martensitic transfor.uztion
is & measure of the nuclcation barrier and is therfore
0

proportional to the degree of undercooling {io - Mé% .

vIts value follows from the relationships

L ¥ ¥ ¥
=4 (4 X S
G = (1 =X, ) Gpe + Xg Gy + Gy,
=¥ 21 =¥ ¥
AGT= (1 -x)) Acl 4 x, DG+ DG (1)
) Fe 3% & i
where X, = mole fraction of alloying element A
x-¥

A the free encrgy change for the «-¥ change in
Fe pure iron

-y
ALG: = the free energy change for the «-¥ change in
pure metal &
=¥ '
AG,, = the difference in free energy of wmixing

I
between solutions of iron and the element 2

in the o« and ¥ forms.
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Equation (2) is of limited use owing to the assumption
of ideality and rarcly applies in prectice except perhaps
to dilute solutions. The alternstive analysis is bascd

upon assuming that a regular solution exists.
5“!55

S

L2.2.ita2 Regular Zolution.
O(-X . .
0 determine AGm By definition of a rcpular solution

N

3

the excess entropy of mixing is zero; the entrbpy of
solution is ideal, and there is & swall excess enthalpy

of solution. It is also assumed that for a given couposition
the free energies of marteunsite and couilibrium ferrite

are equal,

Therefore:
Y ¥
— 1 -
% o meo
Gp = Hyp - TSy

where Hy and S sre the enthalpy and entropies of mixing

in either the ¥ or « phugo.

Both very with tsmperature acecording to the relationships
Hy = Hy + ; Cpy 4T

T
« o W
~m = ®g +jo Cop, dr
S

1t

where Cpy is the specific heat of mixing.

vary

Further, by definition in rcgular solutions, Cpg,H,, and Oy

with composition suech thet

Cp, = ¢ Xa (1—XA)

it

Ho d xy (1-x)

o

- ~

and S -R éx&lh X, + (1-xé) 1n (1-x;) ?

which enables the ecuations for Gm and G, to be written
% X ) Ty
Gip = G x3(1=x,) =T (R(xﬁln xp+ (1= )In(1=x,) )+ o € xé(1~xé)de

4

O

[£1]

1

oA o
d x,(1=x4) =T (R(xéln x;+(1-xg)1n(1-xé;)+fo e x;,(1=x.)dm
. IR - :



<% '
and AGm which is the difference between these two is

given by
oyt . : '
; o w
where B = dx —eX T(1flnT) and & = d =e T (1-1nT)

oL-¥
To determine AG;

it equilibrium the psrtial molar free energies of

each component are eqgual in the oL and ¥ phase.
¥ <

Gy = T

furthermore from Fig. 8 it can be shown that

G."t‘. = G -+ (1-}{;) gg
ax
Gpe = G = Xz .gg
dx
Therefore
G e + (1 ) ae = G, + (1=x, ) dc (L)
o= Gy CUImRy ) 86 = Gyp Xy ) &8
3 x&< ) T xAx ¥ o

where Gx'

i\

and Gy, ~ &re the free energies of the « and Y
phases at the equilibrium concentrations of x3, and X
respectively, and way &lso be written in accordance with

eguation (1) as
oL
Gx;‘a
¥ 2
Gya = (1=x3 ) Gpe + Xy G + G

. oL
= (1=xy ) Gpe + %3 Gy + G

when these are substituted in equation (L)

L oL o Y ¥ ¥
2(1—xgx)GFe + x5 Gy + Gp §+(1-xax) %% =;Q1'XAK)GFe + XAXGA+Gm3 +
(1-XAK) aG (5)

dx
and the aifference between the two sides of the equation

) oLl-¥ d-¥
leeds to an exrpression forAG, in terms of x. XAXAGFG
4 SR

X arc
4 A’K .

k3 . . e ] d-x
known from the equilibrium diagreau anotﬁGm follows from

oL-Y
end AG, , &ll of vhich are known, e.g. X,

equation (3).

Thus the following expressions &re obtained frow



equation (5)

o~ 2 2
AGA = (1-XA°() A - (1: ~XAK) B - RT1ln E&K (6)
, ‘ Xa,
oL-=¥ 2 2 B
AGpg = xp, A - X, B - RTIn (1-xg ) (7)
(1-XAX)

2 .
and by eassuming that the x,  term in equation (7) is small
a solution for B can be obtained, but not for A. If however

A is also assumed to be small &n approximate solution for

¥ s
A G, can be obtained from equation (6) which enables AG
for the martensite transformation to be determined.
od-¥

Finally, AG waybe calculated using measured values
of Mg temperature &nd Aq temperature by the assumption that

<-¥ <Y 2 LE (¥ .
Ag = (1—xA)AGFe + X, (A+BT +CT3)+xA(1-xA)d +e T(1-1In?) (8)

<Y z
where AGy 1is represented by the series (A+BT2+CTJ) and
(=

ol-¥ «=Y
A‘%n equals x, (1—xA)d + e T (1-1nT)

A series of simultaneous equations can be formed to enable

: 't

the coefficients 4,B,C,d ,eq s to be solved, using the
=X . 1 0

criterion that at TO,IQG =0 and Ty = 3 (Ag + lig) where

hg is the start temperature for reverse martensite to
austenite transformation and lig is the austenite to
martensite start temperature.

2.2.2.5 Characteristics of Lath martensites in
-ferrous alloys

When the massive ferrite transformation is totally
supressed either by the addition of 8&lloying elements or
by rapid cooling, transformstions in many iron alloys
occurs martensitically and produces lath martensite.

2.2.2.5.1 lorphology.

& typical example of the structure of lath martensite

for an iron nickel alloy is shown in Fig. 9, and similar



. X 19.28 | . 13 16
structures are observed in pure iron, iron chromium,

irbn copper,17 iron carbon,u'18'19 &nd iron nitrogen18'21
2lloys. This structurc is best described &s & series of
'stfaight—sided slabs which do not»cross the prior zustenite
grain boundaries and do not occur in more than four
orientations within any singlé austenite grein. Within
the slabs & substructure exists which c&n be more clearly
revealed by the use of a éuitable etchant, and consists
of fine striations parallel to the slab boundaries,57 see
Fig. 10, and &are described zs bundles of laths. The user
of two surface trace snalysis reveals that the slabs
approximate to par&llellopipeds58 with one side rather
longer than the other two.

£ more detailed picture of the lath martensite
structure is obtained by examination with thin foil
electron microscopy, and reveals that the fine substiructure
consists of elongated cells or laths in & series of parallel
bundles.ﬁg'59 The cell boundaricg are conposed of rcgions
of high dislocation density and there is also & fairly high
uniform distribution of random dislocutions ﬁithin each cell.
Cell dimensions vary with @lloy content and quenching speed
put typicel ones are 0.2 - 1.O/Lwide and 1O-5O/Llong. ior
example, several authorgqﬁ'go heve noted & tendency for the
cells to become larger and more equisxed if' the transforustion
temperature is high, &nd have suggested that recovery might
be taking place during trensformation. 2l1loying elements
20.60

have also been shown to reduce the cell dimensions,

one possible explanation being the reduction of austenite



stacking fault energy éaused by alloying,GO although the
lowering of transformation temperature could be equally
importanta A further frequent observation is that the
lath or'cell pboundaries are often wavy13 and are curved
towards their ends where cells of different orientation

. 1
dovetail together.

Examination of a prepolished surface reveals that
surface tilting occurs to produce parallel bundles of laths,
and these bundles correspond to the slabs observed after

8.62’- f1
2 ° Individueal surfszsce tilts probably correspond

etéhing.
to the single cells or laths found in thin foils, but this
is not absolutely certain.58 There is nevertheless no
doubt that they are related to the underlying structure

and do not represent surface martensite.63

Finally, interferometric observeations of the surface
tilts have revealed that adjacent pairs are sheared in
opposite directions, and for this reason a process of "self
accommodation" is thought to exist. Furthermore the tilts
have rounded tops, and this has led to the suggestion that
slip hes taken place in the surrounding austenite,6u which
could also producé a sympathetic nucleation effect for each
ad jacent lath. This accommodation slip i§ shown in Fig. 11.

2.2.2.5.2 Crystallography

In common with other martensitic transformations,
lath martensites exhibit both a characteristic orientation
relationship and habit plane, and these have been determined
both by direct measurement and by inference from indirect

observation. Evidence that the habit plane is the @11}X
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.56.6%,68
to apply both for martensites with the {31ﬁx habit

plane and the low stacking fault energy~{é25ﬁ,71 type
alloys.
The relative orientation between adjacent laths
is such that as each lath forms in an adjacent position
it must continue to observe the Kurdjumov Sachs orientation
relationship with the surrounding austenite, and to do this
restricts the number of possible adjacent lath pair
orientation relationships to three:
(1) Adjacent laths are of the same orientation, but
in fact must be rotated by 180° about the interface
normal to produce a separating boundary.
(ii) Adjacent laths are alternate twin orientations.
(iii) Adjacent laths are rotated by 10° about their
interface normel, i.e. the ‘Qiqz_ direction.
In most lath martensitic structures with the ﬁ11L( habit
plane it seems that the relative lath orientation relation-

8.13.16
s+ although type (ii) have

L

ship is of the type (iii)
72

been observed, especially in iron carbon” and iron nitrogen
alloys.

The final crystallographic feature of lath marténsites
is their growth direction, and it has been found that the
major cell axis is usually along the 6112 directioan‘S'uE'?2
although laths lying parallel to the @1QL direction have
also been reported.16 The direction normal to the major -
lath boundary is usually the 110 direction’? and this
is consistent with a ﬁ1QL habit plane, or a {ﬁ1ﬂx habit

plane due to the Kurdjumov Sachs relationship.



2.2.2.5.3 Phenomenological theory applied to
lath martensites.

In the earlier review of phenomenological theories
it was shown that the habit plahe prediction could be varied
by altering the mode of lattice invariant shear and the
magnitude of the dilatation parameter. TFrecguently the
lattice invariant‘éhear system adopted is either:

System I (110)?f =[1"To]x (112), ,[117-‘_,\0(_

System II (111)?( ’[151]K = (101), ;.[701:}05

It hes further already been shown that the system 1

1

shear may account for both the {259} and {225}2{ habit planes,
but no matter what value of dilatation parameter or shear
angle is applied, the {ﬁ1@% habit plane cannot be predicted,
especially if the correct orientation relationship is also
to be observed. Shear on system II is most likely to occur
in low stacking fault energy austenites since it describes
essentially the movement of a Shockley partial dislocation,
and as such it predicts satisfactorily the (77é)y7173 habit
plane observed in 18/8 stainless steels. It also accounts
for the observation that adjacent lath pairs are twin related
because this is the only way of achieving four variants
of the (77'2)X habit plane in any one austenite grain. When
applied to {311}K type lath martensites however it is again
unable to predict both the habit plane and orientation
relationship.

Later attempts at using the phenomenological theory

have adopted different shear systems, i.e. {110;,& éﬂ}x .—_.[11@41'62{7&
]

and even multiple shear on several systems,u7'75 but they



still do not satisfactorily predict thel{}1{h,habit plene.
In applying the phenomenological theory to the specific

8 was able to show that

case of lath martenéites Bryans5
the total shape change is approximately a 6%° shear along

the @102( direcﬁion, and leads to the {1“}{ planes being
unrotated but not undistorted. He then argues that this
distortion is asccommodated by forming en adjacent lath
sheared in the opposite direction, so that an undistorted
o(/X’interface is produced between the laths. Despite

this, however, it still remains difficult td imagine hovw

the actual austenite/wartensite interfsce, which still
remains distorted, can growv.

In conclusion, thé phenomenological theories 6o not
8s yet provide a satisfactory explanstion for the crystall-
ographic features of lath martensites, but it at lesst
seems probable that & lattice inveriant shecsr systen
involving slip occurs, snd this is one rezson vwhy lath
martensite is frequently termed slipped wartensite. ‘The
reasons for the failure of the phenorenoclogical theories
are not clear, but one possible reason could be that the
laths do not contain a plenar interfsce. It has been
suggested, for instance,'that lath martensite is coniposed
of nec—:dlesl*'l*5 and this would wmean that the shape change
is an invsariant line strein instead of an inveriant plane
strain. The metallographic evidence however scems to dispute
this suggestion. |

2.2.2.5.4 Xinetics

Transforriation to lath martensite hss been reported



-

to occur by athermal means,13 on the evidence that changes
in cooling rate do not alter the slope of the percentage
of transfofmation versus temperaiure egurve. Evidcncé to
the contrary does however exist and there are & number of
factoré which could indicaté thaet transformation way occur

22 048-29 the 30~

isothermally. Firstly, in some reports
called lig temperature shows a slight depression when the
cooling rate is raised, and this is certainly not the
expected behaviour of athermal transforustion. Further-
more, there is evidence that structures closely resgmbling
those of lath maftensites are produced isothermally in

6.9 particularly it seems iT the

certain iron alloys,
interstitial content is very low. The terw Lainite has
been used to describe these transformetion products 8 and
it is perhaps worthwhile to remember the close similarity
in strpcture between upper bainite and lath martensite in
-carbon steels. Another factor which may point to the
existence of either isothermal martensite or bsinite is
the discrepancy between the ilq tewmperature for pure iron
obtained by the €xtrapplation. of B temperature versus
composition data. The normal straight line cxirepolastion
for the il temperature in iron carbon alloys gives a value

18.76

for the lig temperature of purec iron of 560°C, but

“from binary substitutional alloys data the cxtrapolatca

b tewperature in vure iron equaln}7ﬁooc.1hanu this raiscs
the cuestion as to whether transforvetion in these alloys
wes truly martenﬁitic. The mere obscrvetion ol surfuce

tilts or microstructure is not & sufificient wesns of



esteplishing thst ¢ wortensitic reaction hos occurred,
end thus it is posaible that the hipgher i.g teuperature,

-
for purc iron corrcsioncs to & bairnitic
type reaction. In ~upport of this it iz interesting to
note thet if the transforustion teuwperatures in more cilute
glloys are ignorec the tranazfor ation tenperature fcrﬁus
coumposition curve shown irn #if. 12 can be extrapolatceu
back to around 560°C. Pinally, cercful e sureents of
the .q temperature at very low ecaribon contents hove aticupted
to justify the higher . terverature for pure imn,Q8 Dy
showing that the i, tewpersture Versus corboon content coes
not extrepolote in & streirht line but via o« curve & 75000.
This also coulu be due to & bainitic trensfor ction occurring
in the lower carbon €lloys snd it in intercesting te note

that ¢ merlced inercssc in ccll =si.c occurs U irn the rerion

of' the curve corresgonaing to thim alope.chahga. i'ne
apove sufgests that it is posaivle for the lzothernsl
transforzaetion to lath wartensite to ocour, snu that it
sy arise mbre eenrily il the intersatitizl contents =are
lov.

Finel c¢vicenrce for isotheruigal transfor uion wehi viour
O57-77

B

is provided by Yc vho el&ins to have oprerved the
slow j'rowth of surfsce tilts »n o prepolishcd surfsce in
iron nickel alloys, #nd has ¢lso messurcad @ C curve f'or the
time tewperstur. depenaernce of transfor-stion.  there cre
somie¢ however who diapute this evidence orn the bssiz that
(i) the holding tewpersturce 1may not heve been stable =rd

(ii) thet the surficc tilts corresponag to surfece uortensite



end not to leth nartensite.  he Tirst of these two

NPT
i ° )

criticinis wzybe valid since it only recuires 3¢

e

drop in teonerature to produce &0, of trazn=formation
. . . 1L
in leth martensites.

eZe2.5 Theryndynsinics of lath wmsrtensites.

————

Zeveral authors hszve cetermined the c¢riving force
for martensitic transforoation as & function of 2lloy
composition, using e¢ither idezl or repulear solution
models.12'15'16'£1'ﬁj';h Their results very wainly in respect
to vhat value of li5 temperature is tzken Tor pure iron.
Using the vslue of 56000 for pure iron the cdriving force
for lath msrtensite ié sovroximstely 270 ezls/tole (11205/mol)
ana this is only slichtly inerconed by alloying &cditions,
e.r. nickel increasses it to 319 cals/uwole (13507/mol) at
approximately 26, niclkel. [hc oversll uegnitude of the
driving force scems to be little affectece vy vhal &lloying
element is involved, sec ¥ip. 13, but the rate of change
with composition verices in eccordance with the effect of

alloying elewments upon the 10 teuperaturc.

4

If the iy tcwperature Tor pure iron is assuuncd to

be 750°¢ instcad of 560°C the driving forcc “cr trvinsTorustion
varies consideravly with composition, frow gep: roximztely

104 cels/mole (L50J/viol) for purc iron to soucthing in the
repgion of 300 cals/tiole (1250J/mol) as the slloyine con-
centration is incressed. In view however of what vwas s&id
previously this volue for driving force mzy not in f=ct

correspond to & martensitic transforvation.



Peleleiale nffect of alloying clewents upon Lthe
lath wartensite transforration.

The c¢ffect of alloying elenents is to rctard the

massive ferrite trensfor:stion and enrcourapge tronsformation

Pt

to lath martensite, see Fig. 1h. They 2lso affect the
ilg temperature in & manner which is lorgely deternincd

by their influcnceyupon the TO teuperature. or exauple,
eleuents which are austenite stabilizers, e.g. nickel or
'manganeﬂe, continuously lowver the iig temperaturc, whereas
the ferrite stabilizers such as chrowmium may reduce the
iy temperature less effectively.16 &n additionel effect
of glloying elevients is that they produce strengthening
in the sustenite phase, which increascs the level of
constraint opposing the she r transformation, and thereby
lowers the mg tenperature.

2.2.2.0 Twinned i.ortensite in ferrous slloys.

Since the existence of twinncd martensite structures
caén have profound effects upon the niechanical propertices
of iron alloys, the following scction which dezls with &
review of twinned w ritensite formetion is inecluded in the
literature survey. 7This is Justified since it may be
necessary to explain certsin azsneets of the\bchwviour
of iron uznganese alloys in terws of twinnced uncrtensite.

Twinned mzrtensites @risc in iron carbon ang iron
nitrogen &#lloys due to the formstion of transforuation
twins #s & means of relieving the habit plene misfit.
This type ol bchaviour heas alre=soy been predicted in the

brevious section dcaling with the phenomenological theories,



and results in & msftenﬁite which differs frow lath
martensites in & nuunber of respcetse These ¢ilfTerences
include difference in~habit plane, internal qtru;ture £nd,
in the cese of iron corpon or iron nitrogen slloyﬁ, & change
in crystal structure frow body centrcd cubiec to body contred
tetragonzl. The crystel structure change oceurs &t

oWy
interstiticl concentrations of about 2.8%s/0 put i= e
rraaual rzther than mud&cn change, &nd results in the habit
~plane being elterca from the {31@X planc to the {ézih
plane. “bove approximstely 1.4, csrbon & Turther change
in habit plane fromn the {?Qih to the {%,10,Tﬂx plane
occurs, &#nd this also accoupsnies a2 chonge in norphology.
The wartensite now cdopts 2 lenticuler appesrance &nd
is often referrca to as aciculsr nmzriensite.

In iron nickel alloys there is &lso a chianpe from
lath to sciculsr @artensite above spproximately 28, nickel,
but in contrsst to the iron c&rbon &lloys the crystal
atructure rensins boay .centred cubic instesda of ch:nging

76
to body centred tetracons1l.

Zeveral idéc = have been put forwaré to explaein the
transition in nartensitic structure znd these ‘include:

i. ~t & eritiecel o terwipersture twinring vhich is
fevoured by low tcuperaturces beecoties on casicr uode ol
deformstion than slip. Hence s the .4 Lcupersoture is
lowered by the addition of &lloying clenents, &n cventusl
chanpe in worphology from slipped to twinneo uartcenzite
occurs. The critiesl i, teuperature hs been suprested

79

to be about 200°C But it docs not seem to epply



universally to &ll slloy systews, e.g. slipped uartensite
is forucd in 18/8 stainless stcels at well below roow
temperature.
ii w.echenical twinning in f:ice centred cubic austenite
is casier with low stscking fault encrgies due to the
prcsence of paritial dislocétions. Thus it has been
suggested that alloying clenents which lower the austenite
stacking fault energy cencourspce the formation of twinned
martensites.go This uniey be true in the case of iron
nickel &lloys, since niclkel does lower the sustenite
stecking fault energy,&l but it docs not seew to apply
to other iron alloys in whiech stacking fault encrey is
lowercd, c.ge Fe 16 Cr £ 11 enu furthermore the effects
of carbon bn the sustenite stazecking feult encrpgy sare uncertain.
&n additional criticism is that strictly spcaking the
mechanicel twins sre observed within the wesritensitic phase,
ano there is no reason to suppose that the auxtenite
stacking fault energy can be related to that of the
martensite.
iii Trensition Tro. 1aith to fwinned wmartensite occurs

-y
et a critical level of driving forece AG = = yo i ~tely
315 cols/uiole (15505/m01)21 vhich nieans that relief of the
hebit plene misfit occurs by twinning instesd of slip
once the level of constreint opprosing trensforcation reaches
& criticel level. 1In nzny ways this is an identicsl susrention
to (i) but it =lso takes into account the verying affecets
of alloying eletients on the Tq teuperature.
iv burin: the Bzin strain cerbon atouws nay be trapned

in their fece centrcd cubic interstitisl positions,



Celle [;.y.i]x ena this pertislly prevents the full

contraction of the Eﬂ(ﬂx axis. The resulting structure

>

is & pody centred tetregonsl mrtennite .nd 1s consicered
to be &n “ordered" lattice, but if{ short renge diffusion
cean occur the interstitizl sitons sy wove froui their
[0.0.2-;],zf sites into both the [;-,,o,o]}f and {:z;-_o]K sites,  Uhen
this oeccurs the lettiec is cxpanded coually along all three
cube directions and prodauces ¢ boay centred cublice cell

which is referrec to as & "dizordcred" Structqre. L8 wifh
11 order - disorder reactions the ordered lattice only
becoues stable below & critical- tepereature T,. which has
been cstablished for iron carbon alloys by Zener?e “hen

TC is plotted with the .o tewperature spainst carbon content
& curve like that shown in Fig. 15 is produced vwhich shows
thst transforrvation to martensitle for cearbon levels below
approxinately 2.85 a/o occurs at temperatures above the

Te temperature and this perwmits the dizordered zustenite

to produce & body centred cuvic muartensite. 4t higher
carbon concentretions the .5 temperature is lower then the
Te tewmpersture vhich ¢llovs the ordering rezction end

vproduces nartensite which is body centred totr, oa e

Therc is good egrecrnent betwecn the theoreticel and

observed interstitisl content ¢t which the crystal structure

chenge takes place?8

but the thcory does not strictly
account for the morphological change which &1s50 occurs.
One posazible supggestion is that zaince = RBI, B rnust alter

to zccount for the change frow & body centred cuvic to



a body centred tctragonal crystal structure, and this
reqguires that = must 51ao éﬁangc. The main difficulty

- with this theory however is that no change in erystal
structure accdupanies the morphologicel chinge in binary
iron nickel alloyss end thus there is no reason for 3
to change.

Celole{ Fpailon wartensitc.

EpSilcn martcnsite which is & hexapgonal close packed
structure appesrs in iron alloys either as 8 result of &
pressure induced shear tréuaforwati@nBB or by cooling
Trow ﬁhe austenite region.with alloys of low austenite
stacking fault encrgy. The structurce consists of parallel
straight sided bands lying along the -ﬁifh( plancs and
with an orientztion relationship vhere both the close packed

rlancs ond dirceticns of the two phoaes are psrallel, 1.C.
- 69. 71
f1], // foo. 1}, (rm)z{-// &z10), 9T

The formaticn of epsilon is of limitcd interest to
the present investigation and it will suffice to deal bricfly
with its proéable mode of formation. The most likely
rechenisn is that epsilon results from the growth of &
stacking fault within the custenite by the formation of
Shoeckley partisl extended dislocsations on every alternztice
planc, and this could be achieved by & pole nechanisi
coﬁsisting of 2 single Shockley particl dislocation rotatced

about & screw dislocstion.ga

Of wiore immediate intercst than the mechonisw of

epsilon foriation is the rolé that epsilon plays in the

eventual formation of body centred cubic of wnrtensite,



since it is a&lmost certain thet epsilon is only & transition

. .71
structure in the transformaticr sequence ¥ v 70 7.

In this role it has been shown thet epsilon forms sheets
lying perallel to the @i{h, plenes and & is nucleated

at the intcrsections of these sheets, i.e. along the Q1€$}
direction. The « martensite so nucleested appears as laths
1ying along the (110), directions '0°7" ang obey the
Kurdjumov Sachs orientation relationship with the austenite.
Structurally these loths rescuble normel lath wartensite,
but as stated previously their haizit plene is different,

end is elithey the {éQﬁh, or(7?2%r plane. The transformation
of epsilon to alpha ocecurs on cooling, but freguently does
not go to corpletion an& € is retained as & wmetastable
structure which can be wade to transform to alpha by either

85,8
cold work, 7107 sub zero treatment.Bs or by low temperature

86.88
annealing. Il reteined austenite is present these
treatuments mey also lead to an incresse in the percentege
. 88 . <
of epsilon from the breakdown of retained austenite.

2.5 Translfor:ations in iron mahpanese alloys.

The transformation of'iron nenganese alloys has been
shown to occur by two besic modes, nemely the ¥ -7
transforuation and the ¥ € fransformation. Troieno &
McGuir689 have determined both the equilibriuwm and
non eguilibrium transformation behaviour shown in Fig. 16
- and found that under non equilibriu: conditions alloys
containing up to ten percent rianganesec transform from

austenite direct to alpha, but above 13) manganese the



transformation is vie the foruwation of epsilon and there
is &n increasing tendency {or austenite to be retained
at roow temperature. At interncdiate compositions
between 105 and 134 mangencse mixed o(+& atructures were
forucd, and the epsilon was transformed to alphe by low
temperature annesling. Later work85°88has verified these
findings and has establiéhed tiore preciscly the composition
ranges ¢t which the different transfor stion products exist,
~ee Fig. 17.
| The present work was inspired partly vy the prospeci
- of using iron mangaunese alloys as a substitute for the
cryogenic nickel steels and the maraging steels, and so
the main interest centres on the ¥~ transformztion.

The results of previoss work in messuring the 9>

transformation are shown in Fig. 18.22'38'90 liost of

these meésurements of the ¥-—o trﬁnsformation teuiperature
werc done at slow cooling retcecs, and can be gseen to extra=-
polate to a transformation temperature of 906°C in pure
iron. This meens thet tronsformstion in the wmore dilute
alloys is not martensitic but occurs by either & massive
ferrite or an eguiaxed ferrite reaction. In the range of
5-10% manganese there is less scatter between the ¥ >
transfornation temperatures nieasured by the various workers,
and it is intercsting to note that they can be extrepolated
back %o a temperature near to 560°% for pure iroﬁ; On this
evidence there is the possibility that transformation for
the 5-10f wmanganese range is martensitic even at slow

cooling rates, and there is also some wetellographic evidence



for this.88 Gommersall & Parr22 however were unable to
establish the existence of surface tilts on a prepolished
surface and found“that the underlying structure appeafedt

to cross thermally etched prior austenite grain_boundériés"
which suggests a non martensitic transfofmation. Their
results are probably'misleading however due to the»phenomenon

1
2 during vacuum

of surfece volatilization of manganeée
heating and it is elwmost certain that their elloys,which
contained more than 5% manganése, transfdfmed’martensitically.
& question remaining howeve§ concerns the type of mariensite
produced, i.e. whether it is true, lath. maftensite,epsilon
nucleated martengite or twinned wmartensite and there is

no definite evidence to answer this. Typical photomicro-

graphs 88 tend to indicate thet it is probanbly of the true

lath type.



3.0 REVIEY OF LITER:TURE Part IT

Properties.

Iin thevpreceeding sections ﬁhe transfbrmatién
charsgteristics of iron and its alloys have been
deﬂcribed; end the most probablé transgfornetion modes
established for iron mangonese alloys. The remaining
pert of the review of literature relstes to the mechanical
propertieé of iron wmanganese alloys, end especially to
the problem of brittle fracture. This is necessary to
determine whether the substitution of manganese for nickel
in ecryogenic and maraging steels is & feesible proposition.

3.1 Properties of marapging stecls.

The 185 nickel base maeraging steels are capable of
achieving mechanical properties which include & high tensile
strength combined with good ductility, and extrewely good

e They owe.these

low temperature impact resistance.
properties to some extent to precipitation herdening, but

it seéms likely that their high toughness also stems from

the lath martensitic structﬁre. If this is the ecase 1t would
seem reasonable to expeet that other, perhaps cheeper, iron

- base alloys»might be used to create an equivalent steel

to the nickel base steels.

5.2 lerhanical properties of irvon wanranese £110ySe

KEanganese is approximately twice as effeetive as
‘nickel in prodﬁcing s0lid solution strengthening in irongﬁ'ga
and thus similer strength levels could be achievéd to the
méraging steels in the solution treated condition, by the

use of much smaller quantities of wmanganese than nickel.



Some'indicationrof the level of wmeehanical properties

it i3 poasible to achieve in iron usnpganese alloys is

shovn in Pig. 19 and these arc the results of VWalier et 51?5
These show thst strengthening occurs by the addition of
manganese up to approxinmately 12., but beyond this the
strength declines. 4luosit certainly these results reflect
the changing microstructures caused by the addition of
manpgancase, &nd it is ceftain that the appesrance of epsilon
mertensite in wangancse concentirations greater than 125

is responsible for the decline in strength. The structure
of &#lloys in the alpha range is uncertain, but it is ;.osslble
thﬁt they are mé;téﬁéitic*except in the very Gilute slloyS.
Others who have siudied the wechanical properties of iron
manganese alloys confirm that it is possible to schieve

the saue levels of strength @s with iron nickel alloys,97

but there is one distinctive differencce, nauely th:at the
iron wanganese a8lloys are often brittle. This brittleness
was Tirast rceported by Haéfield,gé but since his alloys
were rather impurey the brittleness maey not have rcflceted
the true behaviour of irvon manranese &lloys.

The more recent evidence tends to corroborate the
suspicion that iron manganese &lloys are more brittle than
their iron nickel counterparis, but has been unsble to
establish eny reasons for this. Ior example, Rees et a195
found that the tr&nsiﬁion temperature for iron was raised
by the sddition of wanraénese, and that particularly poor
inpact properties were obtained in an iron 5 wanganese

alloy which posscessed & martensitic structure. It is



nevertheless important to note that similar behaviour

was noted for iron nickel alloys,97 and that the fractures
which caused poor impact behaviour wvere interpgranulsr.

This suggests that some grain boundary impurity is responsible
for the péor properties. Also when the iron manganese alloy
wes tempered to produce recovery of the martensitic structure
a considerable improvement in impact properties took place
Whichvindicates that brittleness was not a function of the
solution of wanganese in iron. Brittleness was also
eXperienced by Nicochenk098 when attempting to cold roll

an iron 8/ manganesc &lloy, and this vas attributed to the
transformation of retained epsilon to alphe during cold worke.
Eariier evidence has shown however epsilon martensite should
not be present in alloys contsining less than 10 manganesc.
Eoniszewski57'99has shown that iron 7, wanganese alloys

eare considerably more brittle than the equivslent 9, nickel
cryogenic steels and are much more susceptible to hydrogen

99 The re&ason for this was stated to be

embrittlement.
the formation of twinned martensite in the iron manganese
5teél in contrast to the lath martensite formed by the
nickel steels, but there is no real evidence for this.
The possible existence of twinned martensites in iron

91 to explaein

mangenese alloys was also used by Wilson
the brittleness that he found when evelusting the cowmplete
substitution 6f manganesc for nickel in marsging stecls,
but again no reeal evidence was produced. |

Finally evidence exists that when nickel is supple=~-

mented by mangenese in msraging steels, & loss of impact



100.102 . .
resistance occurs, but it is significant that the

fractures were intergranular, and Pattersnn1o1has ghowh
that providing the niSi oy LintTi rayios &re high then
manganese becowes less deleterious to impact properties.
vThe evidence above seems therefore to suggest that
iron mangencse alloys are brittle but this way be due to
several pgssible explanationg:
). 1t is due to an inherent effect on the flow &nd
fracture properties of ir9n, caused by mangenese in solid
solution. |
(i) It is possible that the transformation behaviour
of iron mangenese alloys is different from that of iron
nickel alloys,_namelyithat twinnedé martensites occur.
Also of course the epsilon martensitg transformation exists
in iron mangsnese alloys but not in iron nickel alloyse.
(11i) Hangenese maykenhance the effects of impuritieé in
ceusing intergranular weakness.
The problem of brittleness seems to be vital if
manganese is to be sucecessfully substituted'for nickel
in & maraping steel, and it is therefore necessary to assess
the criteria for brittle fracture in the hope thsat sowme
explanation and cure can be affected.

3.3 Criteria for brittle fracture.

It is well known that brittle frocture results when
micro cracks forwmed by dislocation interaction recach &
size which in relation to the Griffiths Ornwanm3 equation
exceed the critical size Tor freeture to occur. The

critical stege in the process is crack propeészation and



not nuclecation since hydrosiatic stresses do not affect

the brittle fracture behaviour, i. c. crack nucleation

depends upon dislocation gl*oc which is controlled by

the level of shear stress, vherces crack propegation

depends upon the level of normal stress.e Only the normal

component of stress is unaffected by hydrostetic stresses.
A criterion ofien used to describe the factors

. 1 ’
influencing brittle behsviour is thet due to Cottrell Ol

L
R Y o
which gives the condition thaet brittle fracture occurs
when the left hend side of eguation (9) exceeds thait on the
vighte The terms in the aho?é equation have the following
signifieance:
0; - The lattice Priction stress which reqiqtq dislocation

movement and is the sawe as in the petch 50quation,

ieee 07 = extrapolated value of yicld ztress &t =0
iy = The slope of the yield stress versus grain size
curve of the Peiteh relationship
1
a* = A grain size paraneter where the grain size eguals
Dend d =)
9
15 = A constent which veries from 1.0 to 0.3 and represents

the level of stress concentration related to the
geonetry of the tesi piece.

AL = Shear miodulus

¥ = The surface energy tefm, which io the ease of netals
is the combined interfacicl energy pius the plastic
vork éone by the probagstion of & croci.

It should be possible to assess the differences in



brittle fracture behaviour between different metals, €.g.
iron manganese and iron nickelyalloys by measuring possib1e
differences in the parameters of eguetion (9) and this is
the intention of the folleowing sections.

3.3.1 Significance of the Ui parameter.

0. may be expressed as the sum of two components

i
0; =0, *%
vhere(0; = tensile flow stress
UJp = the ethermal component of flow stress
Op = the thermal component of flow stress

end it is necessary to know the physical meaning of both
these terms in order to assess the affect of Oi upon the
brittle fraeture process. Tirst of all however there is
‘a criticel temperature T, at which the thermal component
O; becomes zero, and this has been found to be at about
350°K‘?06 for most ferrous alloys. On this basis it can

be assumed that any changes ogcurring in the roowm temperature
flow stress of iron alloys esre essentially due to changes

in Uo. This assuniption will be used to zllow an assessment

of Ob to bevmade.»

3+3.1.1 Significance of 7, the athermal component
of flow stress

Uo represents the contribution to overall flow stress
made by the factors which ceuse long range stress fields
and produce resistance to dislocation movement. These are
essentially due to:

(i) Solute atom wisfit strains.

(ii) Stress Pields surrounding neighbouring dislocations



(1ii) Coherency or volume straié{fields associated with
precipitate &nd inclusioﬁé. N
The first of these two fsctorg’aré likely to be of importance
in determining the 0, paraweter for iron mangancse 2ll0yS,
na&ely the role of uwangencse as & s0lid solution hardening
element ahdvsecondly»the influence of the dislocation sub=
structure inherited from the martensitic transformation.
In dealing with iron nickel alloys Speich and Swann23
attempted to separatec the efTects of s0lid solution strengthening
from other effects, and concluded that the solid solution
strengthening, and not the dislocation substructure produced
by lgth nartensite, was of wajor importance in determining
the overall room température strengthe It is doubtful
that their structures were properly coﬁtrolled, and it is
alwost certain that the more dilute alloys éid not achieve

the lath martensitiec structure intended. Later work107 has
shown that in iron nickel lath martensites the contribution
due to so0lid solution sitrengthening is less important, e.ge.
345 of the total strength, and the preater source of
strengthening is due to the dislocation substructure.
Significantly it hes &lso been shown that the strength of
iron nickel martensites does not vary when the nickel content
exceceds approximetely 85, and alsec does not change after

the transition from lath to twinned wsrtensite occurs

beyond 28% nieckel. Reasonsble agreemeni exists betweén

the observed solid solution strengthening and the strengthening
predicted by the lotté& Nabarro 708 theory, which attributes

strengthening to wmisfit and relates it to 2 lattice perauncter



change, le.€.
’ 2/3 4 )h /3

L/3 T 1
TouGo e x|y ang

T
where 74
| 0

yi

room temperature flow stress

it

shear modulus

1 da
g = misfit parameter = & dX vwhere a = lattice
’ parameter
X = atomic fraction of solute.

It is difficult to establish whether iron wanganese
lath martensitic structures will behave in & similar way
to iron nickel alloys but &t least it seems certain that
mangenese will be a &ore erffective so0lid solution strengthener
than nicke1.93‘97

The other major contributor to‘the strength of
martensitic iron élloys in terms of solid solution
strengthening is that due teo interstitial solute‘atoms.
vithin the present investigation howevery the iﬁterstiti&l
concentration should be sufficiently low so as not to cause
any major change in strength. The wmost widely cccepted o
prediction is that solid solution strengthening in ferrous
martensites should vary with the sguare root of the interstitial

content, i.c. Cg = F /E; where X, is the aztomic fractiocn

100.1
03.710 The slope of the relationship varies

of' interstitial.
slightly between lath and twinned martensites, and is slightly
less for lath martensites, i.e. Slope = /%/17 for lath and

11
0 If then, &s suggested

/A/13 for twinned wartensite.
earlier, iron manganese elloys produced a twinneé mariensite
structure, the swall amount of interstitial elements which

are inevitebly present, could create & difference in behuaviour



between iron nickel and iron uwangénese 2110oyS.

After the martensitic transformztion in iron nickel
&lloys the inherited disloecation substructure has been
estimated to contribute aporoximstely 404 of the overall
strength, and there is no difference whether the substructure
consists of dislocations ag in leth martensites or asg
transformétiom twins. The precise level of coniiribution
ha@ever must very with éifferences in heat treatwment, and
alloying elements, since it has been shbwn previously
that the substrucfure size can very with these factors.
Again 1% may be po=sible to detect differences in behaviouy
between iron mangénese end iron nickel alloys in this
respect.

The rewaining factor iiable to influence the
magnitude of Ob is the contribution due to precipitates.
In the present work there is no deliberate intention to
create precipitation hardening, and the only posiible
factors 1ikely to have influence in the iron manganese
s1lloys are (1) the presence of inclusions and {(2) the
effects of carbide clustering due to autotempering;111

In conclusion the 05 parameter for & low carbon
iron manganese.alloy in the wmartensitic condition will

be a funection of

Gﬁ'z AQ, 4+ AO; +‘AOE

|

where Og ethermal component of flow stress
AQ, = athermsl contribution due %o the flow stress
of pure eannealed iron

[ng = contribution due fto so0lid solutinn hardening



NGy = contribution due to dislocation substructure.
In iron nickel alloys these have been shown to cortribute
the Tollowing to overall strength
Ay 25%, AT, 34%, ATy W%

3.3.1.2 Significance of O, the thermal component
of flow stress.

0, erises from the ability of dislocations to escape
from barriers, by & thermally activated process, &and under

such conditions the flow stress becomes both temperatiure
106

and strain rate sensitive. This dependence upon strain
rete and temperature ig given‘ﬁykT -H/KT ,
¥ =pqbv = [fpbhvgle = Ve (10)
where Y = shear strain rate
A, = density of mobile dislocétions
V = dislocation velocity
b = burger®s vector
A = area of glide plane swept by a thefmally
activated dislocation movement.
4/0 = Debye'frequeﬁcy factor
K = Boltzmans constant
T = 'Temperature °x
H = Activation energy for dislocation movement
1 = 1length ofvdislocation involved in thermal
activation
nr. = Frequency factor which equals f;bAmgl

The activation energy for the thermally activated dislocation
movement, H, follows from equation (10) such that

-8 =kt [m¥-ine)
and this can be determined experimentally via the relationship

2 .
-H =%)r° (an¥) (37
- (3T, h—riff | (11)



where Q;

in terwms of shear stress. Fer the purpose of determining

is the thermzl cowponent of flow stress expressed

H, Q; is measured as a function of strain rate ¥ and
temperature T.

In eddition to the activation energy H, a further
quantity can be determined experimeﬁtally which is @
neasure of the work done as the dislocstion escapes from
its barrier. This cguantity is known as the activaticn
volume V* and is effectively the product of three length
terms, i.e. '

V., = KT (Qin%) = - H
o (s7_ )« 37,

This parameter V% together with the asctivation enerpgy H

(12)

and the frequency factofaf ave extremely imbortant, since
they are &ll dependenﬁ upon the type of dislocetionimrrier
operative; end their measurenent assists the choice of the
dislocation barrier which will sccount for the thermal
component of‘flow stress. Various suggestions have been
made for the type of dislocation resction involved and
these include:

(i) Lomer-Cottrell locking:11? thermal activation is
required to enable dislocsﬁioﬁs to escape from LOmer—Cottrell
barriers by & process of cross gslip.

(ii) VForest theory:113 thermally zetivated dislocation
movewent is controlled by ithe ease with which dislccations
on the glide plane can cut through the Forest dislocations
threading through the glide“plane.

144

(iii) Jog theory: extended jogs can move non-conservatively



if the diffusion controlled flow of vecancies or
interstitisls is sufficiently rapid.r

(iv) Cluster theory:115 dislocetion nmovement is arrested
by the strain ficelds associsted with clusters 6f inter~

stitial atons, and thernzl energy is reqguired to assist

the dislocation in overcoming such strain fields.
_ . 116-11
(v) = Peierls-llaberro friction stresn: 16 8dislocation

movement ias restricted by the Peierls~lebasrro friction stress,
~ but dislocations ovérccme thig restriction by & thermally

ectivated double kink fornation process.117'118

(vi) Cross slip: dislocation movement is controlled by
the rate at which thermelly activated ecross slip ce&n occur. 19

The ebove is & brief description of the major proposals,

and strictly speeking all do not apuly to body centred
cubic metals. The ftheory which &ccounis most satisfactorily
for the behaviour of body centred cubic metals is the
Peierls-labarro mechanism.117’118

Ze3ede2.1 Peierls-iabarro lkechanisn.

A brief description of the double kink mechaniswu,
by which dislocetions are able fto overconie the Peierls
barrier is as follows. In Fige. 20 it is shouwn that the
dislocation initiglly adopis a position of minimum sfirain
energy by lying ﬁarallel to the winimum stress valleys of
the Peierls-labarro force field, and in order to surnocunt
the stress maximum of the Pelerls barrier a double kink
is formed. This kink consists of a<pair of screw dislocations
of opposite sign which are connected together by a seguent

of"edge dislocation on the opposite side of the Peierls hill.



with such an arrangement it is possible f'or the dislocation
to surmucunt the Peierls barrier by the laterel movement
of the two kinks in opposite directions to each other.
The eriticel stege of the cbove process ie the
nucleation of the double kink with & sufficient spacing
to be stahley snd this eritiecsl kink configurstion is the
stage regquiring thermslly activated_dislocation movement.
Two fundamentally different apprqaches to the
determinstion of the energy reguired for the nuecleation
of a aouble kink, exist one cof which due to Seeger116
considers only the part played by thermal energy in
nuclesting the kink pair. The other &pproach due to Dorn

118 zlso includes the contribution

and Rajnak117 or Arsensulti
due to the effeciive stress ﬂ; and 1t is this &ppreoesch
which is more applicable to the analysis of flow stress
in body centred cubic metals.
Briefly, the activation energy is the energy required
to nucleate é‘double kink with a critiesl spacingy, &nd
this is controlled by the following energy considerations.
Activation Enefgy H is proportional to & + B + C - D
where
£ = the increase in dlslocation line energy produced
by the creaticon of two kinks.
B = the energy o move a small segment of cdge
dislocation over the Feierls barriecr.
C = the energy to overcome the mutual attraction
between the two kiﬁks and which tends to cause

collapse of the double kink.



D = the work done by the‘ effective stressﬂﬁhich
aids double kink formation.

According to the aboﬁe it will be seen that H thé
activation encrgy should vary ﬁith the effective stress
and nmust therefore be & funciion of the temperature or
strein rate. Furthermore i should vary significahtly |
with the Peierls-Hebarro stress due to the C term of the
above equation. The above model also permits further
predictions to be made, nsmely that from sensibly predicted

dimensions of a double kink it follows that

the frequency factorV'= /£, abvg L ’ (13)
15
where /,, = mobile dislocation density
a = distance between adjacent Pelerls valleys

b = burgers vector

"

g Debye frequency factor

length of disiocation involved in thermal

b
1]

sctivation
W = coritical spacing of double kink
and the activaiion volume V. is epproximately Wh.

- When the theoretical and observed funbtions are
compared it is found that H does vary with Q: in A manner
more or less predicted by the thecory, but the activation
volume Y* is only Tound to be in agreement with theory at
temperatures below approximately 160°K. Fop higher
temperaturesvwhich essentially meané low values of’z;
the measured values of V; are very'much too high. Furthermore,
since the eritical kink spacing ¥ should not vary with
dislocetion density then A should not vary with strain,

but there are several examples where V; hes been shown to



120. 121 . s . .
vary with strain. 20.12 4 final eriticism is that it has

also been shown that in many iron elloys the micro-yield

122.1
22 zuwhich suggests

stress does not vary withbtemperature,
the unlikély behaviouyr that dislocsiion movement in the
micro-yield region doeé not require any energy to surmount
the Peierls-Nabarro barrier. |

| Déspité'the‘cfiticisms levelled &t the double kink
theofy howeéer,iﬁ g5till remains the oniy theory to give
reasonable égreémeﬁﬁ between tle calculated and observed
behaviour of flow_stress in body centred cubic metals..
Furthermore it»may acéount for the effects that alloying
elenments have upon the temperature dependent flow siress R
These effects are chiefly that elloying additions alter the
level of temperature dependent flow stress, and it is
found in many caeses thet q; is lowered by 2lloying elements.
Such solid‘solution,softening has been noted in iron &alloys

93.97 122

containing chrowium, molybdenum, and vanadium, and

is possibly due to the reduction of T by alloying. In

£
these cases, however, it has also been suggested that the
effect is due to the scavenging influence of these elements,
whiech reduces the degree’of interstitial solid solution
hardening. Similer observations with nicke1125and cobalt122
however cannot be attributed to this since they do not form
carbides. It is possible therefore that the alloying -
elements create éhanges in the level of‘l,due to their
influence upon the Peierls=Nabarro frictioh stress, and
this may be determined from the following relationship.

7 -

= XAb exp - 27 126

b
5 3C C
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