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This thesis is submitted to the Council for National
Academic Awards for the degree of Doctor of Philosophy,

The work was carried out at Sheffield Polytechnic
during the period January 1965 to March 1970, under the
supervision of Dr. E. R. ietty and Mr. G. Allen. A number
of post graduate courses were attended at Sheffield Polytechnic
during the above period and included:

1. Crystallography of Martensite transformations.

2. Mathematics of diffusion.

3. Quantitative metallography.

h- Martensite Fundamentals and Technology

Conference November 1966.

The results obtained by this programme of work, and
their explanation, are to the best of my knowledge original
except where reference is made to other authors. No part
of this thesis has been submitted for degrees at any other

college or university.
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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.



REVIEW OF LITER-. fURs Part 1

2.0 TRAJSFORMATIOh IH IRQh ALLOY3

2.1 Modes of Austenite decomposition in iron alloys

Five basic modes of transfortnatlon from austenite
to ferrite, which do not involve carbide separation, have
been established for iron alloys, and may briefly be
described as follows;

2.1.1 Squiaxed Ferrite

Austenite decomposes to ferrite during cooling oy
nucleation and growth, and involves equilibrium partitioning
of alloying elements. The resulting structure consists
of equiaxed ferrite grains of fairly low dislocation
density, i.e. equivalent to annealed ferrite, and their
growth is unaffected by prior austenite grain boundaries,
ho Surface tilting is observed on prepolished surfaces
which indicates that no shape change occurs during trans-
forma ti on.

2.1.2 passive Ferrite-

This differs from equiaxed ferrite in two major
respects. Firstly, no equilibrium partitioning of alloying
elements occurs during transformation, so that the structure
maybe supersaturated, and secondly because it depends only
upon short range diffusion its growth rate is much more
rapid. Otherwise the massive ferrite transformation
resembles equiaxed ferrite since it does not produce surface
tilting on a prepolished surface, and its growth is also
unaffected by orientation changes across prior austenite

grain boundaries.



*le-' passive Martensite

This has also been referred to as llself accommodating"

"lath" , or ”slipped" ~ martensite, but shall herein oe
termed as lath martensite. At this stage it will suffice
to say that lath martensite is the product of austenite
decomposition to oody centred cubic ferrite via a shear
mode of transformation. The structure produced is often
characteristically descrioed was ”7idmanstatten” ferrite,
out it should not be confused with the ftidmanstatten
ferrite formed in caroon steels.

g.1.h Acicular martensite

This is also referred to as twinned martensite and
occurs in high carbon steels ”~, binary iron platiniurn
alloys .”and in oinary iron nickel alloys containing more
than 28,* nickel " fcicular martensite in iron nickel
alloys 1is a body centred cubic structure, but is body
centred tetragonal in carbon steels. It differs from
lath martensite mainly by its morphology, which consists
of lenticular plates, whose internal structure is cross
hatched by transformation twins. Lath martensites do not
exhibit any evidence of a twinned substructure.

2.1.5 Bpsilon Martensite.

This occurs chiefly in steels whose austenite has
a low stacking fault energy, e.g. 18 Cr 8 hi stainless
steels.” and is generally believed to represent an
intermediate stage in the decomposition of austenite to

ferrite. Its structure is hexagonal close packed and it
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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.



AO

represents the free energy change for the martensitie

transformation, and its evaluation requires that the terms

in equation (1) should be known. In this respect the two
most difficult terms to evaluate are and
and can only be estimated by assuming that either an ideal
or regular solution exists. Measured values for d
are already availaole.

2.2.2.1j.1 Ideal Solution A

By definition A QM for ideal solutions is zero
and equation (1) hence becomes

A0 = (1 -xft) Aope + XA A 0A

Also by definition

G-A G, A RTIn A A RTInX. A
where G * the partial molar free energy of element
A dissolved in iron.
A’:} ® the activity of element A
XA * the mole fraction of element A

Therefore the following can be writted

y %k
0A - 0A = RTIn XA
—at Wy «
0. - 0. = RTIn X*

A M A

where XV and X are the equilibrium soluoilities of metal

A in " and iron respectively.
ok -
Since G = Gy at equilibrium
= RTIn —i Alik  “ MS
*A

The free energy for martens!tic transformation is there-

fore given by
*.ir



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



plane stems initially from the observation of a characteristic

U»58 *65*66
Widmanstatten arrangement of slabs, ¢ and the

existence of slabs lying parallel to annealing twins in the
prior austenite grains.67f Both of these observations suggest
that the habit plane lies parallel to the planes,

but do not establish the fact beyond doubt. More recently
direct measurements in iron nickel alloys containing

retained austenite68 have confirmed that the habit plane

is the 11} plane, and the analysis of Bryans**® confirms
these findings. In fact, it is now generally accepted

that the habit plane for lath martensites is the {in},

plane, but there are alloys in which a martensitic ferrite
forms with a completely different habit plane. The particular
alloys are those with low stacking fault energy austenites
such as 18>Cr. 8/hi stainless steels, and the martensitic
transformation produces a structure which, although
metallographically indistinguishable from other lath

. . . cC_ 1 69r_ 570
martensites, has a habit plane of either {225/ » |259j* or

(Tf2)y . Two further differences also exist, namely that
(1) the transfor.ation seems to have occurred via the
X  f£~»ec sequence and (2) adjacent pairs of laths are
in twin orientations of each other. This latter observation
is not normally the case for the (m}»y type lath martensite,
although occassional examples of twin related lath pairs
have been repor;ked.U'zs'72

The orientation relationship for lath martensite

ilsi counsséené with a Kurdjumev Sachs relationship, i.e.

h o} s #nd this hais been found



.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



where'fpS = Pelerls stress which equals ﬁ; at OK

C = a constant equal to 0.5 to 1.0

M = shear modulus |

b = burgers vectof

). 4 = dislocation width along the slip plen
cab the burgers vector.

There are two main parameters within the above equation
which may be gltered by alloying elements, namely‘/i and 2{
end it has been shown for example that nickel lowers the
shear moduluS/u of iron,107 and so may lower the Pcierls-
Naparro stress. The alternative is that elloying elements
alter QK by their effect upon the siazcking fault energy,
and it is possible that alloying elements which raise the
stacking fault energy could reduce the dislocation width and
lower the Peierls-Nabarro stress.

Ah additional way in which 2lloying elements wight
influence the Peierlé stress is due to their influence
upon‘the degree of direciional bonding within a body
centred cubic structure, and it is reasonable to assume

that elementé with an excess of 3 d electrons will help
complete the filling of the 3 d shell of iron, thus reducing
the level of directional bonding. Nickel and mangenese

will on this basis have opposing effects in iron and it is
possible that nickel lowers the Peierls stress wherceas

manganese increases it.

3.3.1.2.2 The thermal component of flow stress C;,for
martensitic steels.

The Dorn-Rajnak theory predicts that the thermally

dependent component of flow Stress is independent of digleocation



density, ond as a result of this, martensitie transforustion
should have no effect upon 9; . There is reasonablc proof
of this since it is found thét.the therwal component of
flow stress in pure>ifon does not vary after severe deforuetions,
and the substructures nroduced arc very similar to those
of lath martensites.127 fidditional evidence is that pure
iron cxhibits the same behaviour both after annealing and
after inducing a dislocation substructure of & lath
martensitic nature by shock 1oading.128 These sane
authqu plso showed thet in a nickel base maraging stecl
the level of temperature dependent flow stress was unaffected
by precipitation hardening, and waps also ﬂignificantly
smaller than for pure iron. Thig latter observation possibly
indicatecg the lowering of t:e Pelerls-labaryro amtress by
alloying clementse.

Other workers have measurcd the teumperature and strain

109.12
rate sensitivity of flow stress both in iron nickel 7 J

1
30 with structures that

and iron nickel chrouiuvs alloys
werc lath martensitic. Their results ténd to agree with
the findings for other iron alloys, and giveithe same
meansure of agrecment between the observed beh&vioﬁr and
that predicted by the Dorn~Rajnock theory. One'significanﬁ
feature howvever is thet no differencce in flow stress
behaviouf wes claimed to have been found between alloys
of different nickel plus chrowium contents snd this was
inspite of a considerable difference in their brittle
frecture properties, i.e. the higher chromium alloys gave

130
much poorer impact properties. 3 It may nevertheless be



éignificant thnt the activation energies H for the iron
nieckel chromium alloys with poor impact properties were
consiﬁeraﬁly higher than found for iron nickel 2lloys
which pfoduéeé good impact;properties.

7. 3. 143 Bumnary_of ihe O.c and O, paraveters.

It has been shown that two factors U, and U,
contribute to the Cfi perameter of equstion (9) end brittle
fracture behaviour can hinge on a complex relationship
between these two. In iron manganese alloys the expected
behaviour is that 06 will be increased by solid solution
strengthening and by the martensitic transformation, but
it is by no meahs certain what changes in O;-will occury

34342 Significaence of the Ky parameter.

Ivron alloys with lath wartensitic structures do not
exhibit true yield points,129'130 and it is necessary to
measurec 8 proof stress to represent the yield stress.
Strictly therefore it is improper to refer to the slopé
of yield stress versus the d-%grain size.relstionship by
the term Ky and insteed the parameter Kf vhich refers to
flow stress should be useds To avoid confusion however the
parameter Ky will be used in all future discussion.

The Ky parameter is considered by weny authorities
on brittle fracture behaviour in stecls to be an important
parameter. In carbon steels Tor cxample there is & dircet
link vetween an increzse in transition temperature and sn
increase in Ky as the carbon concentration ig‘increaﬂed,131
- and it is important therefore to know the brecise vhysicel

meaning of the K, parameter. Unfortunstely none is



qniverﬂally-acceptea gt the present tiéo, althdugh several

'ideas exist. &1wost certainly Ky is not & measure of the

ﬁnﬁihning stress és originally proposed by Cottrellqju in

his model for yield propogation, since if this wvere so

Ky should vary both with temperature and strain rate due

to thermslly essisted unpinning of dislocations from solute

atmospheres. This does not occuv132'except in special

circumstances, i.e. the early stages of strain ageing.1"5
liore recently Ky has been interpreted &s siwmply a

measure of the ease with which yielding cen be propogated

frowm one gréin to another, and this has been expressed

in a nuuiber of ways including:

; 13
1. The Gilman & Hehn theory 35

for yielding whieh
interpretes Ky ag a measure of the ezse of dislocation
multiplication.
2. That Ky depends upon the work herdening rate, since
ih order to propagate yielding the applied stress must
overcome the strain hardened layer which is formed in the
region of grain bound&ries by accommbdation stresses.136
3 Yield propagation is dependent upon the relative
orientations between adjacent grains and hence Ky is &n
orientation factor.137
. Yield propagetion is dependent upon the number of
available slip systems, which is dependent upon the ease
of cross 9119.122
The most obvious conclusion to be drawn from the
above interpretations is that Ky is simply a weasure of

the eose of yield propagation which depends on no single



‘factov, but upon &ll of the aboves.

3+3.2.1 K, for martensitic iron alloys.

lartensitic steels obey the Petch relatiouship when
the yield stress is plotted versus either prior custenite

125,130

or martensite plcate size. In low carbon lath

martensitic stecls values for Ky have been determined

for both iron nickel and iron nickel chrouium 811loySe
and are close to values determined for puré iron. 92

They are in fcet very low, which indiceates thot the yicld
stress varies with grain size by only & slight anounte.

In the case of iron nickel alloys, was &lno shown to

v
vary with testing temperature, the value ot -1569; being

niuch higher than &t roou teuwpercture, ond was probably due

129

to mechenical twinning at low teuperatures. o values

of ny are availeble for iron uanganese clloys but mansénese

, . 131
w5 been showvn to deeresse Ky in carbon =stecls. 5

[t

e3¢5 Cipnificance of d

Eguation (9) implies that metals beeowe moye
suseceptible to brittle fracture ss the grain size inercuses,
and this is generally foundé to be true. The iupact

transition temperature ean in faet be relsted to grain

1%
sizec, and onc reletionship sugpested is that due to “troh, 38
ieCe _1 = "‘z .{; lnﬁ + C (11})
Ta 2 ¢

where T, = impset {transition tenmperature

I

1

Boltzmznns constant
0 = Activation enecrgy for the transition

4 grain size

i

C = a conatant.



3.3.l Significant of ¥ the surface energy term.

As stated earlier the surface energy term is
determined}by the amount of plasile work necessary to
propagate the erack. If plastic flow can occur easily
crack propagation is blunted and this is reflected in high
surface energy velues. Any factor which reduces the abiiity
of plestic deformation to occur encourages crack propagation,
and several such factors exist which are essentially the
seme &5 those listéd previously to define the K, paramneter,
e;g, difficult cross slip or low mobile dislocation
densities inhiblt the ease of plasfic flow around the crack
tip and lead to catastrophic propagation. The formation
of intergranular weekness by precipitates or solute atom
segregation promotes an easy path for crack propagation
and prewsture intergreanular fracture, e.g. temper brittle-

ness is usuvally atiributed to & lowering of the surface
energy term.

3.3.5 Significance of B and LL
7/ ) 7

No special significance should be attached to either
of these two terms,; since their effects upon brittleness
‘should~be similar for all ferrous alloys. Ilevertheless
they are importent, and it is well known that any factor
which creates stress concentration ceuses easier - brittle
feilure. The ehénges in shéar moduIUS/l produced by alloying
clements are usually smell; and thus the shear modulus is
unlikely to produce significant changes in brittle fracture
properties.

‘3.4 Sumnmary.

During thé réview of literature it has been



.reasonabiy well established that maftenﬁitic iron manganese
alloys are brittle. The major property parameters likely
to be responsible for this behaviour have also been
assessed, but information regarding their speeifie vélues

in iron wanganese alloys is lscking.



L0 EXPERIMERTAL PROCEKDURE.

L.1 Alloy Preparation.

A series of irvon manganese elloys were prepared frow
ferrovac iron end electirolytic manganese to give nominal
mangenese composition of 2, L4, 6, 8, and 10%. The alloys
were air_melfed in a"high frequency furnesce snd cast into
twenty five pound ingotis, which were homogenized at 1200°%
for seven days whilst packed in sand to prevent excessive
oxidation. This treatment was followed by swzging to
half inch diameter bsr and these were subaequentlyvennealeé
at 1000°C for one hour. A% this stege @ prelimingry
microexamin&ﬁibn revealed that the &lloys were homogeneous
since they exhibited & uniform structure with no visible
segregation.

Iin addition to the ebove series of alloys which were
air melted to gimulate industrisl conditions, two additional
alloys were vacuum melted using very high purity base
materiels. Roth of these were aimed at a nouniinal composition
of 9 manganese, and an approximstely hslf percent addition
of wolybdenum was made to onc in an attempt to overcome
intergranular brittleness.

The analycis figures obtained from esach of t e suove
alloys eore shown in Table 1. The uwanganese contents are
reasonably close to the nominel compbsitions, and with the
exception of the silicon contents, 2ll of the other inpurities
arc at a low &nd ressonsbly constant level.

L.2 Transformation Studies.

The transforwetion behaviour for the series of iron



wanganese alloys was stuﬂied using & dilatemeirie technigue
bzecked by opticel and electron meﬁallographyg but occasionzl
use was Qade of thermal arrest measurements for high rates
of coonling. The identification of microstructure was glso
agnisted by the use of x-ray éiffrasction.

Le2.1 Specimen preparation.

Dilatometer specliuens werc prepared by machining
the original bar mstericl after first swaging down furtiheyw
to 5 mms diameter. This additional swapging treciuient
served both to eonscrve waterial and to lmprove homegegeouity.
The specinmen size woa chosen asg the mest convenient
to it inside the ailatometer tube, whilst its length was
sufficient to detect transformetion &nad minimize the
possibility of temperature grodicents. This size wasz 10 ums
long by 3.6 uns diometer and & 1.3 mi diameter hole was
drilled alonp the specimen centre line to cecoumodate &
thermocouple. Finally, the machined specimens were anncalcd
at 1000°C for one hour in argoen, and voter Quenched, prior
to use for the weesurcement of transformation teuperaturc.

L.2.,2 Dilatonetrie fnslyzis

£ gehenatie illustration of the type of dilatometer
uscd is shown in Fig. 21. The diletomcter conzists of a
4 um inside diaueter silica tube into which the aspceeimen
is fe¢d through & window ground into the bottom. The speciuven
len;th change is transmitted vie & 3ilicez push rod to &
Philips type PRY310/01 transducer mounted st the top of the
silica tube, end its output is then fed into ¢ Fhilips

type PRO300 phsese bridge to record a williveolt output on
the X axis of a Philips type PR2220/00 X-Y recorder



A4 spring loaded mounting Tor the transducer is moved up
and down through a controlled distance by & micromcter
headé¢ and this allows calibrétion of the spececimen length
change. ‘The specimen tewperature is simultaneously
recorded on the Y axis of the X-Y recorder from & chromel
alumel 0.1 mm diameter thcrmocouple which is fed from
the underside into & small hole drilled slong the centre
line of the cylindrical specimen. Surrounding the
diletometer tube is ah outer sealed silieca tube which allows
an argon‘atmOSphere to be maintained around the specimen,
and the argon is fed in from the top of the dilatometer
tube to pass down over the speciwen. FPFinally, the whole
assembly is mounted vertically in a frawe carvying a counter-
balenced furnace which is able to move up &nd down when
either heating or cooling is required. A range of cooling
rates is possible both by adjusting the position of the
furnace &nd by altering the rate of argon flow through the
dilatometer.

To measure temperature requires that the willivolt
scale chart of the X-Y recorder is czlibrated, &nd this
is done using a potentiomeﬁer and standsrd thermocouple.
Cold Junction temperature is eutomatically compensated
for, and it is possible to distinguish a temperature
difference of equivalent to 1.0 liv which is approximately
+ 2°%.

L.2.3 Isotherual Recording Dilatoreter.

This dilatomieter used an identical measuring systenm

to that described previously, namely & Philips transducer



head, but 4ié not incorporate the outer silica tube, and
used instead a millivoli-time pen recorder to measure dilatation.
The gpeciuien temperature was also recorded simultaneously
on & separate willivolt-time recorder from‘a chrowel/alumel
thermocouple made from 0.1 mn diemeter wire and thresded
dovn the push rod into the hole at the top of' the specimen.
The conplete assembly was mounted on a vertical frame and
could be s1id into either & high tewmpevature tube furnace
or a controlled temperature bath situated adjscent to one
another. The controlled temperazture bath used a molten
-lead tin alloy mixture whore temperature was controlled

‘to v:aithiﬁﬁ 2% via & proportional controller and was also
monitored during an experiument with a potentiométer. Two
window openings were ground on either side of the bottom

of the silica tube in order to facilitate cooling of the
specimen to the required temperature, sipce it wea found
thet the time teken for the specimen to rezch an equilibriuwm
temperature in the controlled tenperature bath was excessively
long, if the specinen was completely’enélcsed by the outer
silica sheath. The =pecimen size and shape was the sane

as that previously described.

L.2.4 Thermal Analysia

4 few experiments were done to measure the trans-
formation temperature by ftherwal arrests. IPirstly, the
hot junction of a chromel/slumel therwocouple maée froé
0.1 dianeter wire vas spot welded into a specially
prepared hole in the specimen; by discherging a bank of

condensers through thermocouple and specimen. The specimen



‘was heated to & required gustenitizing tempersture in aiy

and quenched into a brine solution. & plot of the time
temperature curve during cooling was wmeasured on a one second
response milliveolt/time pen reccorder which had been calibrated
to record teuwperature, and by this means it was found possible
to detect thermal arrests for transformation at cooling

- rates in the order of uooooc/minute.

L.2.5 Metellographic Exemination.

L.2.5.71 Optical ietallosraphy

Every speciwmen used in the weasurement of transformation
temperature was afterwerds examined metallographically, and
it was found that mechanical polishing proved to be the

simplest technicue. The best etching teéhnique wes found

to be & double etch, using 25 nitel to lightly eteh the
polished structure, followed by itwmersion in an aqueous
solution of sodiuw thiosulphete plus sodiuw bisulphite

to develop & blue~brown staining of the surface. This
latter splution was developed by Schummannsgand worked

well independcnt of’ the sclution concentration. In prsctice
solutions of approxiuately 30/ concentgation vere uged.

1e2.5.2 Hot Stape iicroscopy.

Hot stage wicroscopy was conducted with & Reichert
hot stage agsembly to study transforusztions during the
heating and cooling of iron wmangenese alloys. The method
was not particulsrly successful however due to problens
which arose concerning the type of inert atmosphere. It

wes found thal under high vacuum conditions excessive



wanganese volstilizetion occurred which wade it impossible
4o distinguish surface topogrephy. Other atmoéphereg
which were tried included high purity argon snd & reducing
atrosphere containiﬁg.98ﬁ argon and,?? hydrogen. Theme
‘weré &1éo'further purifieG with a purification train
containing,alkalihe pyrogallol anéd a wolecular sieve, bul
proved %o be ineffective in maintaining the type of surface
on which transforsation could be observed. The wain cause
for this was the wasking of the true structure by thermal
etching of any pre-existing atructure.
Thin foils were prepered after first cold rolling
the original bar material into strip 0.2 ww thick. This
¢old rolling treatment reguired no interstcage eannealing,
and was unhindered by cracking, vwhich seecms teo indicate &
high ductility for the iron wanganese alloys. Various heat
treatuents were then carried out using the cold rolled strip
in order i{o simu;ate the behaviour of specimgns’uaed to
measure trensforuation temperature, &nd these were subﬁegueﬁﬁly
preparcd for thin foil electron metallography.
‘ Initiel thinning was by eheuiical means and varibus
solutions were tried wfﬁh—vafyiné sucéesg; L.east succés:ful

139

was & mixed geid solution of P H?SOD, HF, which

tendcd 1o produce severe pitting, while e solution of

40

20 Vol Hz0p (100 Vol), 20 Vol Hy0» 10 Vol HOI proved

to be only moderately succesalul, since it 46id not producc
& clean polished surface. PRy far the best solution was one

‘o . . i1
containing 50 Vol HgOp (100 Vol), 42 Vol HpG, 6 Vol HF b



and this gavevrapiﬁ thirning together with & elean polished
surfece and also enabled thinning to perforation to be carricd
oube.
Final thinning was earried out by electropolishing
using what is essentizlly & "window" ﬁechnique,1u2 with
the polishing potential being controlled theough &
poientiostat. Varipus polishing solutions were tried
iﬁcluding 55 Perehloriec acid in acetic acid &t room
tewperature, 1;' Perchloric acid in wethanol at -70°C,
and chrowic acid - acetic acid at 0°C. The first of these
tended to give rapid polishing which was difficult to control
and the two latter solutions proved to give the best resulis,
although problews with oxide contaminntion of the foil could
arisc if the chrowic acid sclution wan not freshly LG GE .
LTter thinning, the foils were cut znd exarined using
J.E.i0. 64 mieroscope at 100 KV,

LeZ2.6 X=ray Diffraction Techniauves.

X=ray cxawinstion waa cérried out upon the bulk
c¢ilatomeler specincns éfter mounting, polishling andé etehing,
using a Philips diffractouieter end & Cobalt radistion
sourece. Cobal$ radiation wea ehosen in Qrdep to seperate
the 1ines at small éifferences in Brage angle, &nd 50
distinguish between ferritez of =slightly differcut cmmhosition.

.5 Determinstion of mechsnical proserties.

Le3.1 Impact nroperties.

lleasurements of the iupact strength snd transition
teuperature were mede using & lHounsficld Bslanced Iwmpact

testing machine with notched speciwmena L44.5 mm long by 7.92 mm



diameter machined from the  original 2" diaméter bar
material. Notching was carried out using the.standard
Hoﬁnsfield notching device, and was deone prior to heat
treatment to avoid machining stresses at the root of the
notch. Verious testing tewperatures were obhtained by the
immersion of test pieces in controlled temper&ature baths
consisting of either cardice and acetone mixtures or a
thermostatically controlled electrically heated oil bathf
The time delay in transferring the test pieée from its
temperature enviroment to the test wmachine was extremely
small, and the temperature change was negligible.

b.3.2 Tensile testing.

Normal room temperature tensile tests were carried
out on a 5000 kg capacity Instron tensile testing machine,
using standard Hounsfield No. 12 tensile test pieces,_sée
Fig. 22. Thig machine was adapted for gripping Hounsfield
tensile test pieces by using a Polanyi bridging arrangement
shown in Tig. 23.

Testing was also carried out at temperatures below
room temperature using the Pblanyi bridge and iwmersing
the whole specimen and gripping arrangement in a temperaturé
controlled enviroment contained in a Dewar flask. Two
techniques of achieving controlled low temperatures were used,
(i) by iwmersion of the test piece in a liquid media such
as boiling liguid nitrogen at -196° or cardice + acetone
at -789C and (i11) by a \"f.'eBSeZLJ”43 spray device, which
sprayed liguid nitrogen around the specimen from a pressurised

liquid nitrogen container. The flow of liguid nitrogen was



controlled through a umagnetic valve, which VaSs coupled

to an on-offl temperatufe controller &nd allowéd a presct
aspecimen temperature to be achieved. & schewatic
illustration of the low tempevatﬁre testing device is shown
in Fig. 24.

The various property parameters which were measured
from the tensile tests included, 1imit of proportionality,
flow stress, maximum tensile stiress and the reduction in
area. It was not possible to measure yield stress since
no digtinet yield points occurred, but instead use was made
of the calibration between the specimen elongation versus
chart movement to mecsure the flow stress et sone fixned
level of strain. This calibration wans done using a travelling
microscope to deteruine speciwen elongation. Xlongation
values were not generally measured since the specimens
hed rather short gauge lengths, and necking was very
severe. |

The effeects of teuperature and strain rate upon the
flow stress of lath martensitic alloys were alse deteruined
on the Instron tensile machine using two technigues, nawely
lozdé cyecling, anad stress relexation. With .ihe load ‘cycling
technicue the}flow stress was firstly measured at room

temperature aftervloading to & Pixed level of strein,

iees 2§ or 5y, at a crosshesd speed of 0.005 ems/min, i.e.

& shear strain rete ¥ of Q;GO& b4 107h/s. 2fter unloading,
the specimen teuperature was altered using either the Vessel
spray device or a cohstant temperature licuid bath,and its

new flow stres=s determined by reloading until its limit of



proportionality was Jjust reached; ‘This was done &t three
erosshead speeds, i.e, 0,003, 0;65,~ahd 0.5 emg/win which
‘were equivalent‘to.shéar‘éﬁrain‘rates of eqgual to 0.60L x 10fu,
0.604 x 1073, ana 0.60L x 1072 s ' respectively. The
sbecimen cross sectionsl area was remeasured after each
loading c¢yecle in order {to wake corrections for the extra
deformation produced by each cycle, and at each test
temperature the specimen was given_a'final reloading cycle

at the slowest strain rate to determine the extent of

strain hardening thet had occurred. The final flow stresses
calculated for the different strain rates and temperatures
were then corrected for this strain hardening. &s a means

of checking the above results, individual test pieces were
also tested for each temperature and strain rate, and the

flow stress at a given strain determined from the complete
lo2d elongation curves which were obtained.
The alternative method used to determine the dependence

of flow stress upon temperature and strain rete vhich was

1
adopted, congisted of stress relaxeation measureunents. 6l

167 then the

This wmethod isg considered to be more accurate
previous, load cycling, technique since changes in dislocétion
substructure might be produceé by loading the specimen at

& series of tesiing temperatures. The dislocation sub-
structure inherited from each previous temperature, i.e.
whéther cellular or planar, could possibly influence the
level of athermal flow stress, and‘affect the value of
determined by Q: = 7/ - ifRT' The stress relexetion

A
was done by loading at 0.02 cw/min into the plastic range,



where the load was magnified by using & zZero suppression
device and swiiching to & smaller lo2d8 scale. At sowme
predetermineé 1evé1 of strain the ecrosshead motion was
stopped and load readings taken at fifteen second intefvals
up to a waximum period of five winutes. This process wes
repeated at successive levels of strain in the plestic range
and at different testing Lemperatures for the series of
elloys within L to 107 mangenese.

li.3.%. Hardness tesis.

Every specimen including those used to study trans-
févmation and those used to assess mechenical properties}
Vwas subjected to & hardness test by averaging the resulis
of at least three Vickers hardness impressions.

Some microhardness tests were also made by the

Reichert wicrohardness tester.



5.0 RESULTS,

51 Transformation Studles.

5.1.1 Determination of A4 and Ay on heating.

In many carbon freec iron alloys the martensitic

structure reverts to ausienite, when heated, by & mechanism

that is essentially a reverse martensite transformation.us
The critical A, temperature at which this reversion takes

place was determined for the series of iron menganese

alloys using various hcating rates within the dilatometer.
Before heating to record the Lo temperature, the dilatoueter

specimens were heatcd to 1000°C for one hour and then water
guenched. The various heating retes were obtained by
presctting the furnace to a different teuperature before

it was slid into position over the diletometer tube con-

teining the specimen, and the heating rate was determined
frowm the time lapse beiween roon temperature and the
temperature for the stert of austenite reversion. Shown

in Fig. 25 are the results of this experiment and the
major effects were aa followg:

(1) The AS~Af temperature range is depressed by increasing

the percentage of wmangeanese. |
(ii) Trensformation is completed within a narrow range
of temperature, i.c. the As to he intervel is only
epproximetely 30%C (see Fig. 26).
(iii) Increased heating rates produce & significant inerease

in the AS and Af temperatures.



5¢.7.2 Determination of transformation tewperatures
on cgpling. : -

Dilatometer épecimens which hed previously been heat
treated by water quenching frow 1000°C after one hour in
an srgon atmosphere, ﬁere reaustenitised in the dilatometer
~at 1000°C end held for fifteen minutes prior to cooling.
Cooling at verious rates was then achieved by blasting
argon through the dilatometer or by altering the furnace
position, and tﬁe average cooling rate was deterwined by
measuring the time taken for the specimen. to gool from its
austenitizing temperature to that for the start of trans-
formation. It was found that by using this technigue of
gas querching a range of cooling rates between 100°C and
approximately 2OOOOC/min could be obtained, and only by
allowing the specimen to cool within the furnace was.it
possible to obtain slower rates of cooling than 100°C/min.
When furnace cooled & cooling rate of approximstely 59C per
minute was obtained and this was reduced to +°/min by using
a motorized drive %o slowly turn down the furnace varisc.
Attempts werevmade to obtain cooling rates faster than
2000% per minute by liguid nitfogen and water spray devices
but were not very successful. The main reason for this
failure was the high sensitivity of the measuring system
towards vibrations, and licuid meaia guenching tended to
create evratic traces of the length change. It was necessary
therefore to use the thermal analysis technigue described !
earlier to obtain results for high cooling rateé,

With all of the slloys examined only a single trané-



lformatibn'kink in ﬁhe.dilaﬁation versus temperature curves
was obtained @uring cooling. The resﬁlts fov‘the trans=-
formzstion stars temperature versus cooling rates are

plotted in Fig. 27 for #he various ailoys. The main features
of these results were as follows:

(1) 24 Kenganese alloy  The temperature for the stert

of the ¥ > transformation was continuously depressed

by increased cooling rates, and it was also shown that the
temperature intervel between the start and finish of trans-—
formz{ion was increased by increased cooling retes.

(2) 45 Menpenese alloy The temperature for the start

of the ¥ -« transformetion was initially depressed from
5609 but reached a pleteau temperature of approximately
500°% at rapid cooling rates.

(3) 64 Manganese 8lloy A slight depression of the

transformation temperature occurred on increasing the cooling
rate. l.e. from L420°C - 390°C, but & pleteau tempereture

was quickly developed. There was a significent increase

in the transformation tewperature range &s the cooling
rete inereased for this alloy, see Fig. 28, but ihere was no
evidence of more than one transformation arrest on the
dilatation curve.

(L) B_and 10% Hanpanese 2lloy  In neither of thesec

alloys was the transformation temperature or transforuietion
temperature range altered by cooling rate. The dilatation
curves of the 10¥ manganese alloy were also examined for

possible epsilon transforation, by the detection of a



slight expansion on ceoling (prlor to the Lq), but no

CV1dence of this wss “ou*a.

1nJ fetnllogrrphlc cymninﬁtion nf trangfornation
structure. . ,

S5e1e%.4 Optical Hetallorraphie Examination.

Each of the dilatouciler specimens from the above was
subjected to optical nmetallogrephic exawination in an
attempt_tp getermine the transforustion niode.

-Iﬁ Pig. 29 a strﬁcﬁure typical of thoge found in
the 2% uanganese alloy at cooling rates between 5% to
“OOOOC/ iin isg shown, and can be seen to consist of irregular
ferrite pgreing with no evidence of either the prior sustenite
grain boundaries or any subsiructure. & structure such
és this wmay be reparvded £s either equiaxed ferrite, or maasive
Territe since both arc similar,vand there was no evidence
svaileble frow which & distinction could be wmndes YThe
structure is certainly not martensitic which meens thaet the
@0 sPormation temperatures shown in Fig & for the 27

wmanganesg alloy were non-martensitic. UTome gpecinens were
elso quenched into iced brine to determine whether it was
poszible to proauce a maertensitic structure. The resulting
struecture is shown in Pig. 30 end consists of rmixed wassive
ferrite plus lath martensite. |
Since it ¥a2s not pos-ible to produce a completely
uiartensitic sirueture in the 2, manganese 8lloy it wes
exeluded from any further investigation.

Ly ranrcne 3¢ 8110y.

In the 4 menganese slloy & pronounced change in

wicrostrueture occurred with ineressed cooline rate. and



corresponded with the range where the trahsformation
temperéture was depressed. At slow cooling rates the
structure_produced'was like that shown in Fig. 31A and

can be seen to conasist of an extremely ragged Territe of

a feathery naturé. As the cooling rate was inecreased the
depression of the transformztion témperature was accompanied
by & corresponding change in microstructure, in which the
'ragged appearance of Fig.‘iié was lost and & series of
straight sided slabs begen to appear, see_Figs. 31B gnd
31C, elthough the slabs were often rather ill defineéd and
possessed wavy boundaries. This progressive ch&ngé in
microstructure eventuelly ceased in very rapidly cooled
specimens end & well defined VWidmznstatten ferrite typiqal
of lath mertensites wos {orned, see Fig. 31D.

6y NManpanese alloy.

Considerable microstructure Gifferences could be seen.
in this alloy beiween the slowly cooled and rapidly cooled
condition. The rapidly cooled specimens all exhibited |
structures typical of lath mzrtensite, see Pig.324, but
the slowly cooled specimens also contained an adéitional
phase. These esreas of second phase were distinguishable
from the lath martensite by severel features, including
(i) their reaction to stain etching by sodium bisulphite
which turned thew light blue instead of the blue=brown
colour of the lath martensite, and (ii) their ragged
boundaries and irregular shape which was in contrast to the

straight sided slab appearance of the masrtensite. The



substrueture prodnced by etching within these areas of second
phase was also reminiscent of small eQuiaied sub cells
rather than of laths. A1l of the distinguishing features
describeﬁ abo?e are shown by the micrograph in Fig. 32C
“and it is further significant thet all of these areas
appeared to grow from the prior austenite grain boundaries,
end often on only one side of the boundary, sce Pig. 52B. |
Where prowth had appeared on both sides of the prior
austenite grain boundary there was &n impression of growth
across the boundary,; but in the majotity of cases the
original‘prior austenite grain boundery had not diseppeared.
see Filg. 32C.

8-10% Mancenese alloyS.

Both of these alloys gave consistently the sane
microstructures for the completle range of cooling rates,
and they were typicel of lath wmartensite, sece Fig. 33.

5.1.3.2 Electron metellogrephic examination of
transformation struectures.

Thin foils were prepasred by the technicue previously
‘described from 0.20 mm thick cold rolled strip meterial
which had been austenitized for one hour at 1000°C in an |
argon atmosphere and then cooled at different rates vy
furnace cooling, argon blasting or water guenching. Prior
to further thinning each specimen was polished and examingd
by optical wetallography to confirm thot their structures
reproduced those found in the dilatometer specimens.

Yo specimens of the 2§ uenganese eclloy were examined
since they Gidé not produce the mertensitic structubes ained

ate.



L% HManzanese elloy

Shown in Pig. 34% is & thin foil eleciron micrograph
for & furnazce cocled specimen whose structure wis equivalent
to that showh optically by Fig. 374. The structure can be
seen to consist of irregularly shaped sub cells which
contain & high density of planar dislocations, see Fig.34B.
These sub cells varied in shape from elongated to evuiaxed
cells, see Fig. 34C; and it was shown by selected erea
diffraction thst the boundaries between ceclls were low
angle boundaries,; see Fig. 354 and B. t/ith the wore
rapidly cooled specimens the structure becawe less irregular
and the cells appeered more lath like, see Pig. 36, until
it finally became a couwplete series of pzrallel elongated
cells with nearly straight boundaries.

The structure shown in Pig. 37 is typical of leth

martensites and consists of laths separated by boundaries
of high dislocetion density with other dislocations randouly
distributed in the lath interiors.

6/ lianganese alloy.

after giving similar heat treatuwents to the cold rolled
strip,to simulate the effects of cooling rate upon transforwation
in the diletoueter specimens, the types of structure observed
optically were the same as those shown in Figs. 32B end C,.
“hen the duplex structure was electropolished however to
-produce thinning it was found that preferential polishing
took place and no good areas of the seccond phase were |
preserved in the finél foil. The structure generally observed

was typical of lath wartensite, see Fig. 384, although near



to prior austenite grain boundaries there was occassional
evidence of & less lath 1like eppearance, See Fig. 38Bo

In the rapi&ly cuenched Bpécimens which were optically
defined as lath martensite, the thin foils’revealed
typicalllath martensific structures, and there was absolutely
ne evidence of twinned wmartensite. 7

8-10Y Ianpganese 21lovs.

Thin foils’revealed typiecally lath martensitic
structures for beth of these alloys after both extremely
slow and rapid codling, see Fige. 39. No examples of twinned
martensite were seen and also there wes no cevidence that
epsilon martensite existed in either of these alloys.

5e1elt X=rey diffraction

tiith the exception of the non martensitic 24
wmanganese alloy, the dilatometer épecimens from which
coonling transformations had been determined were studied
by x-rey diffraction on the Philips diffractoneter. |

LS Manganese allove

Only one set of diffraction lines, namuely the body

centred cubic lines, were produced by specimens of this
alloy and they £11 tcended to be broad end diffuse. A
distinetive differencc hetween the broadening of the ﬁigh
anple diffraction lines for the slow 2nd rapidly cooled
specimens was thet the =lowly cooled specimens produced
assymmetrical brosdening. Shown in Pig. 40 are the traces
for the {égolc Jine for both slowly and rapidly cooled

specimens in which this difference can be seen, and it



is almost certainly due to the partial resolution of

the Key end hdé doublet whiech hes led to the aqumctric 21
broadening in the slowly cooled speclmen.

6% lMangonese alloy.

As with the 4¥ menganese 2lloy only & single set of
diffraction lines occurred with these specimens. TFurther-~
more no difference couvld be detected between the slowly
cooled duplex structure ailoy and one containing &ll
martensite, i.e. the lines were a2ll hroadened considerably.
Bince ho double reflections ocecurred from the duplex
structure of the slowly cooled apecimens it would seem
thet the two "phases" are both ferritic, and are probably
of the same composition.

8 and 10% llanganese £€110ys.

Broad diffuse, body centred cubic diffraction lines
were alsc observed for both of these specimens, but in
the 107 menganese slloy an sdditionsl feint line vwas
observeds This was shown te correspond to a {}O-{L
hexagonal closc packed reflection which suggests that
epsilon wartensite was present. The feciy however, that
epsilon was not detected dilatomnetricslly or metallographic&l ly
and &lso because the 6 1} line could only just be
detected tends to indicete that the amount of epsilon
present was cxtremely stell, i.es 5.

5.1.5 Hardness messurcuents.

The dilatometer specimens were hardness tested after
they had been used {o determine transforuation tewperature

at various cooling rates, end the results are plotted in



Fige 40. In both the LY and 6% manganese glloys there is
& considerable increase in hardness with cocling rate
which corresponds to the changes in structure &nd trans-—
foruation temperature previously described, but no such
changes occur for the 8% and 10% manganese alloys.

In sddition to the macro hardness tests some
micro hardness tests were carried out on those alloys
vhich appeared to have & duplex struecture. These results
are listed.below:

2V manganese alloy brine quenched, see Fig. 30.

54

micro hardness nmassive ferrite 175 10 20 gm losad

1+

| -lath wartensite 225 10 20 gm load
L§ manganese alloy

(i) cooled 2t Sg/min, aece Fig. 314

| microhardness, overall 200 %t 10 20 gw load

(ii) cooled at 1800°/min, sece Fig.31C
overall 270 ¥ 10 20 gm load

65 wanganese alloy
(i) cooled et 5°/min, see Fig. 32B

microhardness of grain boundary ferrite

200 £ 10 20 gum load
microhardness of lath mertensite

270 10 20 gm load

5.%1+.6 General comparison of the lath martensitic
: structure for varying rangénese contents.

The structures formed by alloys containing between
L4 and 107 menganese were typical of lath wartensites, in
that they consisted of parsllel bundles of laths, but minor
differences between them were apparent. For exauple, it

has alrezdy been shown that ¢the laths in the 4% wangenese



alloy tended to be irregular in shape compared to the higher
mangenese alloys, and it was glso found that the lath width
 decreascd with inereasing manganese content. Shown in

Pig. 42 are the average leth widths plotted egainst the
percentage of wmanganese, where a linear intercept method

wos used to measure the lath width. These results indicate
“that there is a decrease in the lath width from between

LS end 65 nenganese, but beyond this the lath width becouwes
miore or less constant.

H5.1.7 Isothernal transfornation study.

The depression of transfornation teuiperature by
increased cooling rate inthe L{ and 6, wangenese alloys
sugrested the possibility of isothermal transformation,
and it was decided to study this in further detail.

The eapparatus uscd was the isotherwmal dilatoumeter
previously described, &nd gpeccimens were quenched to a
constant temperature after asustenitizing at 1000°% for
five minutes.

With the 4, manganese &lloy various holding temperatures'
between 450 and 650°C weré used, and it was found that no
trangformation occurred by holding at temperatures above
560°C for periods of up to nine hours. £5 Soon as specimens
were held at temperatures below 560°C transforuation began
immediately, and even began during the stage when the speciuwen
was still cooling to the constant tewperature bath temperatuve.
In the eerly cexperiments no simulianeous speeimen temperature
and length change recordings were kept and it apicared that

transformation was continuing with time at constant



temperature, for a short while before stopping, i.e. it

wes assumed that the specimen quickly cooled to the
equilibrium temperature of the constant temperature bath.
This assumption was proved later to be incorrect, and

it was found by measuring‘simultaneously béth the spceivien
témperature end dilatation that the specimen in fact
continued to cool for et least thirty seconds after the
initial quench. In Fig: L3 typical time, temperature,

and dilatation curves are shown for the 4§ manganese

alloy and these show quite clearly that transformatlion
begins at 560°C and only continues whilst the specimen

is still cooling. Transformation stops when & constant
temperature is reached and does not continue despite further
prolonged holding at this temperature. Vhen subsequently
cooled to .room temperature, transformation recommences,
but not immediately, and slight cooling was necessary
before transformation restarted which suggests that
austenite stabilization had occurred. |

:The ebove resulis suggest that transformation is

athermcl, i.e. the percentage transformaetion is & funcition
of the holding tewmpereture &nd does not alter with time,
but this may only be true in respect to nueleation. 1In
the experimental technique uscd the cooling rates to the
egulilibrium holding temperature were in fact rather slow
and it would have been quite possible for growth éithe trang~
formetion prodhct to have occurred isothermally. Shovn
in Pig. 4l is the relationship between percentoege trans—

formetion and temperatureé which was derived from the above.



isothernal studies &nd 2l1lso by thé estimation of percentage
transformation from the dilatstion temperature curve after
rapid continuous cooling. It is significant that the
slopes of these three continuous cooling curves in Fig.Lly
are the same despite the shift in temperature range for
“the start and finish of transformation, due to a difference
in cooling rate.

Finally, the isother.ally helé specimens were examined
by optical metallography and shown to produce wmicrostructures
identical to those shown in Fig. 374, e.g. see Fig. U5. |

6% langanese alloy

The experiments described in the previous section
were repezted for the 65 wmanganesc alloys for & tewperature
range of 350-600°C. At tewmperatures above 420°C no trans-
formation was detected after prolonged holding, e.g. nine
hours, but transformetion began immediately the tewperature
dropped below AEOOC. In contrast to the L% wanganese alloy,
transformation dieé = ebntinue for 2 short time even when
the specimen temperature hzd reached a constant level, but
soon stopped. By maintgining the apecimen at its fixed
temperature for prolonged periods no further transformation
occurred eand it required furtheyr cooling to restart the
transformation. Before tranaformation restarted however
there was again e slight delay and a slight temperature
drop was required.

Typical time, temperature, diletation curves vhich
illustrate the above bechaviour are shown in Fig. 46 aﬁd

point conclusively to the existence of some isothermal



trensformation vwhich only. occurs below QQOO“. This isothermal
transformetion however does not continue until complete
transformetion of vresiduasl austenite has been achieved.
lietallographic exemination of the isothermslly
treated 65 mangenese alloys reveeled that their wmicro-
structures were identical to those produced by slow
continuous cooling, i.e. see Fig. 32B. This structure
vas previously described as a duplex one consisting
of lath martensite and an irregular gvain'boundary‘ferrite,
end it was probably this latter phase vhich pave rise to
isothermal transformation. To test this prediction a
series of specimens were guenched to a constant temperature
end held for varying times before brine quenching. The
results of hardness measurements on these specimens are
given in Fig. 47 and they show that the hardness decreases
with holding time. By a point counting wmethod the per-
centage of second phase (grain boundary ferrite) was
esteblished, and it was possible to correlecte this with
the specimen hardness, see Fig. 48. It scems certain
therefore thet this second phese 1is increasing with time
and is responsible for the isothermal transformation
observed.

85 =snd 10% Hengenese &lloyvs.

No evidence of any isothermal transformation was
found in either of these alloys at any temperature betwcen

200 and 600°C.

Hele7.1 Hot Stape Microscobpy.

Specimens of both the LY and 65 manganese alloys



were examined in & Reichart hot stage microscope, but little
worthwhile inforﬁation was obtaineds The major problem
encouﬁtered-with these alloys was in preserving & polished
surface at high temperature vhich would allow struectural
‘trangformations to be cbserved. Prolouged soaking periods
2t high teuwperatures were ncecessary in order to develop
coarse austenite grain sizesg, end it was found thet this

led to surface deterioraztion. This deterioration occurred
after heating under high vecuum conditions due to excessive
surfece volatilization of wanganese which produced a grain
boundary penetration effect not related to thevundérlying
structure. 4 positive pressure of high purity érgon reduced
volatilization but produced a pitted surface which entirely
hié eny signs of transformation; end even the use of a
reducing atmosphere conteining argon + 2% hydrogen did

not produce & thermally eiched surface suitzble for observetion.
Perhaps the only useful evidence gainzdé by hot stage
microscopy was that surface tilis occurred during trans-
formation on cooling, but even this evidence was rether

poor, see Fig. 49.

5e1e7.2 X=ray diffraction,

Specimens of 6% manganese alloy which had been
isothermally trecated were examined by x~ray diffraction
and were shown to be identiezl in structure to the previously
described continuously cooled specimens.

5.1.8 Effects of sustenitizing time and tewperature.

Several cffeets in terms of structure, hordness and

transformation temperatures were noted by verying the



sustenitizing time and temperature and these are detailed

belovw. -

10% Manganese alloy.

. ¥hen & single dilatometer specimen was‘cycled by
heating snd cooling through the X—=>¥->« transformation,
and the specimen was austenitized for one wminute at
successively higher austenitizing temperatures for each
cyele, changés were produeced in the Mg temperature,
hardness and structure.

“In Fig.IBOA and B, the M, temperature and hardness

measured after each cycle are plotied against the austenitizing
temperature. Each of these curves was determined with
specimens which had initially been water quenched fronm

850°C and 1100°C respectively. The cycling treatmént

can be seen to produce an initial decrease in the g
femperature which is accowmpanied by &n increase in hardness,
and after further cycling, the lig temperature increases
vhilst the herdness decreases. In specimens which had
previously been heat treated to produce a fine prior
auvstenite grain size, fewer cycles were required to produce
the Ms temperature minima, and hardness maxima.

The changes in hardness and‘ms temperature described
above were also accompanied by microstructural chenges
which are shown in Figs. 514,8,C,D, and these show that the
structure is & relatively coarse distorted lath martensite
after the first cycle, see Fig. 514, whiQh becomes progressively
more refined as the Mg temperature decreases to its minimum,

see Fig. 571B. Then cycled to successively higher temperatures



the microstructure becomes cosrser once more &nd eventuslly
becomes a cdérse clearly defined lath martensitic structure,
see Fipg. 51D. This coarsening of the micrasﬁructure
occurred simultaneously with the decrease in hardness

and increzase in Ms tewperczture which occurred beyond their
respective maximum and minimum values.

By repeating the abgvé cyecling treatment with &
separate specimen for esch austenitizing tewperature
identical changes in the Ly tewperature and hardness
were found, see Pip. 52, which were accompanied by
microsfructural changes similar to those described abeG.
The same effects were also created by heating to a fixed
austenitizing temperature and by varying the holding times,
&s is shown in Pig. 5348-C, and it was significant that
with higher austeﬁitizing temperaturcs shorter times were
required o produce the changes observed.

Finally, single dilatometer specimens were cycled to
a fixed austenitizing tesiperature for a constant time of
one minute and the effects on the Kg temperature and

herdness are shown in Fig. 5&. This shows that the ecycling
treatment caused a reduction in the Il tewperature and an
inecrease in the hardness, &nd both of these changes coincided
with a refinement ofifhe migrostructure similar to that
shown in Fip. 51R. |

The metallographic examination of thin folls wade
to reproduce the changes in %S temperature and hardness
described in the preceding sections did not reveal any

structural distinctions and neither did x~-ray diffraction.



Both - of these‘techhiques however are probably restricted
in their ability to detect changes in a structure which
wag already highly distorted by a martensitic transformation.

5.1.9. Crystallographic observation of the lath
martensite structure.

The lath marténsitic structuré which ﬁas observéd
in ailoys containing between LY and 16% manganese was
examined to}ascertein whether it reseuwbled ord}paryklath
martensite cr the type observed in low stacking fault
energy austenite steeis.‘ |

Fifstly, the relatiﬁe_orientatioﬁs between adjacent
1athq was determined using selected area diffraction on
thin f011q, and partlcular attention was paid to the
detection of twin related lath pairq. Many of the foils
which were examined gave riqe to‘<ﬁ11> Zone dlffraction
patternq which showed very little mlqorientation Detween
adjacent lathq, see Fig. 55, but thiq particular zone does
not diqtingulsh a twin orientation 1f the twin ig produced
by a 1800 rotatlon about a @12 plane. lefraction from
other zones, e.g. <@OO> or 6169 alqo indicated however
that the misorientation between adjacent laths was slight,
see Figs. 56A~B, and the 16102. zone is particularly
favoﬁrable for the detection of twin orientations. OF
the many foils which were examined with all of the different
alloy compositions, not one exemple of 2 twin oriented
lath pair was found.

The martensite habit plane was also defermined using

selected area electron diffraction in thin foils. As there



was no retained ausienite, the technigue conzisted of  the
messurement of the dircetion lying parallel to & lath
boundary for & variety of zones. Thig -dirveciion occecurs
at the interscction between the hebii plane and the foil
surface and so ean define the habit plane if two or mcfe~

such directions are khowne It was necessary first of all

-

o determine the relative rotations broduced when the
instrument ﬁéé awitehed from normal viewlng to diffraction
and-this was done by using & cublc wolybdenum trioxide

" erystal whose major growth &€xis was along the @OO) direction.
Thc_relativé rotation between this easiliy identified
;directinn and its equivalﬁnﬁ.in&diffrgcfidﬁ pattern a3
then determined and shown to bé 18° inxén:anticlockwise
éirectidn. Diffrection patterns were then taken from
areas of iron umanganese &lloy foils in vhich the laths
coﬁld be clecarly seen, and whose‘baundéries produced a
sharp imags. ATter ihdéxing the pattern, the direction
parallel to the lath boundary wvas plotted on & standard
cubic projection. These lath &xis poles are plotied in
-lphis way invFig. 57 and a typicel lath martensite structure
ﬁith its asccompenying selected aree diffretion pattern

is shown in Pig. 58, - Fige 57 shows that the lath exis
Girections are all within £ 50 of the {319} great ecircles,
which suggests that the nszrtensite or leth habit plane is
close %o & @1Q£ plenes If 1t 1s also assumed that the
crientation relationship between the austenite and these
laths is of the Kurdjumov ZJachs type, then the habit plane

may also be described as the {;?{h, plane. Some additionsal



evidence of the habit plane also srose from optiecal
.metallbgraphic observations in which slab boundaries
vcoulﬁ be seen 1ying parallel to anneélipg twin boundaries
in the prior austénite graing, see Fip. 59; Thig &t least
meens that the martensite hebit plane lies in e plane
which has a common direction with the>{§1{h, planes.

Slabs were elso feund with their major exis lying &t an
angle to the annealing 4win boundary, and their angular
relationship to this boundary was the sgme on both sides
of the twin boundary, sece Pig. 59. This suggests that

the slabg are parellel to the K2 plane of the anncaling
twin which is 2lso e'@11}x plene, &nd provides further
evidence that the hebit plane is the 'ﬁ1{h, plane. The
above observations also supgest thet the as%umed Kuréjunov
Sachs orientation reletionship was correct.

5.2. liechanicsl Properties.

5.2.1 Impaet Results.

Speeimens were machined from the L, 6, 8, and 10¥
manganese alloys., &nd then austenitized at e renge of
temperatures between 750 and 1400°C in &n argon atmosphere.
They were then brine quenched 4o produce & lath martensitic
structure with a range of different prior austenite grain
sizes, which was confirmed by optical metallographic
examination after the specimens had been impaet tested.
Impact tests were then earried out at @ range of testing
temperatures between —7000 end 180% %o determine the

ductile/brittle transition temperature &nd the resulis of



these tests on the various alloys can he seen ih Figs GOA-D.
5 metallographic exawination of the broken specimens was
then carried out ¢o determine both thelr styucture and
prior eustenite grein sizc; the latter being measured

by a iinear intercept method using three specimens for

cach heat treatment condition, ané by averaging the results
for gseversl fields of cxamination. In Fig. 61 the reciprocal
impact transition temperature, vhich is defined as the
temperature to give 507 of the maximum ductility, is shown
plottecd as a function of log é, where d is half the grain
size, and this gave & straight line relationship which was
in accordance with the prediciions of Siroh 138; ace
cquation 14. This wmeans that the impact transition
teniperature for these iron wangsnese &lloys increases

with increasing grain size, and it w2z interesting to note
the varying sensitiviiy of the different 2lloys. The 105
manganeSe alloy showed that grein size had little elfect
upon the transition temperature vhereas in the 65 wanganese
&lloy the impect trensition is very sensitive to grain

slzes It is difficult to state 2 precise reletionship
between the impect transition temperazture and the mangéﬁése
content sinece i1t varies with different grain sizes, and
there is no consistent reletionship. &1 cosrse grain sizes
there appears to be 1ittle difference betwecn the impzet
transition temperatures of the L)y 87 and 10, manganese
alloys, but the 6; manganese alloy produced & very uiuch
higher transition tempersture. In fine grain sized material

this trend is souewhat revevsed and the 4§, 6% and 8%



manganese alloys becowe better than the 105 manganese
alloye.

ts & Tinal oversll coument upon the results shown
in Fig. 61, it is obvious that the ductile/brittle
trensition temperatures are either near to or considerably
above room temperature, and this confirms the suspicion
expressed eaerlier thet iron wangenese alloys ave brittle
in most heat treated condition.

5.2.1e1« Examination of #ractures.

Specinmens which had fractured in a completely brittle
manner were sectioned and mounted o enable metallographic
exeuiination of a transverse section through the frzcture
surfaces 'This exawminetion showed that the fractures for the
6/, 8y and 10y manganese alloys were intergranular and
cvidence of this is shown in Fig. 62. An exarination of
- the fracture surfcce was also eafried‘out on &n scanning
electron wicroscope, and this conTirmed that the fractures
were wainly intergrenulzr, see Pig. 634, although some
areas of tr&nsgranul&r cleavage could &lso be scen, see
FPig. 638. The Ly manganese alloy frectures were considerably
different frow those of the otheyr alloys and were an inter-
granular and transgranulsr uixture, see iMig. 64.

The intergranular fractures were subjected to further
examination in order %o determine whether they were caused
by sorme intergranular precipitation. With optical
‘metallography however no evidence was fevealed of any

intergranular precipitetion, although it wes found that



preferentisl atizck seemed o occur at the prior susienite
grain boundaries when the specimens were etched in sodiuw
hisuiphite; Micrcharduess mezsurenents 2t the grein
boundary also detected no sigrificant herdness differences
from within the grain itself. Cerbon extrzction replicés
eglso falled to produce evidence of any grain boundary film
elthough a series of pits could be seen running along

the grain boundcties,see Fig. €5, which were moat probably
produced by preferential etching attéck. Thin Toils also
failed to reVéal eny grain boundary precipitztion. Finally,
the electrcn scanning microscope also revealed 1ittle to
suggest the presence of any grain boundary filmsvor
preciplitates. nly the occassional grain boundary inclusions
lying on the fracture surflice was shewne.

He2e1.2 The effects of tewpering on impact properiiese.

Iwpaet specimens for the various mangénese alloy
contents were brine quenched from 10009 efter one hour
in an argon atmosphere, and this was Tollowed by tewmpering
Tor one hour ai temperatures vearying beiwe:sn 30000 and 600°C
fbllewed by water quenching. The effecis of this itempering
treatmens upon the room tempevature impaet atrength ere
shown in - Fig. 66, and this shows that the impact strength
inereased shavply wilen tempering apove approximately
500% was carried out. Litile change in impact strength
ccecurrcd in the 4» manganese alloy when tempered at temperatures
up to 400%C but both the 6, and 105 manganese alloys suffered
& slight decrease in iwmpact strength which suggested temper

embrittlement. In addition to the roow tewperature impact



uieasurenents tests were conducted on tempered specimens
. . . 0

for & range of testing temperatares. Tempering at 600°C

followed by water cuenching for instance was shown to

Jower considerably the trensition temperature frou its

as quenched value, and these resulis are ploiled in Figs.

o)

7&y B, &nd C. In the 6/ manganese alloy this reduction

/

in transitien temperature vas, From approximately 17000
te -659C and in the 10§ mgﬁg;;ese alloy from approximately
35% to -iu0°c. Specimens of the 65 uanganese alloy were
also tempered at 600°C but szllowed to furnace cool to
300°C before removal into the air. After this treatment
there was still a consideraole improveuwent in iwmpact
properties over the untempered s guenched condition, but
the impact transition temperature was now only approximately
-10°% instead of -65°C, see Fig. 675, Ain additional treat-
ment tried with the 64 manganese alloy was to ieuper at
35000 for one hour followed by water quenching, and this
produccd an extrewcly marked eumbrittlement, the transition
temperature being raised to 180°C+, see Fig. 67B. 4 simileur
trcatment with the Ly wanganese alloy also raised the transition
temperature but,by’é much smaller awmouni, see Fig. 67A.
Finally, tesis were made upon the 4, and 6% wangasnese
alloys which had been allowed to air cool instead of being
brine quenched frowm the austenitizing temperatures. The
effect of this was to produce microstructures for the two
alloys which were egsentially siwmilar to those described
in the previous section, and shown in Figs. 31A and 32B.

The effect of this treastment was to produce & considerable



increase in transition temperature, i.e. 4y wanganese air
cooled from 10009, Te = 1140%, see Pig. 67:, 6 unanganese
air cooled from 1000°C Te = 180%+, sec Fig. 67B.

5:¢2.%1.2.71 Examination of the fractures from
tempercd speecimens.

After the 600°C,tempering treatwent the impacet
fractures becamé transgranular and tended to reveal evidence
of the martensiic sub-boundaries on the fracture surféce,
see Tig. 68A. Teuspering at 350-450°C produced intergranular
fractures and even tempering at 600°% produced some inter-
granular fbacture within specimens which were sllcowed to

slow cool from the tempering teuwperature, see Fig. 6EB.
Furthermore even the 4§ mangenese alloy revealed more
évidence of intergranular fyractures after tempering at
350 wheress previously there had been less evidence of
intergranuler froctures.

Finally. the 45 and 6% manzencse alioys which had
slowly cooleé from their austenitizing treatments also
both gave rise to intergrenuler fractures, sce Fig. 69.

5.2.1.2.2 Examinztion of structurel changes due
to teupering

ietallographic examination reveasled thet efter tempering
at teuperatures up to 450°% little change in struecture occurred.
There was, however, & slight tendency for the lath mertensitic
structure to react more guickly to etching and to show signs
that the lath boundaries were becouing broken up. 4 very
definite ehenge in wicrostructure took place afier tempering

at 600°C where the lath martensitic structure showed obvious



signs of breaking up, see TFPig. 70, but.there wzs no evidence
thet the prior austenite grain size had changed from its
| original form and there was no evidence of austenite reversion.
‘Examinafion by thin foil electron metallogrephy revealed
thét specimens teuwpered at temperétures below 500°C aid
not differ structurelly fron the as guenched cbndition
although there was some slight evidence to suggest thet
the misorientation between adjscent laths had increased
slightly. 1In speciwmens tempered ot 600°C areas similar
to those shown in Pig. 34B could be seen where laths had
become irregular in shape, but there wss no evidence of
reverted austenite or of precipitation.
As a further test to chcek whether tempering had
.produced any austenite reversion, diletoueter specimens
of both the 6; and 105 wanganese alloys were held in the
isothermal recording dilatometer by heating frow roow
temperature and holding st GOOOC‘for one hour. During
this period no contraction took place wvhich indicates that
there was no austenite fornmation, and furtherwore there
waés no evidence of transformation taking place during the
period when the specimen cooled to room temperature. 3uch
transformetion could have occured if austenite forued during
holding hed trensformed back to wsrtensite on cooling.
Finally, the tempered specimens were exaunined by
x=ray diffraction and this also produced no evidence of
residual austenite. %hat did occur however was that the

lines becenie sharper and it was possible to resolve the



Kety K, doublet for the high angle lines of speciuwens
tempercd at 600°C, sece Fig. 71.

5.2.%.3. Impect properties of high purity iron mangancse
and iron mangenege molybdenum glloys.

The behaviour exhibited by the iron manganese alloys
after tempering resembles very closely the teuwper brittle-
ness phenomenon observed in low alloy carbon steels, and
for this reason some further alloys were produced as was
previously described in the éxperimeptal procedure, see section.d!

These two high purity Vacuum melted alloys contained
approximétéiy 8% -\9% of manganese and one of them &lso
conteined 0.5% of wolybdenuw. A&fter holding for one hour
at 1000°C in argon, brine quenching produced a lath
martensite structure; and the impact tests results for this
~are shown in PFPige. 72. This shows thet despite their high
purity the impact transition tewmperature was very high and
rather surprisingly the molybdenum containing 8lloy was
the slightly more brittle of the two. The molybdenunm
‘containing &lloy was also tempered at 35000 fﬁr one hour,
end this producedé & warked increcse in impset transition
temperature, see Fig. 72. This shows that 0.5% molybdenum
does not ealleviate the tewper brittleness in iron manganese~
elloys. The fractures of these high purity‘alloys were
largely along the prior austenite grain boundaries.

He2.2. lMeasurement of the paramcters controlling
brittle fracture.

He2e2.1 Peteh Analysis

Hounsfield test pieces of the type previously described

were heat treated to produce lath martensitic structurecs



with different prior auﬂténite;gréin éizes. This wes
achieved by eusteni%izing‘forﬂone hour in argon at
temperétﬁrés}betweén:750-120000 followed by brine guenching.
Tensile testing was then carried out on the Instron wachine
at a crosshead speed of 0.02 cus/uin, i.c. strain rate
approximately 1.14 x 1072 per winute and the following
data determined frowm the losd versus elongation curves.

(1) Flow stress at 1¥ strain.

(ii) Stress ot maximum load

(iii) Limit of proportionazlity.

(iv) Frécture stress

& typical series of {these load elongation curvés for
the different elloys are shown in TFig. 73 and all were
cheracteristic of the type usually observed for lath
martensitic iron 8lloys. This characteristic shape shows
e very small elongation to the onset of necking, i.e.
approximately 5% followed by an extremely high reduction
in area until finsl fracture, e.g. 60-705%, and this tends
t0 indicate that there was & high initial rate of work
hardening, since the onset of necking occurs when the
strain hardening index d¢ = O, the true siress. 1In
Table II some typical room temperature tensile propertices
are given for the serics of clloys tested.

After tensile testing the grip portions of the broken
test pieces were examined meitallographicelly in order to
(2) cheek wﬁether their structures were martensitic and

(b) determine the prior austenite grain size.



Figures 7L44=L show the Petch plots made for the
room teumperature tensile dota of the series of martensitic
alloys, &nd they show first of &1l thzt the reteh equution
ves obeyed. The moat relisble dzte were obtained with the
1, flow stres=s velues &nd the stress at naximun losa, l.e.
spproxinately 5, flow =atresn, but there wos a considerable
awmount of GC&ftGP for the liwit of proportionality values.

There was virtuelly no difference in slope, K between

yl
the 1, flow stress andéd mzximuw load stress values, but the
slope of the 1linit of propertionglity curve tended to be

sliphtly grester. K, varied Detween approximately

= /N 3’
1 ke ){;? to O-k Xp/m J{%m end is ahown in Fif.T5
0.03 ..ifu”’® 0.01%2 .1/ 2/« GHha 15 shovn b (D

to decresse linensrly with av increis=e in umnganese content.
These values of Ly ~yre rother low and indéicate that flow
in leth wartensific iron nonpénese alloys was lorgely
uneffected by the grain size, psrticulerly in the caze of
the 10). nengenes: slloy. Liwmilar tensile tests to thosc
described ebove were zlso carried out at -196°C in liguid
nitropen, and it wa~ foundé that many specimens broke
prematurely in & coupletely brittle manncr. & sufficient
nusber survivede however to deuwonstrate thot there was o
sipgnificant ciffercnce in 3lope of the ietch curve betvecen
-196% and room tewperature. In Fi ig. 76 the roow tewverature
values of Oi teikken frow the Peteh curves sre plottea agsinst
the pereentage wanponcae and it cén ne seen thit between

Ly, ana 10, wengenese there vas virtus llv no dependence of

CE upon composition



The values of(&nuqed in Fig. 76 for pufe iron and
.the 2% manganeqe alloy were ootained by uqlng a converqion
factor between the known microhardneqq of lath martenqlte
.and the flow qtreqq. Thiq was determlned from the measured
1% flow streqq and microhardneqq valueq of the hp to 104
manganese alloys, and was found to be Hv x 0.225 = O' Kg mm ?
For pure iron an approximate value of O} for lath martenqite
was obtained by conversion of hardness given in prcviouq
report328 but the value for the 2% manganeqe alloy was
obtained uqing the microhardneqq given in section 5.1.5.
It can be seen that the flow stress for iron manganese
lath martensites increased sharply to & maximum when the
manganese content was increased to LY but was then hardly
altered by further additioh;” Ale‘shown in Fig. 76 are
the values of flow stress for irdn’manganése alioys in
the annealed ferritic conditidn; és”détermined by previous
authors, and this enables the comparison between the strength
of ferrite and lath martensite to be made.
When thé mean hardness values were also'plotted versus
manganese content a simllar type of curve to that shown in |
Fig. 76 is obtained, see Fig. 77, and this again indicated
that the strength of the lath martensite increased sharply
Wifh additions ofbmanganese up to 4% but ié hardly affected
by furtherfaddifions.
The room temperature measuréments of hardness and
flow stress wené thought to demonstrate essentially the
solution hardening effects of manganese in terms of the

athermal component 05 and it was decided that the cdrreletibn



between this solution hardening and the lattice parameter
should be checked.
Bulk specimens were used to determine the iatticé

@arameters using the diffractometer and also by calibrating
the angles of reflection with a silicon standard. The
speéimens were austénitized at 100000 for one hour in argon
and then brine gquenched to produce & martensitic struc?ure
which was subsequently tempered at 600°C foyr one hour. This -
tempering treatwent enabled the Ko4 Koy doublet for
the high angle lines to be regolved and permitted more
precise lattice parameter measurements to be wade. Fig. 78
shows the effeet of mangénese on the lattice parameter, |

which was caleculeated from the ~B12L and {éQQié K K¢

1 2
reflections using at least three specimens, and by carrying
out a calibration check for each one. Although these values
wmay not be the preciseﬂlatfice paraneters because of the$f'

method used for their determination they are sufficiently’
accurate, e.g. £ 0.001 &, to illustrate the changes which
take placey; and it cen be seen fhat the lattice parameter
increases with manganese in a wanner equivalent to the

changes in hardness and fiow. stress.

BHel2s2+.1.1 Fracture stress.

The fracture stresses were determined with the Peteh
analysis specimens by measuring the reduction in area for
necked region and by noting load at fracture. Difficulty
was experienced in measuring the precise fracture areca and

considrable scatter in results occurredy; but despite this

1
i

8 reasonable correlation between fraeture stress end @



was obtained, see Fig. 79. Owing to the scatier in results
it was not possible to distinguish whethef differences

in fracture stress existed belween the different manganegev
contents, but there did no% seem to be very'mﬁch; Very
little difference was also found between the fracture stres-
at -196°C and at room tempecrature for the 6) manganese alloy

5.2.2.2. Determination of the thermal cowponent
of flow stress.

Hounsfield tensile specimens for the L4i{, 6j and 10,
manganese alloys were heat treated by brine guenching after
one hour at 1000°C in argon, to produce & lath maritensitic
structure. They were then tested on the Instron tensile

machine to determine the influence of temperature and strain
rete upon flow stress, using the load ceyecling technioue
previously described in section 4.3.2. A nunber of specimens
were used for each alloy composition to give complete
coverapge of the temperature range 293 to 77°K and of the
atrain rate changes. Addifional tests using individual
specimens for each strain rate and tempersature were also
carried out with three specimens for each alloy, test
temperature, and strain rate. The results found by both |
load cyeling and individuel tests agreed well, and shdwéd
that no difference existed for the flow stresses of the
different manganese contents, €.gs. no solution softenirng
such as described in 3.3.1.2.1 was found. By asauwsing that
reoow temperature equalled To thé termperature at which fi the
thermal component of fldw stresa, becomes zero, values of Cg
were found for the different alloys, as a function of

temperature and atyain rate. i.e.



i.e. 1 = O.:& ——g;g-gioﬁ

‘ 2 P2
where Oy = actual flow stress

Oé930ﬁ = flow stress at room temperature.
These arce shown in Figs. 805-C and indicate that'z; increased
both with increased strain rate and decreésed testing
temperature, but there was no difference between alloys for _
% to 10% mahganeée. Comparison between the '1; fiow stress

values at different strain levels also shows that it was
independent of prior strain. ’

The results of the elternetive method, i.e. stress
relaxation, will be discussed later.

5.2¢5 Lffects of tempering on mechanical propertiese.

Both the tensile and hardness properties were
determined for the lath martenéitié iron manganese &lloys
after they had been tempered at different teuperatures.
The as quenched state conaisted of austenitizing for one
hour et 10009 and followed by brine quenching, and tempering
was carried out for the renge 300 to 600°C for e time of
one hour. Figs. 814,83 show these results and it will be

seen that only after tewpering at above L400% was there

any significant drop in either tensile strength or in
hardness. At tewmpering temperatures below 400°C there
were slight incresses in the flow stress frow the as quenched

condition, & pesk being reeched at temperatures around 35000.



6.0 DISCUSSIONS

6.1 Transformation Behaviour.

6.1.1 Driving force for transformaﬁion.~

The relationship between the transformation start

temperatures and the mangénése coancentration, for both
the v and «>¥ transformations are shown in Pig. 82.
The temperatures shown for the ¥>o« transformation refer
to those which led to mariensite either by its structure
or athermal kinetics and thus it has been labelled lig-
Two temper&turea are plotted for the L) and 65 wmenganese
alloy, namely en upper temperature which corresponds to

the maximum temperature above which no trensformation took
place afiter holding for prblqnged periods, and'also the

minimun plateau temperature proéuced by rapid quenching.

These two temperatures represent the two different criteria
used to define mertensite, i.e. athermal kineties or
metallographie structure. Two values for the AS

temperature are also shown and represent the waximum &nd
minimum renge recorded by sltering the heating rate. PFinally,
& range of teuwperatures are shown for the position of TO
vhich was deduced frow T = (A  + lg) for the different

0
I, and i values.
"hen the present results arc cowpared with those of
previous authers there was rezsonable egreement with the
llg temperature between L and 10% mangénese. Comparing the
results with those of SchummannBB for exauple shows that

there was excellent agreecment above eapproximately 64

manganese and there was also good agreement for alloys of



less then 6) wanganese providing the upper tewperature

of the present results are taken. This is quite reagonable

88

since Schummanns' *° results were obtained by slow cooling.

On comparing the results, with previous determinations of
the lig temperature at rapid cooling rates, e.g. Goumersall

22

and Parr®® the present results within the range Ly to 6%

manganede agreed well if the lower plateau i, temperature

s
was used,

The transformation teniperatures given in Fig. 82
were used to determine the transformation driving force

using two basic approaches.

6.1.1.1 Tdesl solution
Referving to section 2.2.2.4.% the driving force of
the ¥ =« transformation is given by:
A(;M = (1=x,) Aé;; + X, RTIn x, ‘ (2)
-2y
: oy
and shown in Table III are the values for the various
coefficients necessayry Tor the solution of this eguation.
In the Tirst four coclumns diffevent values forlﬂd;z.
are shown, &ané have been determined by different authors.
Colunns two to four pfovide values which are in good agree-~
ment with each other and which are also wore éomparable
with the values of,Adiz used by most previous workers in
derivations of the driving force for narviensitic trans-
formation. Shown in columns five and six are the
equilibrium solubility limits Xy and XAx for manganese
in iron teken frow the published equilibrium diagram.1u7
The values for the driving force at the g teuperature

derived from equation (2) are shown plotted as a function

i



of mangenesec content in Pig. 834 and can be seen to vary

from between‘250—600 cels/mole (1100-2300 J/mol) &t the

minimun platesu lig temperature or from between 150-600 cals/uiole
(600-2300 J/mol) at the meximuw li; temperature. Also shown

in Pig. 83A are the driving forces derived by previous

) |
48 por iron mangancse alloys using an ideal

authoréﬁ
solution wodel. : -

The present set of results are considerably higher
than those of the previous workers and are also somewhat
higher than the normally expected values for lath martensite
transformation in other ferrous systems. However, it was
also true that the previous resulis were rather 16wer
than expected, especially with the more dilute alloys.
With regard to the discrepancy‘bétween the previous and
present results it cannot have been due to any:ajor
difference between the weasured transforwation temperatures
but was wost likely to have been caused by using different
values for Z&Géz . PreviouslyZ§§;Z was calculated frow
the iron wmanganese equilibrium diagram via the ideal solution:
appreximation that:

AGp, = RIln ( 1ox )
’ (1 ~Xp, )

end this gave very mnch lower values for Zﬁégj than those
used in the present determinstion. This seemns to bLe &an
indication that it was incorrect to assume that iron and

manganese form an ideal so0lid solution, and further cevidence

. A =¥ A d -
of this was that the equation for Gmn s 1ec. GMn = RT1n x,

X £y



produced solutions for Aé;g which were independent of
temperature, which must be incorrect. It would seem there-
fore that the values of driving force derived in the
present investigetion by assuming ideal solution eonditions
are in error. They are in fact too high, end this wmust

be due_to the free energy of mixing term being ignored.

6e1.1.2 Repular Solution.

In the section 2.2.2.L4.2 it was shown that:

(=¥ 2 2
— P P - - 7Y ar
AGMn = (1 xﬁd ) &~ (1 xAx ) B - RT1ln Xy (6)

X

and that AGy = x; (1 =xy)(B-A) ‘Ld

| By substituting these into equation (1) an expression

for the driving force is obtained. |

AGT = (4 -xA)ZXé;z + XA§(1 ~x&L)2h -(1 —xAX)gB -Rqufé&)
‘ T

and this simplifies to

<= ol-¥ 2
} = =%, )G, =% T ta o+ B(xy =2x, + X, +
AC ( 1 XA) CFB }\A gRlln Xz ( A Aa/ A?{ );
.»;‘{_xk’(
: 2
. ;- - 1
A}:’.A (}LA 2}{[;0“ + ‘&f".o‘) . (. 5)

A1l of the terms in equation (15) can be determined
with the exception of that containing A, but it can be
assumed that this term is sufficiently smell to be ignored
in dilute solutions. Shown in Table IV ere the velues for
the coefficients needed to solve equstion (15), where B
was determined from the relationship:

.-Bxix —!_\—AG;.; +RT1n (1 - Xy )

- (P =x ) (7)



This eqguation gaVeva linear relationship for B and T( 1-1nT)
below 800°K but large discrepandss arose above thié
teﬁperature; The most probable cause of thié was the
extreme sensitivity of B to slight changes in the values
of ;;Z ; Xﬂi and xAxand.it was decidéd therefore ﬁq aésume
that they were in error.. For temperatures above 800°K

the values of B used in calculation were taken from the
linesar reiaﬁionship between B and T(1.-1nT),

Plotted in Fig. 83B are the driving force values
derived frowm equation (15) and these were shown to vary
frow between 285 and 450 cals/miole at manganeée contents
within the range L% to 10y when the wminiwmunm Il temperature
was used. The driving force for alloys of between 4i and
65 manganese was reduced to 165-250 cals/mole at the maximuﬁ

K. ltemperature.

S

In aGdition to the wmethod described above use was
also madée of informstion provided by Hillertqhgwhich gave
theoretical values ofAAé;; for the«~Y¥ transformation in
pure manganese.r These values were derived frowm the iron
manganese equilibrium diagraw by using essentially the
same regular solution approximations that were made by
{aufman & Cohen 5uin ivren nickel and are shown in Teble V

For the «>¥ transformation the driving forceAG¢J

may be written as

AL~ 2=y

<=8 ‘ ] |
A6 =1 )G+ wAC 3 (1) (Bo4) (16)

where (BEA) is obtainable from equ%tions (6) and (7),<i.e;
- 2

ol-

2 2
B—A - 1 - - - - T -
(B=2) (xé,z( QXAX) x‘,,.x“ QXA&))) ‘((X"’*, XA&)(AG,‘,«qn*R‘lmjA )+

) 8.

2 2 .y
(1 - ¥ ) - (1 -x,,;x) (AGp, + RT1n (1 X, ))
(T =%, 1))



and the solutionsof which are shown in Table VI

-Values for the driving force at the lig temperature
wvhich vere derived frcm equations (15) and (16) are in
good agréement with each'otherp the 6n1y difference being
that those derived via equation (16)are slightly lower.

Shown in Fig: 82 ave the theorctical T, temperétures
which were deterwined from ecuations (15) and (16),and}’ |
these can be seen to agrec well with the maximu& of the -
observed Ty temperatures for the dilute alloys but are
rether higher than the observed values in the richer alloys,
e.g. 10y mangenese. Obviously this discrepangy is due to
the approximate nature of the regulsr solution model, but
it may also indicete that the measured fg tewperatures are
not the true reverse «=¥ martensitic tranasforastion
temperaturés. It hes been shown that the #4 temperature
incressed with heating rate end 1t was posaible that a
plateau temperature wight have been regched if higher rates
of heating could heve been obtained. This higher tg temperature
- would no doubt have reduced the discrepancy between the
observed and calculated T, temperatures.

For allbys containing between L% and 6§ manganese
the driving fofces at the minimun lig temperature agree
well with previously published values for other iron
2lloys,; €.g. 285-300 éals/mqie,(1200~1260 J/wol), but at
higher manganese concentvatéons they &re very much higher.
If the value for the 10%‘hanganese alloy, i.e. L30 cals/wole

(1806 J/mol) wes correct then twinned martensite should

-t



have formed according to the suggestion by 86112? since

the driving force is well above the critical levei of

315 cals/mole (1323 J/mol) for the lath to twinned tranm-
sition. Since this did not occur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>