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| ‘ELECTRdN "NIICROS?OPY"INVES-TIGATIONS OF FERROUS MARTENS.ITE.S -
-.v | | ~ Gareth Thomas : o
_ o . Department of Materials Science and Englneerlng
e R invers;ty of Californla, Berkedey, Callfornla 9kT20
o  ABSTRACT |
'Thds;peper‘is c¢hcégnéd with eieotron metallogrgphy of bee or-

' oct”feffous uartensite in which ?arficuldrdefteutioub{sfpaidlfo tﬁe'
cHeréctefiiation of'substfuctures;edfhe‘trensformaﬁiou suﬁstfucture.v
is compieivaud“new feeulfs afe'feporfed‘on'multiple'{112}’twinning.
The factors controlllng the martensitic substructure are evaluated
and 1t 1s concluded that the strength and deformatlon characterlstlcs
of merte351te are the most-lmportant in determining whether the trans-
formetiou'defofmation occurs by slip or twinning (or both);

v An appraisal.is giveuf of in situ tuensformations in the elecfron
m1croscope partlcularly with regard to the nucleatlon problem and \
1nvestlgatlons of the 1nterfaclal structures; _The‘potentlal role ofvhigh'
voltage-electron mlcr08c0py is also discussed aud eome recommendations |

are offered for future investigations.

it



1. Introduction

" The first results ef'transmission'electron hicrOScopy studies of

, foils made frem carbon and alioy'martensitic steels were'published Just
‘over ten yeers'ego.1~3' Sihce then numerous papers have appeared which

v deal largely W1th character1z1ng partlcular steels,and relatlvely few
attempts have been made to 1nvestlgate quantltatlvely the problems
assoc1atedvw1th’marten51te nucleatlon,the nature of the austenite-martensite
 interface, and the orientation relstionships and substructural cheracteristics
of individﬁéi treansformation events. Considerable work has been done -on the
rehdioﬁship‘-between’submicrestruefure and preperfies of'steels; and recently
sysfematie efforts:have been directed'atfunderstanding the role of alloying,
elemeﬂts'iﬁ'fhese reletions. vSome'recentvrerieﬁ papersvwhich contain

pJ

électron mlcroscopy data 1nc1ude those of Waymanh Magee and Nuttlng 6

‘Reviews of electron mlcroscopy appllcatlons to 1nvestigatlons of phase

7 9 and Hirsch et al.lQ'

transformatlons in general include those of Thomas

These publicetlonS'describe in detail the 1mportant experimental and

theoretical factors involved in the use of electron mlcroscopy and diffraction.
The_present paper is concerned w1th electron metallography of ferrous

martensites, partlcularly*transformation substructures. Some discussion is also

presented of nucleatlon and other aspects of the transformation. No discussion

will be given of martenslte other than bee or bet (i.e. ep31lon (hepl marten-

- site iS“excluded)_nor of straln induced martensite.

It is hoped that-some of the ideas presented here ehd the commentaries

on both advantages and dlsadvantages of electron mlcroscOpy may be useful

in future investlgations.
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égv Marﬁensité Nﬁcledfion'and'Tranéfbrmations in F@ilé‘

The:eléctron*miéfOSCOpe'pfdvides‘infbrmatipn.oh morphology,
.cfystali§gréphy and compositioﬁ. Thevanalyses are usuallyiéafried out N
on fdiié_prepared from bulk transformed specimens, but dynamic experi- - o
ments inSidé ﬁhé micrqsc§pe can aléo bé doné directly on foils.9 How-

11,12 for electron

ever, é#en at>500—1006 KV foils must be 2u thick or less
transmiséidp and this is of thé same Qrde# 6f magnitudé as the dimensions
of singlé;ﬁértensite‘érystals. Thus, in foils,the transformaﬁibn conditions
éreﬂéséentiﬁliy twd-dimehgionai in neture and afé”quité different from
thése iﬁvdlved in EﬁlkltraQSformations.v ansequently thé c}ystallography
-and sﬁbstructure may;tﬁen also be qﬁité,differedt. These problems ﬁere
first”déﬁoﬁstratéd‘by Pitséh3 who studied the méftensite,trénsformation
ﬁm&hiﬁﬂmmlmnwsﬂhw.

Eiéept for the first direct observations of thé FCCfHCP transformation
'in coﬁéitl3‘and thatbof.heterpgénéoﬁéinucleatibﬁ of Y' in_Ai—Ag1 and

surface_prééipifation‘in Al-N%VCulS

in the electron microscope, there are
4&5 yéf'no o£her dirédt“ébéervationé of nucleation proéeSSéé. "In thé sim§lé
FCCiHCP systems,théory predicts speCifically defined’impérfectioﬁs‘fof thé
‘nucleation site, viz. dislocations and stacking faults, and it is possible-
to identify and so‘lqcate the'nucleation_site'gzigi to the transformation
process. Aé a result it has beénbpossible to'fOIlow in detail'both
nucleatibh'and grqwth ;eveht5~i. and the theory of heterogéneOus nucleatidn
for these'tfapsformations has been confirmed. As far as FCC > BCC or BCT
martenéifes are concerned, the nucleation the_ory is not at preseht very
satisfacfbr?.  Thefe'is no clear evidence for nucleation sites‘excépt

for the case of strain induced martensites where intersecting epsilon
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martensite and slip bénds, and twih Boundaries have all béen observed

16,17 5

to give rise to a martensite cryétals. - Magee” has emphasized the

importance of twin boundary sites, heterogeneous nucleation in general,

- and autocatalysis.

'Figure 1 indicates that dislocations and stacking faults may have
caused the formation of the martensite in the Fe/8Cr/1C

alloy. It is also possible that these defects are a consequence of the

'fqrmatioh of‘martensité. Direct observations of transformation in this

system‘gre.planned and should helpato'distinguish between these possibilities.

v ”fhé'presént thermodynamic theory requires the existence of‘"embryos.“
Pati aﬁd_Coheﬁle délgulated the probability éf observing embryos as 2 int
10°. :Wérlimontlg infefpréts this_probability in terms of the necessity
of examiﬁing an area fa20cm2 in order to find one nuéleus of the most
effecti§e=siée and'sﬂruétufeQ Although these are almost/impoﬁsibly small

probabiiities, the fact remains that mértensitic reactions do occur in

.~ thin foils,_probably-as:a'reéult of strain -induced or autocatalytic

‘events or because constraints may be removed on thinning.

I o ,
As far as direct observations of the transformation are concerned,

several'important factors must be cohsidered. For example:
ri.f_It is essenﬁial to have a gonipmefricISpecimeﬁ (doﬁble-tilt or
"tilﬁérétation) holder so that contrast experiments and diffraction
data can’ be ébtained at all temperatures. The heating-cooling
-respdnse of the stage must be adequaﬁe to pgrmit transformation
to occur and contémination‘must ve avoided (see ref.2l ).
2. The srea béing éxamihed'suffers some beam heating = and conse-

quently as the_Ms‘temperature is approached the transformation will



.
:take place'outSide“therarea'being_examined?liln:all experiments to
"dateinucleatlon'eVents’nuSt have occurred outside the field of view.
'%.3;"Because‘the transformation occurs'very rapidly, it is impossiole
' to study both the morphology (i e, the 1mage) and the crystallography -
_ (dlffractcon pattern) during the transformatlon. It is helpful,
therefore, to use 51ngle’crystals of‘known orientation, for which
the‘bulk crystallography is already documented. In most situations
'it is necessary to repeat experlments studying one particular |
feature at aftime. It will also be necessary to use.high speed;
'enigh'resolution'movieitechniques to record the transformation.
b It is difficult, if not iniposs'ibie, to mount a foil in the
AsPecimen holderfwithout introducing some strains. The strained
areas nay then become'nreferential nucleation'sites.
lS{vaome idea of when a‘transforhation is occurring can be obtained
| o&icarefullobseryance-of:the'temperature rise associated with the
' release of the driving-force. Our ooservations show aAtemperature
rise of +30°C for Pe/2lNi/kMo/0.28C end +60°C for Fe/25N1/0.3V/0.3C
during cold3stage experiments on the martenaitic transformation
inufoils_of.thesevsteels.«' | |
':6. Because of elastic'relaxation, the macrosc0pic_shape change
eln foils may not reduire the amount of lattice'invariant shear
(5115 or-twinning.reouired by the phenomenological theories)
_ necessary in bulk samples. ‘DireCt observations of martensite
formatlon and growth wlll enable enalysis to be made of the
= origin of'the marten81te substructure, 1.e.’contr1butlons from

‘transformation deformation and subsequent accommodation deformation
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ﬁay'bé diStiﬁguished‘by COmParingvfoils'of.bulk'traﬂsformed steel

 and transformed foils (Sec. 3).

7. 'It.ié not yet clear that the transformation in foils is always
different from that in bulk, i.e..differihg in c¢rystallography -

' éﬁd'morpholqu. iheie is simply_not enough data from bulk and
.foil-épéCimens'in the seme @lloys,

.,8; An impértanf‘factor in fhe transformation éfvfoils’is the
ﬁpparent’éhange in'Ms temperature with specimen thickness and
.cooiiﬁg raté;‘ é;g. due tovprécipitatibn or carbon ségregation
in austenite. The ﬁpper temperatﬁre limit of Ms has 5een observed

19

" to decrease whenrthe,specimen thickness is less than about lu.

Wa?liﬁontlgjhas ?éééntly'stﬁdied the functional Ms dependence of
thickness in Fe/Ni alloys. He foﬁnd two oppdsing effects {:hich produced
a ééatteriﬁg 0f Ms tdleQér'as well as to higher téﬁperatures; ‘He
eiplained thesé resuiﬁs in'termé of the disfribution 6f'ﬁuclei per unit

volume and'tb the effects of image forces on martensite nuclei (assuming

heterogeneous nucleation). On the basis of the embryo theorx;supposing

‘there are 107 embfyoS/cc at the first nucleation Stage,ls then for a

T

foil of volume 10~ — (10004 thick, x lmm x lmm) probably only one embryoc

would  be present. Due to the greater penetration at high voltages a

foil of 2u thick should be tfanéparent and in this case the number of

embryoé'increases to 20. The work of Easterling and Swa.nn22 showed that

small austénite particles in cOpper did not transform to martensite

except after eldstic deformation even though the bulk Ms is 600°C. Kinsm&::23

showed, however, that if constreaints are’removed, e.g. by polishing the

surroundiﬁg.copper away, the austenite then transforms spontaneousiy.‘
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Finally it is‘worth'emphaSising that more attentionvshould te
peid‘to'eiectron,diffractiou.‘*Although electron diffractionspatterns
are widelyJusedtfor or{entatioh'determinations,dno attempts seem toAhave'
‘been made‘tolinuestigate diffractioh‘patterns_before and during the Y - o
trausforhation; Suoh uork would'be.faciiitated by using single crystals
.of appropriate orientation. Examlnatlon of the diffraction patterns,
_ particularly the dlffuse reflections,.could provide informatlon such as
: 1) what happens to the austenite at the transformation start, 2) the
structure of the flrst formed martensite, 3) ‘the shape of the flrst formed

crystal.r._ Double dlffractlon effects must be accounted for.9 10

3:-'Substructure oftMErtensite

di. :deneral'Morphology

Theréfgre two generalvmorphologies'of ferrous martensties, viz.
disiocatedhlatﬁsrehd twinued blates."The'diSlocated 1sths sre.eomposed
of elongated bundles -of slightly mlsorlented subgralns,wlthln whlch the
'dlslocation den51ty may vary with composition and coollng rate (specimen
thickuess)uand is_essociated with the“{lll}Y hablt.? An example is shown
in Fig.:é. _The laths can also be twin related. In;low earoon steels
' adjaceutdlaths appear 1o adopt different variants of'the.K-S orientation
'relatlonshlp 6l‘ The dislocation structure is very compllcated and similar -
to that in a-Fe and. metals of high stacking fault energy 2k after high
speed'deformatlon. Plate martensites contain fine transformation twins.
‘Those wdthin‘which-the twin density varies and .in which the twins

do not extend completely . across the plates.
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are essocieted withv{QZS}Y,'{QSQ}{ habits'whereas'fully twinned plates

“correspond to the'{3v 10 ”15} habitQ A summary including recent, as

_yet unpubllshed data is glven 1n Table 1, and examples of these twinned

structures are shown in Flgs. 3-6 9 11. In all cases the substructure
w1thin a glven marten51te graln is complex and in many fully martensitic
steelsvthe microstructures are often complex mixtures of dislocated and
twinned martensites (Fig;b6) so.that detailed microstructural analyses
are’ very dlfflcult to carry out.

© The marten31t1c substructures may arise from two factors: 1) the

latticeﬂinuariant shear of the transformation strain itSelf‘and»this

may be slip, twinning or a combination of both, and 2) plastic deformation

of the martensite éﬁﬁil its'formation, due to accommodatious resulting
from'the.constraints of the.surroundings;- It foilows that surface mar-
tensite'orfmartehSite'formed in the thin foils should be less deformed than
bulk martensite because of the abseuce of bulk constraints at the free
surfade; Unless the.development of the substructure can be observed

dlrectly durlng the transformatlon (see Flgs. 7, 8) it is not possible

" to dlstlngulsh between transformation and deformatlon substructures.

t [ i

This distinction’ is important in regard to relating observed structures

t i [

to the shears proposed in the: crystallographlc theories.

i o ol [

At the present t1me there is .agreement between the phenomenological
| i B o st _I»

theory and substructure only for the case of the {3 lO 15} habits and

v r N TR PR i

{112} <lll> tw1nn1ng.h The {225} partially tw1nned marten31tes are

lnll Coai
very complex as will be shown in more detail in Section 3.2. Physically,
[ L P P

of course, since the tw1nn1ng dislocation must remain in the habit plane,

[T

~and if the tw1n dlslocatlon is of the a/6 <lll> type then for cublc al’oys

PR

[ . . dlon
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' TABLE I
| STRUCTURE OF BODY CENTERED FERROUS MARTENSITES FORMED ON COOLING THROUGH Ms-Mf*
Alloy System Ms Substructure/Composition** ‘Reference
. Fe=C >350°C C < 0.3 mainly dislocated 1,2, 28
: - laths . ' 40,
<250°C C > 0.6 mainly twinned plates
Fe=Ni >-50°C | Ni < 25 dislocated laths - 1,2, 39,
| - - ‘ 41, 42, 43
-30°-150°C Ni > 30 mid-rib twinned only 44, 45, 48,. 53
‘and below; . ) o
. Extent of twinning increases
‘ v with % Ni, and lower Ms '
" Fe-Ni~C 'as above | Increase in carbon for same -1, 2,740, 43
- ' nickel content & vice-versa 28, 48, 39, 61
- enhances twinning :
. Fe/25N1/0.3C/4.5Mg-  <=77°C . All mainly twinned. However |29, 30
+4.7 Cr ':-16°C ausforming causes precipitation
+1.85V -3°C . of carbides, so that the result-
"_'ing martenéite is less twinned.
Fe-Ni-Co-C i ~260°C C < 0.3 dislocated laths 31
(1/2M0/1/2Cx) |
‘ : 1 150-260°C C > 0.4 twinned cobalt does not .
i - : decrease twinning
.Fe=-Ni-Co as above - - R 169
. Fe/Cr/C .- ‘ '350f400,c. r Partially twinned
» Cobalt raises Ms - does not 135 »
. decrease % twinning N
.i Fe-SCr dislocated laths 43
by . -

© % All data here refer to nominal cooling rates. The Ms temperature

can be varied by varying quench

“l *k Compositibn réfer'toiweight i. 

rate (see text).

and structure -
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Alloy System Ms - Subsﬁrpcture/Compoéitiqn ' Reference
Fe-8Cr-1C -30°C twin density decreases with 20, 25
" | increasing plate size .
; Fe/5Ni/0.25C : 315°C mainly dislocated 36
Fe/3Mn/0.25C - 315°C mainly dislocated = 36, 47
vFe/SNi/7Mn/O.25C v 65°C mainly twinned 36
Fe/TMn/0.25C = 190°C mainly twinned 36, 47
for a given carbon ievel,
manganese promotes twinning
Fe/ﬁi/Ti o dislocations and twins 33
' ' depends on Ni/Ti & heat
" treatment |
rFe/Cr/Ni metastable . Low stacking fault energy 55, 56, 57, 21
. - faus;egites . dislocated o from ¢ o
| Fe/Ma/Cx/Ni | | |
s

TABLE I (cont.)
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the habit plane must be actually {5 10 15}. In'{259} ﬁarténsiteé
(be tetragonal) there is ‘one report of {110} as well as {112} twinned
martensite plates (L4, L49) (Fe-l 8%0 ;teel) .

It is likely that marten51tes in speclmens prepared from bulk
‘transformed_glloys have-undergone both transformat;on and accommodatlon
defbrﬁétion,VSO that it is hot cléar‘intéasés_whére one finds both dislo- -
.cétéd-gnd tﬁinnéd'substructures, e;é; Fig} 5, which effect has dominated.
Twins are found in laiﬁ m&rtensites in several alloys (26, 5u) (Fe/Ni/Ci
Fe/Nl/Co/C Fe/Nl/Mn/C Fe/Nl/Cr/C) and debate is occurring as to whether or

these tw1ns are due to plastlc deformation of the transformed martensite.

3.2, Doublvawinned,Martensites

The tw1nned structures of martensites exhibiting {225} and {259}

hablts are particularly puzzllng to the crystallographers and there is no

26

hot_

sat;sfactory explanatlon for these habits in terms of the observed structures

ahd lattice invariant shears. However, until now it has not been shown
that the'tﬁin structure is itself complex; The following results
éhow that theitwihs themselves mayvbe twinned.
Thg ﬁroof of this phenomenon réquires.paihStakinéAexpe;iments by
electron @icroscOpy and invoives;detaiied dafk fieldvanaiysés of all the

spots in the pattern. It is also helpful in the analysis to study orien-

tgtions’whefe martensite twins are parallel to the electron beam, e.g. <113>OL

foils, and piates in which the twins are inclined{ e.g.-<l22>a. These
have been.studiéd in Fe/33Ni and Fe/25Ni/0.3V/0.3C alloys. The results
are shown ianigurés 8-11.

Figure 9(c-f) shows a set of dark field images corregponding'to the

spots in Fig. 9(b) indexed in Fig. 10(c). If the [221] martensite were
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singly -‘_t"'wi,nned on the ( 11§)'a the [OOT.]dtwin orientation would be produced

" and the pattern would be superposed [OOi]aand [22i]d. If this were true,

then dark'field images of:both.llqiand'1iq1diffraction'spots would
reveal twin contrast. However, as the dark field images of Fig. 9¢c, d
show, the twin reversal only occurs for one and not both of these

reflections. The explanation is that the twins on (ll§)a are themselves

a

 twinned_oh (I12) 'so that the [OOi]a twin of'[221]a now transforms locally

_intb théb[2§i]a orientation. However, the extent of the double twinning

is limited. -The contrast at S in Fig. 8 is consistent with secondary

twins 6n‘(ll§)d’in the primary twins. The dark field image of the spot .

marked “T" (Fig. 8c) reverées.the contrast of both primary and secondary

twins. ThiS‘spof is actuélly_the superposition of both ‘(llO)OL primary

_twin and (iiO)& secondary twin reflections.

These conciuéions regarding twinned twins are further confirmed by
Pl

dnéiysis of the edge-on twins in the fully twinned [11313 martensite

plate of Fig. 11. Here the primary twin plane is (21i)a which produces
. Ce R '

o

the.[l13]a + [II3] twinning tfansfofﬁgfion as“verified by the diffraction

e,

pattern and: . dark field analysis. However, this example is even

el

more éomp;ex. Faint streaks are resolvable on the negative of Fig. 11(b)

Y

paréllel to the €110>fdirectigns indicated on this pattern. These

o, b

streaks cannot be explained by‘doubie‘{ll2} twinning as in Figs. 8, 9,

- but they must be caused by plahar defécts»onv{llO} e.g. twins although

 this is;not expected in cubic martensite. However, since the diffraction

streaks are so weak, it is not possible to resolve their morphological

origin’in the image. It is important to ehphasize.here that although Fe-Ni

‘martensites are well-characterized macroscopically, it is clear that there

ot
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vare complicetions when each:indiridual martensite cr}stal‘is analyzed.
Differenees:can exist locaily in composition and Ms temperature,“end
thié ceuld‘result in.martensite plates.of-differenﬁ hebits and trans-
formation éubStruCtures;‘ The eemplexitj of ﬁhe situation is emphasized
by the fact that Figs. 9 and 11 were obtained on the same specimen and
within 10 mieronS'ef each other, |

lt lslinteresting'to nqte-that the interfece iﬁ‘Fig. 11 is parallel
to (7§9ya;l'Assuming a»Bain COrrespohdehce this plane would be parallel
to ‘the (3?9) of austenite.' Alfhough this is a speculative cdrrelarion |
at this Stage,flt isvpoésible thatu{110}a secondary twinning may be a
eharacteristie_ef leﬁ‘temperature'(259); habits. As more detailed
E enaljses ofihartedsite substructﬁre are obtained, it is hoped that further
clarificefion-of the habits in terms of transformation shearsrwill-be
pessible.. |

."'It'i's noted that the’twiné are often displaced or truncated along
<111> 0’ i, e parallel to {Oll} traces conslstent with slip (or p0551bly
tw1n) deformatlon.' Dislocatlons can be resolved between the twins in
Fig. 5, but in general the contrast requirements are different for
revealipgftwins'and dislocations separapely.'

There is eurfece_structure resolvable on the broad faces of the
twins'ee:eah be'seeh_in Fig. 1(4), Fiés;_T and 9. Some Qf.the complex
fringe patterns observed in the dark field images Fig. 9¢-f may be
related to the secondary twinnlng or to variations in twin thickness,
e.g. at ledges. These fringes may also be associated with regular
arrays of tvln/twin or,fwiﬁ/matrix interface dislocations; but it has been

diffieult‘ﬁq.obtainsdefinitive images even after using several different |

[
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reflections, Fig.:9c7f; The fact thatvtheSe:fringes do notpchange
orientatioﬁ (directiony When different reflectionsbare used (Fig. 9)

rules out the pOSSIblllty of M01re ‘contrast., AOther separate'experiments

show that complex dislocation arrangements are present in addition to
' tw1nn1ng.‘ Figure 5 1s an exa.mple. The dislocations shown here cannot be

' a/6<lll> twinning dislocatlons since all are inv1s1b1e in the g = [110]

reflection (g.b = 1/3 or 0). | _

It may-be argued that the double twinning may result from plastic
deformation g_f_‘_t_e_x; transformation. Ho'veVer., the' fact 'that ‘double twins -
are observed in martens1tes formed directly in thin foils (Flgs. Ts 8) lends

good support for the belief that double twinning is characterlstlc of the

_transformation itself. Double twinning has also been detected in lath

martensitei35eevrefsl26;
The absenCe ofnreports of double twinning‘in earlier electron micro-
scopic studies of martensites is somewhat surprising, but serves to empha-
size the nece331ty of d01ng complete dark field and diffraction analyses
to characterize'microstructure.

'3;3.i Factors Affecting,Substructure

Recently Nutt1ng6 reviewed some of the factors thought to be
1mportant 1n controlllng the martenslte substructure and in view of
more recent data (Table 1) it is useful to sumnarize these factors so as
to- attempt'to‘gain a comprehensive understanding; These factors are:
(1) Composition: Increasing the total soiute content tends to
» change‘tne morphology from dislocated laths to twinned piate marten-
‘site (Taple 1). Carbon appears to have the strongest effect in

‘promoting twinning._
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(2) ,Msbtemneratnre:_ Concnrrently with‘compositionvthere is usually
'avdeereese'in Ms temperature’with increesing solute content: 'the

' exceptlon is cobalt - however, cobalt does not decrease tw1nn1ng.3l 35
| In e,glven alloy series the Ms can be kept constant and then the
eonpoeition‘deterninee;whether‘leths or plates form,31

(3) ,fﬁe etrengthlof the nartensiteﬁ Since the lattice invariant
sneerdinvolvee plaStic defornetiOn d 'the'supstrueture must depend
on the yleld strength of martens1te. This-property 81s0 depends on -
comp051t1on and temperature. The strength of austenlte and deformatlon
vsubétrneture'in'auetenite (e.g. Fig. 3) may also influence the mor-
phology but this p0351b111ty ‘has not yet been studied in any detall.v
.(h)f Austenite»stacklng fault energy: There is no simple relationship.
High.étacking feuit energy (SFE) is sunnosed to promote laths if Ms
is relatively high, but if Ms is low, twinned plates are formed.’
V,Hoﬁever; inereeeing the concentration of all solutes seems to promote
twinnitg, e.g: Mn and Ni, yet Mn lowers SFE and Ni raises SFE of
anstenite. STt ie difficulttto see what reletionship exists.between
stecking fault.energy of euetenite and transformation substructure

- offnartensite unleeefthe latter is influenced by tne mode of plastic
'deformation of:eustenite during transformation. SFE of austenite

'is important, however, in determining ﬁhether e:martensite is preferred

to «.16517,56,57

'(S) Cooling Rate: Cooling rate affects Ms>28 Suand in lath martersites
'the dlslocatlon density var1es,28 in alloy steels precipitation on

slow cooling raises Ms so that the martensite is diluted and hence

is lath type. Fast cooling retains solutes in solution and twinned
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, plates result. - | ' ' BT
 (6) Thermel-mechanlcal Plastic defdrmatiohecan‘Cause

29,30 so that on trans-

: prec1p1tatlon in austenlte (ausformlng),
'fofmation lath martensite_is formed. Likewise prior ausaging can
» affeet the subéeqﬁent'martensitic structure;33 |

(1) Trensfermetion morphology is determined by pressure. In Fe-C

alloye twinned platesveanhbe'prdduced at‘hb kb‘ﬁhereae‘at atmospheric
'preseure, the martensite is lath type.59’69

A1l of these'fesults lead'to one'cbneistent pattern,'viz; the

higher thefsolufe centent'the greater is the prebability of forming

twinned plates. Coﬁversely, if the austenite is diluted as a reeult of
‘prec1p1tatlon, e.g. by slow coollng, or by plastic deformatlon (ausforming)
a'normelly twinned martensite can be changed to dislocated laths.29 »30
Results‘obtaihed fecehtly on alloys with similar Ms temperatures and oﬁ
the effects of cobalt clearly show that Ms temperautre alone 1s not the
controllng parameter determlnlng the marten51t1c substructure.31 35 These
results have .led to the-suggest10n32 that the strength of martensite )
(apd'of £He austenite from ﬁhich it.forms) is probably the singleimost
impertent factor which determines whether martensite is dislocated or
twinned‘erbboﬁh. | |

Thie idea can be aeveleped qualitatively by considering :Fig. 12

~ which euggests schematically a variation in_critical regolved shear stress
with' temperature for slip and twinningf This variation will depend on"
composition, and detailed'knowledge of these relationships is needed.
Increasieg the'solid sOlufion cdmpoeition and streﬁgth may raise the CRES for
»fslip3ebe§e that for twinn;né'eo}phat“twinning:is the.preferred'shear mode .

Similar relationships -
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miéht be exPéeted for strain rate'dependence. At.low{temperatures or
uheu.solutee'loweerRSS for twinning;'twinningvis expected to be the
'preferred mode of plastlc deformatlon._'Also, since mertensite-forms

over a range of temperature Ms_Mf [~ 100-200°C] and if this range

1ncludes the Sllp < twin transformatlon, then mlxed substructures are
expected;t.Likew1se the local temperature.rdse atvMs»and M, could allow'
slip:to‘oocur:when otherﬁiée tuinuing”dominatee. It is also possible

that different twinnlng or. Sllp modes may operate at very low temperatures.

| ‘Carbon (and nltrogen) seems to be the most potent of the alloy1ng
eleuents in promotlng tw1nn1ng, Carbon is also the most potent strengthener
of'steelr."Thue; the stronéer_the steel the-uore difficult it_is for slip
to: occur and then twinnlng is preferred. This .is also confirmed by the
experiments of Richman66 and Bev1s et al.67 who obeerved mechanicel.twins
in deformed-carbOn martensites.'

| Itlmey elso'be mentioned that the ﬁartenéite-substructure closely
_reseﬁbieelthet ih_ehook-ioaded ﬁeteriéls.eu"In fcedmetals es the shock
pressureeie-increesedvtuiue are formed when the~dislooetiop.den5ity has -
_etteined:soﬁe'critioalfvelue.37’38 By enalogy it is possdble that the
twins obeerved in martensitevlaths3l.may have been induced-because the
vlimiting‘dislocation.density Had already been attained. ThiS'would mean
slip shears alwajs.precede'twin sheare.

Another‘fector which may “be important is the driring force

associated uith the transformation. Bell and Owen3h suggested that

when 8 crltlcal dr1V1ng force is exceeded (~ 315 cal/mole) the change
L3

"from dlslocated to twinned marten51te is expected. Pascover and Radcliffe

vextended this concept to Fe/Ni and Fe/Cr where_the driving force was in
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the range 300-370 cal/mole for the Fe/29Ni alloy which is twinned. How-
ever, twiﬁs»were not observed in their Fe/5Cr alloy although the driving
force‘was'300-350 cal/mole._ This can be explained on the basis that
the CRSS for sllp vs. that for tw1nn1ng istthe important parameters.

-ﬁ. lefractlon Contrast

Whllst there are no real dlfflcultles assoclated w1th dlstlngulshlng
between the Sllp structure and twin structure w1th1n marten31te, so far
there have been ver&.few quantltative analyses [see-for example Patterscn
end Wa&mauhlhend Warllmonthh] It is now clear B
that the twin structure 1tself is not S1mple. Although the twin planes
can be'characterized without too many difficulties, the‘twinnihg shear
must be founa‘by cOhtrast'analysis of the twihning»dislocetions. If the
tﬁins:full&btraverse the plate the dislocatlons terminate at the interfeace

(Y-Ms'or'Ms—Ms) and the contrast ahalysis is then quite . difficult. For
:{ll2} twihs'the Burgershvectors of the twinning dislocations are probably
of'the e/6'<lll>vtype.. For these to be observed, in generalT E;g > 1/3,

where g is the operating reflectioh. Thus a/6 <111> dislocations will
'uot be vlsible'with g = <110> nor <200>. Fringe contrast is observed only
:when g. R is non-lntegral (R is the twin shear), i.e. when the phase shift
21rg is non-zero (or n2 7). For {112} <lll>tw1nn1ng in bcc metals,
if R = l/6$lll> and since'h‘+‘k + L is always even, then o is 27 /3 or
-zerO'and the contrest is identical to that for {111} <112> stacking
faults in fece crjétals, as can be seen in F1gs. 5, 8 (see also ref. Ll1).

vHence the frlnges are symmetrlcal in intensity in bright field and asymmetrical
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in dark fleld.: Thus, theisuggestions of Krauss and Pltsch53 regarding
stacklng faults in Fe/33%N1 can be explalned in terms of th1n tw1ns
although the argument could be more conv1n01ngLy settled wath resPect

to the ev1dence from the dlffractlon patterns (not avallable) Contrast
analy81s of\{llO} twinning has not yet been published. However,»if

the twinning‘dlsplaeement'is also a/6<lll> the fringe eontrast from
‘{1125 and {llO} marten51t1c twlns would be 1dentlcal since the fringe
_characteristlcs depend . upon a=2 ﬂg ﬁ Thus more detailed studies
_of the fringe character‘may be useful. Distinction between these dlfferent
tw1n planes can in prlncxple be obtalned by trace analy51s and from checks
of ‘the twlnnlng reflectlons wlth‘the approprlate tV1nn1ng rules [1.e. the‘

twln reflectlon can be predlcted from twlnnlng analy81s ’Sl 52]

The
dlstlnctlon 1s 1mportant wlth regard to the phenomenologlcal theory of

the transformatlon.

The above remarks on contrast apply, of course, to two-beam diffracting

conditions‘and'only for orientations'when the matrix and twin diffraction -
' ueetorSHCOlneide; If the latter eondition is not,met)the‘fringeveontrast
will be modified due to_the.orientation difference across the matrix-twin
intérfaee‘(so-called exeitation error,_or'AS fringes, e.g. Ref. 68).

From a_practical point_of uiew and uhen examining commereial:steels, it
is-uirtually;impossible to-obtain tuo—beam orientations because of the
small erystal siZe..\This difficult& inereases'with increasing voltage,
'because.of many beam ercitations. |

| Except for Fe/Nl alloys the dlslocated martensites are very com-
plex and have not been analyzed i e. no determinatlon of Burgers vectors

have_been made. In order for this to be done effectively, experlments

1t
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should involve pre-oriented single crystals and where transformation is
incomplete so that constraints due to impinging martensite'crystals can

hl?“.is often

be avoided. In Fe/Ni alloys thg dislocation structure
simple with long arrays of screws lying in <111>. ‘However, in fully
transformed steels the structure is far more complex and difficult to

analyzei(e.g.uFig.-6).

v :fréﬁéfsfﬁafign diglocdtions<mu§t remain with the interface and will
not'neéeSSafily have éimple Bﬁrgérs vectors, i.é; é dislocation in aus-
tenite cénnbt of itself produce a martensitic structure unless it decomposes
into partigis which can ac@ompiish thebtransformation,» Tﬁe simplest
examplevéf this’is in fécihép transformations which can be accomplished by
splitting of the 1/2<110>,  dislocations into 1/621;2> or 1/3<111> partig,lsl_

‘thus producing stacking faults and the hep structure. Furthermore, if the
habit‘plane'is (111), succéssivé shears by:partials 1/6[511], 1/6{121],

‘ 1/6[11§]Ipr6duce net zero shape chéngé; Although the question of similar
'aissoéiati‘oﬁs have been 'conside_red with respect to BCC > {FCC, HCP} trans-
formationSSQ; specific'attempté-to identify the transformation dislocations,.

including " a detailed‘study of the y/Ms interface contrast, do not appear

to have béen published 80 far.
In'sﬁudying'the substructure of partially transfbrméd alloys the
substiucfurés aﬁd interfaces of both phases will not génerally be ir
céntrast Simultaheously. In order'to resolve the relationship between

the interfaée.ééfucture and thé marténsite substructure, it will be

necéssa;y to orient the'foilﬂfor a strong martensitic refléction.

Examples. of the two contrast conditions are shown in Fig. 1 (ref. 20),

Figure 1{a) is oriented for
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 martensite contrast and itbis"clear the;martensite is made up of closely

parallel BCC (twinned)”blocRSQ In (b) which is oriented for austenite

contrast the disidcation and faulted austeniticretructure can be seen.

vComparlson of a and b shows that the dlslocatlons are associated with p

the austenite phase. In (c) both are in contrast 81multaneously.

It would be advantageous in such c1rcumstances (1 e.,overlapplng
phases) to do stereomicroscopy._ In fact greater use of thls technlque
would be valuable. o o |

5. Summary and Conclusions .

" It is clear that of the various physical features of martensitic

transformations, two main areas are in need of elucidation, viz. nucleation,

and’detailed'characterization of the transformation substructure and its

relatlon to the transformation mechanlsm and crystallographlc theory. Both

of these problems are potentially solvable by direct studles of the trans-

. formatlon‘ln the electron mlcrosc0pe. However the fact remalns that

there are no conclusivexresultSIYet shOwing the nucleation site itself.

~ Also, since the nucleation-theory is unsatisfactory in its present form,

the'design'of.criticalvexperiments'to,focus on these problems has been

’ limited;

*It'is usually'assumeduthat.each_martensite plate .comes from one

embryo{- However, it is possible to have simultaneous_nucleation of many

‘embryos, which grow together to formlplates.' In other words there may

not. ve a simple relatlonship between the number of nuclei and the number of s

martensite

A

[4

crystals. Direct obServations are obviously necessary, and it will be

useful to devote more time to experiments using high voltage electron

Vmicroscopy in ordervto,take advantage of the increased probability of

I
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finding embryos, if ﬁhey exist. Due to.the‘iﬁcrease in.pehetration the

probabllity is an order of magnitude hlgher at 650 KV than at 100 kV.

- So far no attempt has been made in thls dlrection except for copper
alloys,ll and theee experiments were not related to thevnucleation
problem;‘ | |

| vQﬁestiOns can bé raised régerding the value of thin foil obser-
vvatlons for the 1nterpretatlon of bulk transformatlons, and if is

_essentlal to compare f01ls with bulk materials. Nevertbeless, useful
information can be.obteined and we haveiencouregihg results chat show
at:leaét epbstructura1 similarities, viz..double tﬁionihg in marteheitee
formed in.foils ehd”in,bulk epecimens of the same alloy. It shouid pe '
noted that whilst high'voifage_microecopyepermits eXamipation of thicker
specimens, tﬁe upper'useful limit of thickness for steels is still only
of order 2u at 500 kV-1000 kV, and this thickness is hardly representative
of tﬁe'bulk.

"’High.roltage microe00pyvoffers other advantages besides that of
greatervpenetrétion;':Theee advanfages_inciude the improvements‘in
resdluﬁion due to‘decreeeed chromatic aberretion, the great reduction -
in the minimum selected'area of diffraction, the'abilitj to examine the

' _‘sa.;‘ne ere'a for extensive times,withoxit contamination being a limitation
_(the confamination rate is lowered by increasing electron energy, and

~ the vecuum in high voltage'microscopes is“ lOQ times better than at
100 kV), and me' advantages of working with foils having large trans-
parenfsareae available for‘analysis (e.g. Figs. 7, 9, 11). It should
be noted, however, that radiation damage is & complicating factor at

high voltages. Iron will suffer primary knockéon damage in electron
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microscopespoperated aoove:sdo.kv;‘

" Tt has been suggested earlier and substantisted here that the
strenétn and'deformation cnaracterlstics of martensite (and'possibly
‘austenite) contrOI'the,martensite substructure. In all'cases tnefsub—
structure lsbconpleX“and proﬁably involues severalAshear-modes. There
‘isvavneed'for detailed.data on the critical resolved shear stressldependa
Vencesfor slip and tﬁinning as a function of composition, strain rate ‘and
temperature; before.these suggestions can be properly evaluated.

Finalljdit'can be said that'apart from the considerable attention
which ﬁas:beén'paid to crystallographic relationships and the structure-
properties.approacnd electron nicroscOpy.studies of martensite haue, except
in rare cases, neglected detalled contrast and dlffractlon analyses.
Admlttedly many marten51tes,'partlcularly ‘those in . commer01al steels, are
far too’ complex for this to be facllltated However, experlmental alloys.
can be made so that partially transformed steels are avallable whereby
crystallography, morphology'and substructure can all be analyzed rlgorously.'
If’the_sahenattention to detail; as far as electron metallographyfis
concerned; is paid to ferrous martensites as has been paid to non-ferrous
phase transformations we can look:forward to a more complete_understanding
of this fascinatingdand important subject. |
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Figure Captions

Fig.>1(a;d) fFé/8Cr/lC_bulk tfaﬂsf@fméd showing structure of austenite
andiﬁarfenSife asso;iatéd with twinned (225)Y.piatés. The primary -
g(llé)a tﬁins'dé‘not};ktend all acrqsé ﬁhe larger platelin (a).
Courtesy C. M. Wayman (ref. 20). o

Fig. 2. Tath martensite in Fé/ll.BNi/Y'.SCd/O.ZhC/o.hhcr/ov.3/Mn (Ms ~

| 3079C);v.Laths:§¢chr:as 5uﬁdlés of complex disld¢ated_regions
sliéhtly misoriéntédﬁffom'regidn to region. - The diffraction
paftéfn.in (c) shoﬁsISuperposed [100]; and {i;lja péttefns.which'
aré a common féé£uré. Thé regiohsbcorresponding to their orienta-
tiboris_" 'aifé revealed in the dark field images of épots A, B (ref. 31).

Fig. 3.  Fé/2SNi/O.3V/O.3C Bulk transforméd“in liquid‘nitfogeﬁ.‘,The lens
shaped plate with (112) twinned mid rib coexists with dislocated y
'and;ﬁntrénsfbrﬁéd Y. Notice the dense dislocation tangles; i.e.
pwokaﬁéraéhed appearance in the aﬁstehite;- |

Fig.‘h{“fFé/33Ni/U01C3ﬁuik transformed.By quenching rapidly to liquid
helium via iced brine and iiquid nitrogen. Mostly twinned blatés

' and‘rétained'auSténitéf 'The large plate (top left) is also heavily -
aislocated. 650 K. | |

Fig. 5. Fé/33Ni/.OlC As Fig. 4, same épecimen, dark field image fo
mat?ixbllo 5p6t éhowing twin fringe contrastias welljas dislocations
in»twé adjacent plétes."650 kV.

Fig. 6.A Fé/éBNi/o.3c (Ms & 8_°c) Bulk transformed in liquid nitrogén
éhﬁwing mixed complex structure of twinned snd dislocated martensite.

' [Courte§y O; Johari].v
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Fig. T. Fe/2SN1/0 3V/0 3C .Thin foil transformed in llquldinltrogen
showxng partlal tw1nn1ng (compare to the same alloy, Fig. 3).
3The prlmary tw1ns and frlnge contrast are reversed in th1s dark
fleld ;mage of the llOd'tw1n spot. _The twins are truncated
parallel to (liO) matrix; The broad faces of the twins contain-
v structural detalls (cf ‘Fig. 14) which may be ledges, secondary
’tw1ns, or 1nterface dlslocatlons (see also Fig. 9). _Orlentatlon'e
neart[3, 1, 11]a.‘ 650 ky. |
Pig. 8. -Fe/25N1/0.3V/0.3C Thin foil transformed in the cold stage st
| -809C”showing the aeveiopment of the doubly'twioned sﬁbstructure._
The‘tWio.fringe,coﬁtraet is strong’near the extinction contour.
The dark field image in (c)vcorresp0nds to position C in Fig. 10(c).
‘ Noticetfine twinvfragmeﬁte, erroﬁed; and.secondary contrast at S
(consistent with‘secondary twin trace). This result provescvw~
' that the twins are twinned.
Fig,’9;‘:Fe/§3Ni/tdlC tAévFig. L, éhowing dark field'experiments to
revea.l twinned {112} twine. o |
A, Bright field image.
B. VSelected'area diffraction of central part of A (see fig. 10).
' c.;_bérk field image of spot C (llO)Tl + (iiO)Tz. The twins show
‘wedge fringe'contrest at W. .
D. Dark f’ield‘ imaige of spot D (110) matrix + (ilo)'rl.
IVIE.__bark field image of spot Ebwhich is 200'T1, of doubly diffracted
: métrix end T2 spots.'
‘F. Dark fi'el_'a s.ma_g; of (2F0)T) + (024) matrix.

In C the strong fringe contrast is due to_ﬁedge thickness changes.
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The other frlnges are parallel to the trace of (I12) in the (OOi)Tl,

and could represent double twin interface., 650 kV.

Fig. 10.

a)
b)

e)

Fig. 11.

A.

B.

D.

Fig. 12.

Explanation of Flg. 9.

The pattern if the 221 matrix is slngly twinned on (112);

.superposed [221] matrlx + (OOl) twin,

;The ‘pattern 1f the matrix 1s completely‘converted to the double

twin [ooT]T, + [2§l]T | |

fThe pattern if the [22i] matrix twins to [001] ano the [OOI]
ﬁppartlally twins to [251] . Thls pattern explains. Fig. 9b upon
' analy31s of the dark field images and comparlson to the possi-

' blllt;es shOWn,hereg proving that the structure of Fig. 9

cannot be a single twin.

Fe/33N1/ 01C Bulk transformed [113] orientation.

'-Brlght fleld

Selected area'diffrection'pattern showing strongbstreaks due to

‘J(Iﬁl)a:primary t#inning; double diffraétiOn_spote'(white arrows)
and very faint stresks along 110 matrix and 110 twin. [ii3]d
primery twin spot pattern is superposed on [113]a matrix.

Dark field image of 110 Tl spot (which also includes the faint

710 streaks).

‘Dark field image of 1I0 matrix. 650 kV.

Schematic suggested variation of the Strese for slip.and »

twinning as a function of temperature. Composition variations

are ekpected to affect'the.twin-slip cross-over and possible

changes are - 1ndicated by arrows.‘ The slip or twin modes may also

B very with temperature and composition.
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responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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