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' ELECTRON’MICROSCOPY INVESTIGATIONS OF FERROUS MARTENSITES
| ' Gareth Thomas T
~ Department of Materials Science and Engineerin
University of California, Berkeley, California 94720
e ABSTRACT'
This‘papér is‘concernéd with éléctron metallogrgphy of bee or
“bet ferrous martensité in vhich particular attention is’paid'to tﬁe
charaétéfization of~Substrdcturés; Thé trénsfdrhaiiﬁn substfuctﬁre
is compiéﬁ aﬁd név resﬁlfs aré féported on,multiple'{112} twinning.
The factors controlling thé martensitic substructure aré evaluated
and it is coﬁclhded that the strength and déformationAcharacteristics
| of mértepsite are the most important in determining whethér the trans-
fo:mstion‘defofmation occurs by slip or twinning (or both).
An appraisal is_giveﬁr of in situ tfansformations in the electron
microscdpg-particularly with regard to the nucleation problem and
investigations of the interfacial strpétures; The potential role of high

voltage4éleCtron microscopy is also discussed and some recommendations

are offered for future investigations.

This reporty

onsore e
i‘l)le United States r;or n
commhs.lon, implied, of assumes 3nY
their contractors, e tp »y

duct or Ppro
v::))uld not infringé p

3 IME
BlSTEKBUTl_ON OF THIS pOCU

NT IS UN LIMIRED

7

bl



A 1. Introduction

The first resuité 6f t;ansmission electron ﬁicroscopy studies of
foils made from carbon and alioy‘martensitic steels were published Just
over tén yéars'ago.l"3 Sincé then numérous papers havé appeared which
deal }argély with characterizing particular steels,and relatively few
attempts H#vé~béen made to invéstigate quantitatively the problems
associated wiﬁh>martensite nucleation, the nature of the austenite-martensite
intefface;ahd‘the orientation relationships.and substructural characteristics
of individuéi transformation events. Considerable work has béen done on the
relationship - between‘submicrostructﬁre énd propérties of steels, and recently
systematig efforts ha&e been directed at understanding the role of alloying
elements iﬁ‘these relations. Some recentlreview papers which contain
 electron ﬁibfoscépy data include those of Waymanu MageeS and Nutting.
Reviews 6£:eiec£rqn microscop& apﬁlicdtions to in&estigations of phase

7-9 and Hirsch et al.lo

transforhations in'genefal include those of Thomas
These publiéations;deécribe in detail the important experimental and
theoreficalAfactors‘involved in the use of electron microscopy and diffraction.

The éresent paper is concerned with electron m;tallography of ferrous
marteﬁsités, particularly?transformafion eubstruétu;eg. Some discussion is also
presented ¢f nucieatioh and other aspects of the transformation. No discussion
will be gi&en of martensite other than bcé or bet (i.e. epsilon [hep] marten-
site is excludea) nor of strain induced martensite.

It is hoped that some of the ideas presented here and the commentaries

on both adventages and disadvantages of electron microscopy may be useful

in future investigations.
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2.“‘Martensite Nucleafion anleranéformations in Foils

Thételéctron*microscope provideé information .on morphology,
'crystallggréphy and composition. The analyses are usually carried out
on.foilg prepared frém bulk transformed specimens, but Qynamic‘experi-
ments inside the microscope can al#o Bé doné directly on foils.9 How-

11,12 for electron

ever, even at 500-1000 kV foilsvhust'bé 21 thick or less
transmiséion and this is of the same order of maghitudé as the dimensions
of single martensite crystals. Thus, inAfoils,the transformatibn conditions
are esééntially two-dimensional in nature and afé quite different from
those involved in bulk'transforﬁations. Cpnsequently the cfystallography
and substructure may then also be qﬁite different. These problems were
first demonstrated by Pitsch3 who studied the martensite transformation

directly iﬁ several ferrous alloys.

Exéépt for the first direct observations of the FCC-HCP transformation -
.

. ' . ‘ - 14
‘in coba.lt1 and that of heterogeneous nucleation of y' in Al-Ag and

surface precipitation in Al-4% Culs

in the electron microscope, there are
'as yet'np other direct‘observations of nucleation processes. In the simble
FCCIHCP systems'théory prédicts Specifically definedlimperfections for thé
'nucleationléite, viz. dislocations and stacking faults, and it is possible
to identify and so locate the nucleation site'gzigi to the transformation
process. As a result it has been possible to follow in detail hnth
nucleation and growth --events . and thé'theory of heterogeneous nucleation
for these transformations has been confirmed. As far as FCC - BCC or BCT
martensifes are concerned, the nucleation thebry is not at present very

satisfactory. There is no clear evidence for nucleation sites except

for.the»caée of strain induced martensites where intersecting epsilon
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martensite and slip bénds, and twin boundaries have all been observed

16,17 .Ma.gees has emphasized the

to give rise toAa martensite crystals.
importénée 6f.twin‘boundary sites, heterogeneous nucleation in general,
and aﬁfbéatalysist
V Eigure 1 indicétés thét-dislocations and stacking faults may have
caused the formation of the martensite in the Fe/8Cr/1C
alioy. It is also poésiblé that these defects are a consequence of the
formation of martensite. ﬁiréct observations of transformation in this
system are plannga and should help'to distinguish between these possibilities.
”ihe bresént thermodynamic theory requires the existence of "embryos."
Pati and Coheh18 calgulated the probability of observing embryos as 2 in'

.105

. Wérlimontlg in&erprets this probability in terms of the necessity
of examining an aréa - 20cm2 in order to find one nucleus of the most
effecti;e‘size and structure. Although these are almost impossibly small
probabiiities, the fact rémains that martensitic reactions do occur in
thin fpiisgAﬁrobably aé‘a result of strain induced or autocatalytic
events bfibecause conétraints may be removed on thinning.

As faf as'airéct observétions of the transformation are concerned,
several imﬁoftant factors must be considered. For example:
-l.f'It is essential to have a goniometfic-Specimen (double—tilt or
tilt;rotation) holder so that contrast experiments and diffraction
data‘can'be,ébtained at all temperatures. The heating-cooling
fesponse of the stage must be adequate to pgrmit transformation
to occur and contahination must be avoided (see ref.21 ).
2. The area being examined suffers some beam heating and conse-

quently as the Ms temperature is approached the transformation will
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"takg place outside the area being examinéd?l'lh all experiments to

date.nucledtioh-eVents must have occurred outside the field of view.
. 3. 'Bécause thé tfansformation occurs véry fapidly, it is impossible
ﬁo study both-thé’mérphology (1.e. the image) and the crystallography
(diffrgétibn pat?éfn) during the transformation. - It is helpful,
tbéréfoye; to use singié erystals of Kknown orieptatidn, for which
the bulk-crysﬁallogrgphy is already documented; In most situafions
'iflis neéeséary to répeat experiments,stﬁdying one particular
feaﬁure at a,iimé. It will also be necessary to usé.high speed;
-ﬁigh"fesolutfbn movie techniques to record the transformation.

L._ It is difficult, if not impossible, to mount a foil in the

: .spécimen liolder without introducing some strains. The strained
;reas,ﬁay thenh become preferential nucleation sites.

_ 5;. Some idea of when a transformation is occurring can be obtained
b& careful observance of the temperatﬁre rise associated with the
f reiease of the driving fbrce. Oﬁ} obsérvations show a>tcmperatﬁré

| rise of +30°C for Fe/2UNi/Mo/0.28¢ and +60°C for Fe/25Ni/0.3V/0.3C
'during cold stage éxperiments on the martensitic transformation

in foils.of.these:steels. | |

' 6. Because of elastic relaxation, the macroscopic éhape change

fn foils may not require the amount or'lgttice‘invarignt shear
(slip'or twinning required by the phenomenological theories)
necéssary in bulk samples. .Difect observations of-marfensite
f§rm§tion and growth will enable enalysis fo be made of the

' origin pf‘the martens{té substrﬁcture, i.e, contributions from

transformation deformation and subsequent accommodation deformation
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may be diétihguished by comparing foils of bulk transformed steel
 and transformed foils (Sec. 3). |

T. It'is not yet clear that the transformationlin foils is alwsys

different f;om that in bulk, i.e. differiné in crystallography .
" and morphology. There is simply not enough data from bulk and
foiljspecimens in the saﬁe alloys. |
' 8;, An important factor in the transformation of foils is the

apfarent éhange in Ms femperature-with specimen thiékness‘ and
'cooling raté; e.g. due to précipitation or carbon ségregaﬁion

in austenite. The.upper ﬁemperatﬁre limit of Ms has ﬁeen observed
to dgcreasé when the specimen thickness is less than about lu.19

vwarlimontlg'has fecently studied the functional Ms dependence of

thidknesé in Fe/Ni alloys. He found two oppésing.effects thch produced
a scﬁtteriﬁg of Ms to loﬁéf as well as to higher témperatures. ‘He
éiplained these results'in'tgrms_of'the digtribution of ﬁuclei per unit
volume ahd'tb the effeéts 6f'image forces on martensite nuélei (assuming
heterogeﬁéous nucleation). 'On the basis of the émbryo_theprx,Supposing
there afe_lO7 embryos/cc at the first nucleatiop étage,l8 then for a

T omd (10004 thick, x 1lmm x lmm) probably only one embryo

foil. of volume 10~
WOula'rbe present. Due to the g;eater penetration at high voltages a

foil of 2u thick should be transparent and in this case fhe number of
embryos'increas;s to 20. The work of Easterling and Swannz_2 showed thuat
small austénite particles in copper did not transform to martensite
_exceét'after eldstic deformation evenlthough the bulk Ms is 600°C. Kinsman23

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

surroundiﬁg copper awaY, the austenite then transforms spontaneously.
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Finally it is wofth emphasizing thaf more attention should 5e
paid td'élécfron diffraction. Although eléctron diffraction patterns
are widely:uséd for oriéniation dgterminations,.no Attémpts seem to have
been made-toiin?estigate diffracfiﬁn‘pattéfnsAbefore and during the y - &
transformation. Such work would be faéilitated by using single crystals
of appropfiate oriénfation} E#amination‘of the diffraction patterns,
ﬁarticuléri&.the diffuseIrefléétions,"could provide informétion such as
»l)iihat'héppené to the austenite at the transformation start, 2) the
structure of the fifst.formed martensite, 3) the shape of the first formed.
9,10

crystal.A - Double diffraction effects must be accounted for.

3;~'SubStructure of Martensite

1. ‘General MOrphology

There are two géneral morphologies of férroug martensties, viz.
disiocatea‘laths and twinned plates. The dislocated iaths ére composed
of elbﬁgated bundles of slightly misOrientéd subgraiﬁ§5within which the
'dislocatioﬁ dénsity may vary with composition and cooling rate (specimen
thickness) and is assdciatéd(with the"{llZ.L}Y habit.a' An example is shown
in Fig. 2. The laths can also be twin related. In low carbon steels
adjacent laths appear to adopt different variants of the K-§ oriehtation
relationship.6l The dislgcation structure is very complicated and similar .
to that in a-Fe and metals of high stacking fault energy2h aftef high
speed deformation. Plate martensites contain fine transformation twins.
'Those within which the twin density varies and .in which the twins

\

do not eﬁtend completely .across. the plates
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are associated vith‘{22S}Y,'{259}Y habits'whereas fully twinned plates
correspond to the‘{3, 10; iS}Y'habit. A summary including recent, as
yet unpublishedt data is given'iu Table 1, and examples of these twinned
structures ere shownsin Figs. 1; 3—6; 9, 11. In all cases the substructure
within ; given_martensite grain is complex and in many fully martensitic
steels the'microstructures ere'Often complex mixtures of dislocated and
twinned martensites (Fig. 6) so that detailed microstructural analyses
are very dlfflcult to carry out.
" The martensitlc substructures may arise from two factors' 1) the
lattice invarlant shear of the transformation strain 1t$e1f and this
may be siio, twinning or a combination of both, and 2) plastic deformation
of the martensite after its'formation, due to accommodations reSultrng
from the‘constraints of the surroundings. It follows that surface mar-
tensite or marten51te formed in the thin foils should be less deformed than
bulk marten81te because of the absence of bulk constralnts at the free
surface. Unleéss the development of the substructure can be observed
dlrectly durlng the transformation (see Flgs. 7, 8) it is not possible
" to d;stlngulsh between transformation and deformatlon substructures.

This distinctionv is .important in regard to relating observed structures
i i Ly

to the shears proposed in the crystallographlc theories.

At tue rresent tlme there ;slegreement“tetween the phenomenologlcal
theory and substructure only forltﬁe‘case of tueb{B lO 15} habits and
{112} <lll>' twiunlng.h The {ézg}llpartlally tulnned marten31tes are
very complex ;5'5111 be shownl;n more detail in Section 3.2. Physically,
of course, 81uce the tw1nn1ng uislocetlon must remain in the habit plane,

Lo i

and if the tW1n dlslocatlon is of the a/6 <lll> type,then for cubic alloys

COLE :
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TABLE 1
' STRUCTURE OF BODY CENTERED FERROUS MARTENSITES FORMED ON COOLING THROUGH Ms-M*
Alloy System A 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-N{ * . >-50°C ' | 'Ni < 25 dislocated laths 1,2, 39,
=30°=130"C Ni > 30 mid-rib twinned only 44, 45, 48, 53
"and below S ) .
. Extent of twinning increases
with Z Ni, and lower Ms
" Fe-Ni-C ' as above Increase in carbon for same -1, 2,40, 43 |
a ' nickel content & vice-versa- 28, 48, 39, 61
enhances twinning :
- Fe/25N1/0.3C/4.5Md°  <=77°C | All mainly twinned. However 29, 30
+4.7 Cr L -16°C | ausforming causes precipitation
+1.85v - . =3°C |- of carbides, so that the'reSulé-
'ing martensite is less twinmed,
Fe-Ni-Co~C -1 ~a260°C C < 0.3 dislocated laths 31
(1/2Mo/1/2Cx) " Lo
' : 1 150-260°C C > 0.4 twinned cobalt does not : ¢
: : : : decrease twinning
Fe-Ni~Co as above - o 169
. .Fe/cx/C - . 35°f40°’cA | Partially twinned
Cobalt raiges Mg - dees not | 35
. decrease X twinning
© Fe=5Cr . dislocated laths _ 43
.

g

% All data here refer to nominal cooling rates. The Ms temperature and structure -
can be varied by varying quench rate (see text). - o

"1 ¥k Composition'réfer'to'weight i.
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Alloy System Ms - Substructure/Composition ' Reference
Fe-8Cr-1C -30°C twin density decreases with 20, 25
increasing plate size
 Fe/SNi/0.25C - 315°C mainly dislocated 36
Fe/3Mn/0.25C 315°C mainly dislocated - 36, 47
Fe/5Ni/7Mn/0.25C 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 ' dislocations and twins 33
‘ depends on Ni/Ti & heat
" treatment
tEe/Cr/Ni metastable . Low stacking fault energy 55, 56, 57, 21
B . ,husﬁey;tea . dislocated o from ¢ ' i
Fe/Mn/Cr/Ni = ’

iABLE I (cont.)
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the habit blahelmust bé actually {5,'10, 15}; In {259} martensites
(bc.téfragonal) there is one report of {110} as wéll as'{112} fwinned
martensite plates (L, 49) (Fe-1.8%C ;teel)w‘

‘It is iikely that mértépsités iﬁ,specimens prepared frém bulk
transformed alloys havé»undergonelboth transformation and éccommédation
deformation,‘so that it is ﬁot cléar in'c&sés where one finds both dislo-
‘cated and tWinnéd substructures, é;g;_Fig. 5, which effect has dominated.

Twins are found in lath martensites in several alloys (26, 54) (Fe/Ni/C,

Fe/Ni/Co/C, Fe/Ni/Mn/C, Fe/Ni/Cr/C) end debate is occurring as to whether or not

these twins are due to plastic deformation of the transformed mértensite.2

3.2. Doubly Twinned Martensites’

The twinned structures of martensites exhibitihg'{225}Y and {259}Y
habits are pafticuiarly p#ziliﬁg‘to the crystallographers,and there is no
satisfactory eéplanation for these habits in terms of the obéerved structureé
ahd lattice invariant shears. However, until now it has not been shown
that the twin structure isiitself complex. The following results

show fhat thé twins themselves may be twinned.

The proof of this phenomenon réquires painstaking experiments by
electron microscopy and involves. detajled daik field analyses of all the
spots in the pattern. It is also helpful in the analysis to study orien-
tat;ong whefe”martensite twins are parallel to the electron beam, e.g. <li3>a
foils, and piates'in whiéh the twins are inclined, e.g. <l22>a. These
have been.sﬁudied in Fe/33Ni and Fe/25Ni/0.3V/0.3C alloys. The results
are shown in Figures 8-11.

' Figuré 9(c~f) shows a set of dark field images corresponding to the

spots in Fig. 9(b) indexed in Fig. 10(c). If the [22I] martensite were

...,_‘_.-..‘....,-.--—-,-...-....R..<_-.......y,.
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singly twinned on the (115) the [OOi] twin orientation would be produced
'_and the’ pattern would be superposed [001] and [221] If this were true,
then dark field images of’ both 110 and llO diffraction spots would

reveal twin contrast.‘ However, as the dark field images of Fig. 9c, d
show, thé twin révérsgl only occurs for one apd not both of these
refléctions. The explanation is that the twins on (llﬁ)a are themselves
twinned oh'(il2)a so that the [OOi]a twin of'[eei]a now transforms locally
'into tﬁe [2§1]a orientation. However, the extent of the double twinning
is limited. The contrast at S in Fig. 8 is consistent with secondary
twins on'(llﬁ)& in the primary twins. The dark field image of the spot
marked "T"'(Figa 8c) xeverseé»the contrast of both primary and secondary
£Vins. This spot is actuélly the superposition of both (llO)a primary
twin and (iiO)d secondary twin reflections.

These conclusions regarding twinned twins are further confirmed by
PRI N i [-.

analysis of the edge-on twins in the fully twinmed [113]  mertensite

o .

plate of Fig. ll."Here the primafy twin plane is (21T) which produces

the [ll3]; - [ii§l twinning transformatlon as“verified’ by ‘the diffraction

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

more complex. Faint streaks are resolvable on the negative of Fig. 11(b)

N

par@llél'to'the <110> dlrectlons indicated on thls pattern. These

i,
' ’

streaks cannot be explained by double {112} twinning as in Figs. 8, 9,

but they must be caused by planar defects on {110} e.g. twins although

“ra

th1s 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 emphasize here that although Fe-Ni

martensltes are well characterized macroscoplcally, it is clear that there

Y]
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are complicdations when eachvindividual martensite c;&stal is analyzed.
Differences can éxist localiy in composition and Ms temperature, and
this cou;& result in.marténsité platés of différénf hebits and trans-
formation substructurés;’ Thé édmplexity of the situation is emphasized
by thé factlthat Figs. 9 and 11 wéré obtained on thé'same specimen and
within 10 microns of each other. |

It ié‘intéresting to nqté that the interface in Fig. 1l is parallel
to (7?9)ux“ Assuming a Bain corréspondehcé this plane would be parallel
to the (529) of austénite.‘ Although this is a speculative correlation
at this stage,'it is possible that"{llO}Cl sécondary twinning may be a
chargctefistic of lwatemperature (259); habits. As more detailed
;nalyses of martéﬁsite substructure are obtained, it is hoped that further
clarificafion-bf the habits ‘in terms of transformation shears wili bé
poésible.;

It is pdted that the twins are often disPlaced or truncated along
<111>u,.i.e; parallel to {Oll}a traces cbnsisteﬁt‘with slip (or possibly
twin) deformation. Dislocations can bé‘resolvéd ﬁetveen the twins in
Fig. 5, but 'in general tﬁe contrast requirements are different for
revealiqgttwins and dislocations separately.

There. is éurface structure résolvable on the broad faces of the
twins as can be seen in Fig. 1(d), Figs. T and 9, Some of the complex
fringe patterns observed in the dark field images Fig. 9c-f may be
relatéd to the secondary twiﬁning or to variations in twin thickness,
e.g. at:lédges. fhese fringes may also be associated with regular
arrays of tyin/twin or_fwid/matrix interface dislocations; but it has been

difficult,(to_‘ obtain definitive images even after using several different



réfleétions, Fig.'9é§f; The fact thatvtheSe‘friqges do not change
orientgtion;(diréction) Qhen different refléctibns are used (Fig. 9)
fu,l'és out the ‘possvibi"iity of Moiré'cg_ntrast. “thér sepa'rat‘e' éXperiments
show thét‘cOmpiéx dislocafion-#rrangements are présént'in additien to
twinning:"FigﬁfeA5 ig an eiample. The_dislocations'shown here cannot be
" 8/6<111> twinning dislocations since all are invisible in the g = [110]
reflection (g.b.= 1/3 or"O); ' | | .

It mey be argued that theAdbuble twinning may result from plastic
deformatibn‘gfégi_transférmation, However, theAfaét that double twins -
are obser#éd.in martensites‘forﬁed'directly in thin foils (Figs. 7, 8) lends
_ gooq suppoft forfthé belief.thgt double twinning is'characteristic of the
'transfo;ﬁation itself. Double twiﬂning has élso been detected in lath
martenéitéﬁVSeé-ref;'26: |

The ébsénce of reports of double tvihning'in egrlig: electron micro-
scopic ;tudies of martensites is.sdﬁéwhét surprising, but serves to empha-
Eiie the ﬁecéSSity of doingAcompleté'dark fiel& and diffraction analyses
to characterize microstructure.

'3;3,. Factors Affectlng Substructure

Recently Nutting6 feviéwed some of'tﬁé‘factors thbught to be’
imporﬁant‘in gontrolling'thé maftensité Subétructuré)andiin fiew of
more rgcéﬁy'data,(Table‘l) it is uséfﬁlftb'summafizé these factors so as
to- attempﬁ‘fo‘gain a comprehensivé undérstanding; These faptors are:
(i). Compositiﬁn: Incréasing the total soiute content tends to
_ change‘thé morphology fromvdisloéated laths to twinned piate marten-
site (Tﬁﬁle 1). Carbon appears to have the strongést effect in

promoting twinning.
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(2) Ms temperature: Concurrently with composition there is usually

a decrease in Ms temperature with incregsing solute content: the

exceptibn is cobalt -?.however; cobalt does not decrease twinning.3l’3s
In q,giVen alloy series the Ms can be kébt constant and then the <.
‘ 31

compoéition'determinés whéﬁhér laths or plates form.
(3) The stréngth of the martensife: Since the lattice invariant

sﬁear involves plastic deformation, the substructure ﬁust depend
on thg yield strenéth of martensite. This ﬁroperty also depends on
compdsition and tem@érature; The strength of aﬁétenite and deformation
substructure in austenite (e.g. Fig. 3) may also iﬂfluehce the mor-
pholdgyjbut this pdséibiiity has not yet ﬁeen studied in any detail.
(h)q Austenite stacking fault energy: There is no simple relationship.
Hiéh.stacking fault energy (SFE) is supfosed to promote laths if Ms

is relatively high, but if Ms is low, twinned plates are formed.

| Hovie;er. inéreasing the céﬁcént'ré.tion of all solutes seems to promote
winnlhg, e.g. Mn and Ni, yet Mn lovers SFE and Ni raises Sk ot
austenite. ‘It is difficult_to see. what relationship exists between
sﬁacking fault enefgy of éustenite and transfofmatién substructure

of martensite unless the latter is influenced by the mode of plastic
deformation of‘austenite during transformation. SFE of austenite

in important, however, in determining whether elmartensite is prelerred

to 0.16’17’56’57

28,54

'(S) Cooling Rate: Cooling rate affects Ms, and in lath martemsites .
the dislocation density vai'ies;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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, plafes result..

(6) - Thermal-mechanical: Plastic deformation can cause
, ' 29,30

pfepipitatién in gusfénité (ausformiﬁg), so that on trans-
‘formation lath marteﬁsite.is formed. 'Likéwise prior ausaging can
affect the subseqﬁent martensitic structure.>>
{7) Trgnsfofmation morphology is determined by pressure. In Fe-C
alloy; twinﬁéd platés can be produced at‘hQ kb ﬁhéreas at atmospheric
prgssuré, the martensite is lath type.59’69

A11 of thése résults lééd'to one consistent pattern, viz. the
higher the solute cqntent'thé greater is the prébability of forming
twinned plates. Conversely, if the austenite is diluted as a reéult of
'precipitétién, e.g.‘By slow cooling, or by plastic deformation (ausforming)
a normally twinned martensite can be changed to dislocated laths. 2730
Results oﬁféined recently on alloys with similar Ms temperatgres and oﬁ
tﬁe efféété of cobait clearly show that Ms téﬁperautre alone is not the
controliné‘paramegér determining £he martehsitic‘substructure.Bl’Bs These
results have led to the éﬁggestion32 thaé the strength of martensite
(and of thé austenite from which it forms) is probably the singlévmost
important factor which determines vhethef martensite is dislocated or
twinned or boﬁﬁ. |

This idea cén be developed qualitatively by considering Fig. 12
which guggests schematically a variation in critical resolved shear stress
with‘temﬁerature‘for slip and twinning. This variation will depend on
composition, and détailed know;edge of these relationships is needed.
Increasigg the solid sblution composition and strength may raise the CRSS for
élip‘ébove that for twinniné<sotthat twinhing.is thé preférred'sheaf mode.

Similar relationships -
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might be expected for strain rate dependence. Atllow'temperatures or

when solutes lower CRSS for twlnnlng, twlnnlng is eXpected to be the
bpreferred mode -of plastic’ deformatlon. Also, since martensite forms

over a range of temperature Ms-Mf [~ 100-200°C] and ir ehis range

ineludes theislip Iltwin ﬁransformation, then mixed substructures are
expected.x.Likewise the local tedperetdre.rise at Ms and M, could allow
sliﬁ:t0~oecer when‘Otherﬁise twinning dominates. ‘It is.also possible

that different twinnlng or. alip modes may operate at very low temperetures.

Carbon (and nltrogen) seems to be the most potent of the alloying
elements in promoting twinning. Carbon is also the most potent strengthener
of'steei. Thus, the stronéer_the steel tbe more difficult it is for slip
to eccur and'then twinning is preferred. This is also confirmed by the
experimepts'ef Richﬁen66 and Bevis et 31.67 who observed mechanical twins
in:deforhed»carboﬂ martensites.

It may also be mentioned that the martensite substructure closely
resembles that in shock-loaded materua.ls.m4 In fcc metals as the shock
pressure is increased twlns are formed when the-dieloeation.density has
' 37,38

eitalﬁed some critical value. By analogy it is possible that the

twins observed in marteﬁsite laths3l may have been induced because the
.limitiné dislocation density Had already been attained. This would mean
clip chcarc always prccecde twin shearo.
Another factor which may . be important is the drivdng force
assocdaxed with the transformation. Bell and Oweth suggested that
vhen a eritical driving force is exceeded (-~ 315 cal/mole) the change
g : 43

from dislocated to twinned martensite is expected. Pascover and Radcliffe

extended 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/29N1 alloy which is tw1nned. How-~
ever, tw1ns were not observed in thelr Fe/5Cr alloy although the driving
force was,300-350 cal/mole. This can be explained'on the basis that
the CRSS for slip vs. that for tw1nn1ng is_the important parameters.

-h. lefractlon Contrast

Whllst there are no real dlfflcultles associated w1th dlstlngulshlng
between the Sllp structure and twin structure w1th1n marten51te, so far
there have been very few quantitative analyses [see for example Patterscn

and Waymanhl and Warllmonthh] It is now clear

that the twin structure 1tself is not sxmple. Although the twin planes
can be characterized without too-many difficulties, the twinning shear
must besfouna.by contrast analysis of the twinning dislocations. If the
tﬁins?fullj traverse,the‘plate the dislocations terminate at the interface
(Y—Ms or.Ms—Ms) and the contrast analysis is then quite.difficult. For
{112} twins the BurgerS'vectors of the twinning dislocatiOns are probably
of the a/6 <111> type. For.these to be observed, in'general7 E.b > 1/3,
where g is the operating reflection. Thus a/6 <111> dislocations will
4not be v1sible w1th g = <110> nor <200>. Fringe contrast is observed only
. when Z. 2R is non-integral (R is the twin shear), i.e. when the phase shift
21r§ﬁ is non-zero (or n21r). For {112} <lll>twinn1ng in bec metals,
ifrﬁ = 1/6<111> and since'h‘+ k + £ is always eyen,_then a is * 27 /3 or
zero and the contrast is identical to that for {111} <112> stacking
faults in fcc crjstals, as can be seen in Figs. 5, 8 (see also ref. Ll).

Hence the fringes are symmetrical in intensity in bright field and asymmetrical



- =18-

t

in dark field. Thus, tﬁe éuggestions of Krauss and Pitsch53 regarding
stéckiné:fahltsAin Fe/33%Ni can bé explained in terms of thin twins
although thé argumentAcould_bé more convincingly settled with respect

to the evidence from the diffraction patterns (not available). Contrast
analysis'Qf"{lidi twinning has not yet been published. However, if

the twinning disPlacémént is also é/6<lll> tﬁe fringe contrast from
‘{112}u and {lld}a martensitic>tﬁips would be identical since the fringe
characteristics depend upon a = 2'ng.ﬁ. Thﬁs; more detailed studies
of the fringe character may bé useful. Distinction between these different
twin planes can in pfinciple bé obtained by trace analysis and from checks
of the twigping reflections with the appropriate twinning rules [i;e. the
twin reflection can be predicted ffqm twinning anal&sis;o’Sl’sz]- The
distincfioﬁ'is important with regard té'the phenoménologicai theory of

the transformation.

The above remarks on contrast apply, of-cqursé, to two-beam diffracting
conditions and only for orientations when £h¢ matrix and twinldiffraction
veétors coincide. If the latter condition is not met)the fringé contrast ' '
will be modified due to the orientétion differénce across the matrix-twin
intdrface (so-called excitation error, or A4S fringe;, e.g. Ref. 68).

From & practical point of view and when examininé commercial steels, it
is viytually impocoiﬁlc to obtain tvo-beam orientations bécause of Lhe
small érygtal size. This difficulty increases with increasing voltage,
bécause-@f many beam excitations. &

Except for Fe/Ni alloys the dislocated martensites are very com-

plei and have not been analyzed, i.e. no determination of Burgers vectors

have been made. In order for this to be done effectively, experiments

il
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should involve pre-oriented single crystals and vhere transformation is
incomplete so that eonstraihts due to impinging marteﬁsite crystals can
be avoided:‘ In Fe/Ni ailoys the dislocaﬁion strﬁcturehl?hh,is often
simple with iohg arrays of screws'lying in'<111>; However, in fully
transformed-steels the:stfuctﬁre'is far mofe-complei and difficult to

analyze (e.g. Flg. 6)

Transformatlon dlslocatlons must remain with the interface and will

not'necessa?ily have simple Burgers vectors, i.e. a dislocation in aus-
tenite cannot of itself produce a martensitic structure unless it decomposes
into partieis which cah’accompiish the transformation. The simplest
exemple-Of this is in fecﬁhcp transformations which can be accomplished by
splitting of the 1/2<110> _ dislocations into 1/621;2> or 1/3<111> partials,
_phus producing stacking:feults and the hcp structure; Furthermore, if the
habit plane is (ill), successive shears by partials 1/6[211], 1/6[121],
l/6[11§] produce net zero shape change. Although the question of similar
dissociations have been considered with respect to BCC > {FCC, HCP} trans-
fqrmationssg, specific'attempts to identify the trapsformation dislocations,

including - a detailed study of the y/Ms interface contrest, do not appear
to have been published so far.

In studylng the substructure of partially transformed alloys the
substructures and 1nterfaces of both phases will not generally be in

contrast éimultaneously, In order to resolve the relationship between

the interface.siructuie and the’martensite substructure, it will be
neeessery'to orient theifoil for a.strong martensitic reflectioh.
Examples. of the two contrast conditions are shown in Fig. 1 (ref. 20).

Figufe 1{(a) is oriented for
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martensite contrast and it is clear the martensite is made up of closely
parallel BCC (twinned) blocks. In (b) which is oriented for austenite

contrast the dislocation and faulted austenitic structure can be seen.

Comparison of a and b shows that the dislocations are associated with

~the austenite phase. In (c) both are in contrast simultaheously1

It would be advantagéqus in such circumstances (i.e. overlapping
phuses) to &o sterecmiCrOBEOPy. In fact, greater use of this technique

would be valpable.

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. nﬁcleation,

and detailed chéracterization of the transformafion substructure and its

relation to the transformation mechanism and crystallographic theory. Both

of thesetpfoblems are>poténtiﬁlly solvable by direct studies of the trans-
formation in-thé electron miéroscoPé. However, the fact remains that
there afe no coﬁclusivevresulfs yet showing the nucleation site itself.
Also, since the-nucleatién-theéry is unsatisfactory in its pre;ent form,

the design of critical experiments to focus on these problems has been

* limited.

. It is usually assumed .that each martensite plate comes .from one

embrye. Heowever, it ic pmaaihle to have siwmultansovuc nucleotion of many

"embryos, which grow together to form plates. In other words there may

not be a simple relationship between the number of nuclei and the number of

martcnsite

A

¢

crystals. Dirgct observations are obfiously necessary, and it will be
useful to devote more time to experiments using high voltage electron
microséopy in order to take advantage of the increased probability of

v

"o S .
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findihg.embryos, if tﬁey exist. Due to the-iﬁcfease in pehétratidn the
probability is an 6rdervqf magnitude hiéhér at 650 kV than at 100 kV.
So far pé.attémpt has béén made in this directi&n except for céppér
alloyséll and £hé§é éxpériménté were not rélatéd to the;nuéleatiop
proﬁlém;. |

: ;Qﬁestions can be raiséd régﬁrding the valué of thin foil obser-
vatiéné for the ihterpretation of 5ulk transformations, and it is
esgenfial'té éOmparé foils withvﬁulk‘matefials. Nevertpeless, useful
infdfm&tioh‘cah be obtained and we have éncouragiﬁg results fhat show
at:leaét.éﬁbstructural similaritiés. viz.. ddublg tﬁiﬁning in martensitésﬂ
forﬁed in foils and‘in bulk speciméns of the same alloy. It should be
‘noted thét.whiist high voltage microécopy permits examination of thicker
speciméns,'thé upper usefui limit éf thickness for éteeishis still only
of'orde;'Qu at 500 kV-1000 kV, and this thickness is hérdly representative
6f the bulk. -

'Y~High folﬁagé micfbscoPy offefsléﬁhér advantages besides that of
gréa£e£'pénetrétiqn; 'Théée advantagés inciude fhe improvements in
resdluﬁian due toAdécreasedvchromatic»aberrétidn, the great reduction
in the'minimuh sélected-aféa'of difffaction,'the abilit& to examine the
same area for extensive timés,withouﬁ contaminafion being é limitation
_(the contémiﬁation rate is lowered by incréasing electron energy, and
_the yacuﬁm in high'voltage'microécopes is - lOQ timés bettér than at
100 kV), and the advantages of working with foils having large trans-
parenijareas available for analysis (e.g. Figs. T, 9, 11). It should
be noted,‘howévér, that radiation damage is a complicating factor at

high voltages. Iron will suffer primary knoch¥on damage in electron
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microscopeélopératéd above 500 kV.

" Tt has been suggested earlier and substantiated here that the
étrength and'defofmation charactéristics of martensite (and pbssibly
‘austenite) control the,mértensite substructure. In all cases the sub-
struéture ig coﬁplex'and probably invélvés several shear modes. There
is a need for dgtailed.daﬁa on the éritical resolved sheéﬁ stress dépend_
ence%for slip and twinning as a fuhctién of compositiqn, strain raté and
tempersature, before these suggestions can be properly evaluated.

Finﬁliy it cén be said-that'gpart from the considerable attention
which has been paid to crystallographic relationships and the structure-
prope;ties.approach; electron microscopy studies of martensite have, except
in'rare cases, néglected detailéd contraét and diffraction analyses.
Admittedly m#qy martehsites,vparticplariy those in commercial steels, are
far too complex for this to be facilitated. However, experimental alloys
can be made so that partially transformed steels aré available whereby
érystallography. ﬁnrphology and subdtructurc can all be ﬁnalyzed rigorously.
If the sahe attentipﬁ to detail; as far és electron metallography is
concerned, is paid to ferrous martensites as has been paid to non-férroué
phase transformdtions we can look forward to a more complété uhderstapding

of this fascinating and important subject.
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Figure Captions

Fig. 1(a;a); Fé/BCr/IC bulk transfgfméd showing structﬁre of austenite
and Qarfensite asso;iatéd with tﬁinned'(225)Y:platés. The primary
“(112); tﬁins do not é#tend a;l across the larger plate in (d).
Courtééy'C..M; Wayﬁan_(ref;"20)}

‘Fig. 2. fLAth marténsite in‘Fé/ll.3Ni/7.SCo/O.QhC/O.thr/O.B/Mn (Ms ~
3OT°C)L Laths‘éécur as buﬁdles of complex disléqated regions
slightly'misorientéd from regidn to.region. The diffraction
pattefn in (c) shows superposea [lOO]& and [lllju patterns which
aré a common féaturé.‘ Thé regioﬁs correspondiﬁg to their orienta-
tiohs'are revealed in-thé dark field images of spots A, B (ref. 31).

Fig. 3.'4Fe/é5Ni/0.3V/0.3CIBulk transformed:in liquid'nitfogen. ihe lens
éhaped-plate with (llégltwinned:mid rib coexists with dislocated x
andiﬁntransformed Y. Notice the dense dislocation tangles, i.e.

twofkiharaehed appéarance in the aﬁsteﬁite.

Fig, h.'.?é/33Ni/$OlC7Bulk transformed by quénching rapidly to liquid
hélium via iqed brine and liquid nitrogen. Mostly twiﬁned plates
and :etained:auStenite. Thg large plate (top left) is also heavily
dislocated. - 650 kV.

Fig. 5. Fe/33Ni/}Olc As Fig. k4, same épecimen, dark field image fo
matrix 110 spot éhowing twin fringe contrast as welljas dislocations
in two adjacent plates. 650 kV.

Fig. 6. Fe/28Ni/O.3¢ (Ms © 8°C) Bulk transformed in liquid nitrogén

shﬁwing‘mixed complex structure of twinned'ahd disloéatéd martensite.

[Courtesy O. Johari].
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Fig. T. ‘Fe/25Ni/0.3V/0.3C Thin foil transformed in liquid nitrogen
showing partial twinning (compare to the séme alloy, Fig. 3).
Thg priﬁary fwins‘and fringe contrast are réverséd in this dark
field image of thé llOa twin spot. Thé twins are truncated
parallel to (110)Ol métrix; The broad faces of .the twins contain
structural details‘(éf. Fig. l&) which'maylbé lédges, secondary
twiﬁs; or interface dislocations (sée also Fig. 9). Orientation
near [3, 1, 11] . 650 KV,
Fig. 8. ‘Fe/25Ni/d.3V/0.3C‘Thin‘foil transformed in the cold stage at
. =80°C showing the aeveiopment of the doubly twinned substructure.
The.twin fringe contraét is strong near the extinction contour.
Tﬁe'dark field image in (b) corresponds to position C in Fig. 10(c):
Nofice’fine‘twin fragments, grrokéd, and secondary contrast at S
(consisfent with secondary twin trace). This result proves -
that the twins are'twinneq;
Fig,‘9.‘iFe/33Ni/;010 'As Pig. b, showing dark field experiments to
reveal tvinhed'{ile} twine, |
A. Bright field image.
B. lSelected'area diffraction of central part of A (sée fié. 10).
' ¢.i Dark field image of spot C (llO)Tl + (iiO)Tz. The twins show
_ wedge fringe contrast at W. -
D. Dark field imagg of spot D (110) matrix + (IlO)Tl.
E. Dark fleld image of spot E which is 200 Tl’ or doubly diffracted
- matrix and T2 spots.
F. Dark field imhg; of (250)T, + (024) matrix.

In C the strong fringe contrast is due to wedge thickness changes.
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The other fringes are parallel to the trace of (I12) in the (ooI)r,
and could represent double twin interface. 650 kV.
Fig. 10. E#planation of fig. 9;'
a) The pattern if the 22iumatrii is singly twimed on (113);
supé?posed [221]& matrix ; (001)& twin;
b) i'.I‘he‘pattern if thé matrix is éoﬁplétely,converped to the double
twin [00I]T, + (23111, |
e)  The4pa£tern if the [ézI]a matrix twins to [00I], énd the [ooI]a'
:‘partiélly twins to [2éi];. iThis.pattern explains Fig. 9b upon
. analysis of the dark field images and comparison to the possi-
‘ bilities shown here, proving that the structure qf Fig. 9
Cahﬁof be a single twin.
Fig. 1;. 'Fe/33Ni/.01c Bulk transformed [113]& qﬁientation,
A. .Bright field.
B. iSeiected area diffractién éattérn showing strong streaks due to
A'(Iﬁl)a prim&r& tﬁiﬂning; double diffr#ctibn’spots (ﬁhite arrows )
and vefy fainf streaks along I10 matrix and I10 twin. [iijld
| primaryltwin spot,pattern is superposed on [113]u matrix,

C. Dark field image of I10 T, spot (which also includes the faint

1
ilO streaks).
D. Darkmfield'image of 110 matrix:_'650 kv}
Fig. 12. Schematic suggested variation of the Strésé for slip and
twinﬁing as'a function of témperature. Composition variations
are expécted_to afféct'thé twin-slip cross—over and possible

changes are»indicatédlby arrows. The s8lip or twin modes may also

. vary with temperature and composition.
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LEGAL NOTICE

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









