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ROLE OF ELECTRON MICROSCOPY IN DESIGN OF STRONG,

TOUGH, ECONOMICAL STRUCTURAL STEELS *

- Gareth Thomas
Professor of Metallurgy, Department of Materials Science and Engineering,
University of California, Berkeley 94720 and Inorganic Materials Research
o Division, Lawrence Berkeley Laboratory .
ABSTRACT
The microstructures of martensitic and bainitic steels ére classified
morphologically as determined by thin foil electron microSéopy. Correla-
tion of microstructure and propérties leads to suggéstions for design of

strong, tough, eccnomical martensitic and bainitic steels, based on

desirsable microstructures.

It is shown fhat as—quénchéd (autétempered).experimental, vacuum
melted, mérténsitic Fe)Cr/C and Fe/Mo/C steels cén have superior mechanical
properfies to existing and mofe expensive commerciél steels.
| It is suggested that lower bainites may be superiﬁr to martensites

for good mechanical properties in high carbon steels (C > 0.4% C).

* . Invited paper for "Ircn and Steel International"



I. ‘Backgiound

- The‘ovefall'éim of our éreéent»reéearéh program ié_the develépment
6f‘strong;-§ough, strucﬁﬁral steelsvutilizing martensitic énd bainitic
tfansformafions as economically as possible. Thus we are concerned with
alloys‘haViAg simplicity of compdsitién and heaf treatment,'and in which
careful attention is paia to control of ?urity:and'pfocessing. Alloys
are designed so as to ensure for martensitic treatmeﬁts that there is
sufficientrhafdenébility sb'thaﬁ no prior decompositioﬁ of austenite
occurs. The objectives are to design from firétfprinciples, desiréble
microstructures in steéis which providé“desirable mechanical properties
(strength'aﬁd'tOUghness). Thus the experimental‘techniques iﬁvolve
| detailed metallbgraphic analyses of series of high purity experimental
al}bys of.iron, carbon and one or two substitutional alloying elements
such as Cr, Mo, Mn, Ni,.Co ete. _The microstructureé aré corfelated .
ﬁith the fensile properties‘and fracture touéhness'ﬁalues. The develop-
mént'of fracture mechanics has allowed the determination of a parameter,
the plane strain fracture toughness ch which éualifies as a materials
proPérty (e.g. Ref. 1). The complementary applications of modern
techniques such as transmission electron mlcroscopy and fracture mechan~
ics has made a major iﬁpact on ouf understanding of the beha&iour of
materials. |

Unfortun&tely, even since the advent of these fééhniques,va consi-

derable émount of réséarch has beeﬁ and sfill'is conducted ﬁithout tak-
ing full advantage of them. Many‘fesearchers_stiii conduct mechanicalﬂ
property tests on alloys, but fail to examine fhe'finé'microstructurés

responsible for the properties being measured. On the other hand, in



many alloy systems there arebexamples of exéellenﬁ'micrOStructural exam-
-ipations; but the latter are not correlated quanti?atively with.appfo—

| pfiate properties é.g.'the-hardnéssiiquuite'inadéquaté to characterize
the mecﬁanical properties of steel.

Theré.aré, of‘couise,'many thorough investigapioné of both the
phjéical.pr¢§érties and microstructures of alloys, but in most cases,
the s&stéms invéstigéted havevbeen commgrcial'alIOys; .These'alloys
almost invériably ére éomplicated by thé muitipiiéity'of élloying ele—v
ménts and especially by unwanted trace impurities whiéh legdvto inter-
granulér'embrittlément (2). 'Since the level of impurities which causes
cracking is very low, ihey cannot be detected metallogfaphically so that
.sophisticéfed'techniques of sfectrpscbpic analysislsﬁCh as Auger electron
spectfoscépy must be employed (2);'_Even sb,’héat:treatments can be
devised which can lead to considerable improVéments'in the toughness
of high stféngtﬁ commercial Steéls (3).

chéver, for;fundamental»studies'of the effécts of principal alloy-
ing elemepts on the S£ructure'énd propertiés,of steels it is necessary
tb use high purity‘starting maferials and vacuum méltiné teqhniques, in
the prgparatidn of the initial (50 1b) ingots. ﬁefailé-of there#peri—
mental methods ﬁsed iﬁ the reseérch progrém'afe described elsewhere
(e.g. Réfs.-h,,s, 11). The pfbgram'ﬁas initiatéd in 1963 with a syétem—
atiq approach to the effects»of carﬁgn and substitu@ional élementsvdn
the microstructure and mechaﬁical properties of martenéitic and bainitic
_stéels. .Such investigations, it was hoped, would provide the basis for
dgsign of simple steels where the known effects cﬁﬁsed by eaéh element

can be incorporated into alloys to give a predetermined set of properties.



.The research program has been carried out by graduate students»leading
to post graduate degrees (e g. Refs. L - 12). |

The present paper reviews some of our main conelu51ons from thls
research program and gives examples of alloys of Fe-C with.Cr and Mo
which have been designed as a consequence of ‘the program. (Table 1)

In summary, one of the novelties of the research work so far is the
fact that it is poss1ble to obtain tough as-quenched martensites in
steels containing up to O.h% C by controlling composition and solution
heat treatment. We also know that one can obtain superior prOpertieb in
lower beinite compared to martensite in higher earbon steels which are
pormally brittle when untempered after Quenching to martensite. The
clue for geod toughnees in al11 cases has been established from detaiied

metallographic analysis using high resolution electron microscopy which

has identified desirable microstructures. Thus, we believe it is now

possible to design the appropriate microstructure for high strength

(> 300,000 psi UTS) and toughness properties, withouﬁ'complex compoéi-

~tions or resorting.to thermal-mechanical proceesing. It.should be noted
of course, that other properfies such as fatigue,:weldability, cofrosion
and hydrogen embrittlement susceptivility etc., are mot included in

this diecuseion, However, it is emphesized that a basic'research pro;
gram utiliZing modern'techniques of'materials.cherecteriiation is an

" essential part of alloy design. ‘ o

II. Need for Transmission Electron Microscopy

The primary reason for utilizing transmission electron microscopy
~1s of course its high resolution and the fact that a considerable amount

of'morphological,‘crystallographic and other data are obtainable in one
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instrument. This is illustrated in the following scheme.

REPRESENTATIVE SPECIMENS

|

" FoIL
‘ | eLectron - DYNAMIC ~ DEFORMATION
v\ MICROSCOPE [—— EXPERIMENTS —{~HOT STAGE
' “ - ' COLD STAGE
INFORMATION o
MICROSTRUCTURE =~ CRYSTALLOGRAPHY ~  CHEMICAL ANALYSIS
MORPHOLOGY STRUCTURE -
IMAGES bfaxo df = PHASE IDENTIFICATION . AZRAY ANALYS'S
= z DIFFRACTION VELOCITY ANALYSIS

Since -the resolﬁtion limit of conventionel light microscopy is
2000A and 31nce the carbide partlcles and substructures of marten51te
and balnite are generally smaller than this 11m1t (Flg 1) it is clear

‘that the light microscope cannot distinguish between the possible migro-

iconstituents thatlresult from transfdrming a steel from the austenitic'.

"condition. ‘For exemple By 1ight microscopy one cennot;distinguieh
vunequivocally between autotemperea mArtensite.and lpwer bainite after
continuous cooling, but one can by electron mlcroscopy because the

~ carbide morphologles and crystallographles are different and can be,
distinguished. Furthermore, the substructure,ofvthe_transformatlon

product, which will be termed ferrite in this paper to describe both

=
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martensiticfferrite (with or without‘diSSolved solutes) a?d bainificv
fér:ite, is itself'cémplex. In fact martenSitic'énd bainitic ferrites
are the most highly deformed structures fbund in ﬁetallurgy;

It should be pointed out that even though thé.electron microscope
can reveal the éresence of embrittling microbonstituents, only small
amounts of maferial cén be exgmined in each specimen (less than 10-6
cubié ins). In ultra-high streﬁgth steels, only.sméll amounts of aus-
tenite decomposition products can lead to embrittiemént (e.g. upper |
bainite). Thus, cohsiderable care and patience must be exérciséd to
ensure that_fhe metallography is properly carried out for representative
sampling. It goes without ssying that détailed 1ight’optical metallo-
_graphy shéuld precede the electron micrcscopy studieé.

| Since the morphologiéé of austenite transforﬁation products are
so important in cbntroliing thé properties,and because there appears.
to be somé confusion in ﬁerminology esﬁecially on msrtensiﬁe (e.g. Ref. 13)
it #ill be useful to describe in the follcwing,.the representative struc-

‘ tures of Quenched, tempered, isothermally transformed, or non-pearlitic

structural steels, and relate them to strength and toughness properties.

III. Microstructures of Martensitic and Bainitic Steels

(a) As-Quenched Martensite

Provided steel has sufficient hardenability‘to avoid any decom-
positio; of'austéﬁite prior to transformation to martensite, the miéro-
structure consists either of dislocéted‘laths, twinned plates or both (13?.
The pfinci§a1 features are illustrated in Fig. 2. The micro-twinning in
_ marfensite is distinguished by contrast experiments and analysié of

selected area diffraction patterns (4, 7, 14). The, first papers dealing



with the microstructure of martenéite were those of Kelly and Nutting (1L)
who shoﬁed thafvihéreasing carbon and nickel and subsequent lowering of
Ms.tempergturé increased the probability of transfofmatibn twinning.
‘Subséquenth6rk on the effects of other alloyiné:élements,bincluding.
cobalt,which does not have_muéh iéfluence on MS temperatureahas.shown’
that<all of the principal alloying elements C, Ni, Mn, Cr, Mo, Co increase
the tendency to twinning (4, 5, ‘8 il' 12). It has béen suggested by
Thomés (6) that the transformation structure depends on the relative
values of the crltlcal resolved shear stresses for slip and twinning

over the M -M transformatlon range as illustrated in Flg 3. Thus,

f
the lower the M -M_ temperatures and the stronger the steel then the

f
1nhomogeneous shear component of the transformatlon straln will be
twinniné.rather_than slip.

.If thé Mé temﬁerature is kept at‘;bout.300°é or'higher the st?ucture )
is principally dislocated. However, on quenéﬁing, aﬁtotempering.gan
occur and.alfhough thé étrength is léwefed; the toughnéssvis usually
better. As Fig. L4 shows, carbon has the strongesf‘influenqe onvMS |
temperature and so 0.4% carbon is the upper.iimit if large smounts of
- twinning are to be avoidéd. This,resuit confirms the initial work on
binary Fe-C alloys by Kelly and Nutting (lh); .

Althdﬁgh increasing carbon increases the strengfh and hardness of
martensite, (éee surmary in Fig. 5) the toughness droﬁs dramatically.
This is illustrated from & series of Fe-Ni-Co-C alloys (4) with carbon
ranging from 0.2 to 0.4% in Fig. 6. The important.résult from thié,work

is that, as shown in Fig. 6, at the same strength level the twinned
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martensite has a lower fracture toughness than the dislocated martensite. .

’

- Although it may be argued that it is really the carbon content and

_not the_twinning that i1s responsible for this phenémenon,.recent work

on Fe-Cr-C steels (11) has clearly shown that in as-quenched steels, for

. -
the same carbon content, fracture toughness decreases with increasing

twinning. This is illustrated in Fig. T. Sincé;Cr is known not to be
a éolid solution strengthener, we believe it is now clearly established
that (internal) fransformation twinning, whi%st increasiﬁg strength

(Figs. 5, 7) seriously-impairs toughnéss in the presence of carbon. It

'should be noted from Fig. 7 that the 4% Cr steels have excellent Kj,

toughness properties even in the process‘untempéred condition (11).

Likewise in Fig. 9, toughness decreases for increasing % Mn at the

same carbon level (0.24%C) after treatment to produce similar strength

ievels (5). The steels designated 80L-806 contain 5% nickel also whereas
steels-807;809 have. . no nickel. For increasing manganese contents, the
amount'of'fwinﬂiﬁg after quenching to martensite increasesvand the tough-
ness deteriorates. At 7% Mn the martensites are almost entirely fwinned (5).
Fig. 10 shows a summarybfdr a series of Fe-Cr-C steels (11). |
The'mafténsite transformafion is perhaps thebmost efficiént wéy of -
generating unifdrmly,vvery denée dislocation configurations (Fig. 24).
.The only 6thef way sﬁch microstructures can bé génefated is by very
higﬁ strain-rate plastic deformation such as_shock ioading. For example,
in-fcc'ﬁetals a critical shock pressure exists beyond which mechanical
twinning‘becomes_the mode. of deformation, Fig. 8a (15). Furthermére;

there is a discontinucus increase in hardness as shown in Fig. 8b. Thus,

by analogy,to these results we can conclude that internal twinning itSélf



e

_ increases the stféngth of métalsvand in steels it is_additive to the
‘strengthening from carboh in solution. Thisiis sﬁhematically indicated
by the shaded_areé in Fig; va The fall-off invhapdnéss above about O.T%C.
is due to the fact that the Ms temperature drops so:mucﬁ (Fig. 4) it is

impossible to obtain 100% martensite. Thus, because of these factors,

it is dangerous to use hardness as a measure of carbon content for steels

containing more than about 0.3% carbon.

In cbnclusion, theréfore, it can be seen that to obtain high tough-
ness thé problem in designing martensitic alloysiis'ﬁo avoid twinning;
Since carbon.has the most dramatic effect on lcwéring Ms’ (Fig. 4) we
belieﬁe‘o.h%_carbOn-(in solution) represents the maximum possible carbon
ponten‘t. The simple ternary Fe—hér—0.35C steel and Fe-2Mo-0.4LC steel
(Table 1) é&én in thé as;quénchéd marténsitic’éondition héﬁe been designed
to meet this requiremeﬁt. As can be seén in Figs. 7 and 11, the Fe-hCr—O.35C
alloy (Oh3SVdesigﬁa£ion-in Fig. 11) has propertiés.e@ual or suﬁerior to
éxisfing more complex (and more expensive) commefcial steels. An obvious
pbésiﬁle application.for this.new.steel ingludesiairc%aft landing gear

-v(compare}to 4340 and 300M which are éurfeqtly in use).

fAs-quénched" and "tempered" are two major déscriptive terms for
mérfensife whicﬁ were originally»process—oriented;» The expfession "as-
quenched" has been used so Qidely to be differentiated from the name
"témpered";consequently an ambﬁiguity is generated.a'Thgt ié, vhen the

_ term "as-Quenched" martensite is used if refets;fé'the diffusionless
maftensitic_transformation prdducﬁ without subseqﬁent carbide precipi—
tation; “This pure as-quenched marténsité'is generally associated wifh

poor mechanical propérties and is the one avoided in the steel-making



industry.

Howévér, autotémpering usuall& takes place'inifhe‘as-quenched mar-
tensite,pf the developmental steels, e;g. Fe;Cr—C and Fe-Mo-C (See Fig.
12F). Suﬁerior mechaniéal properties are obtained in the as-quenched |
| marteﬁsite of these experimental alioys whi¢h viOiatqs the traditional
rule "as-quenched steels are pbor".. In order to‘eliminate this contra-
diction,vitiseéms to be appropriate how to establish the expressions of

"

"process asfquénchéd" or "process untempered" aﬁd-"structurelX as—quenchéd
"structufélx untempered" ﬁhichvclearlyvidentifies the product struc-
ture after particular heat treatment. bBesides; if autotempering is
infolvéd during thé quenéhing trea?ment, it ié best to describe this
‘explicitly as "autotempered aé-quenched martensiteﬁ to distinguish it
from the cbnventiqnal "as-quenched martensite”. Tﬁerefore; "strﬁctureiy
untempéred" martensites such_és aﬁ extensively'twinhed Oné (high carbon
and othér sélutes and low Ms-Mf) which has poor mechanical properties
are to be shunned. In ordér to achieve some:autotempering the M -Mr
rangé cannot be too low. Consequently an My near 350°C should be aimed
at as Fig. h shows it is p0531ble to calculate the total alloy content

to meet this requlrement.

t

Furthermore, the amount of autotémpering depends on the cooling
rate (which is also affected by the size ofvthe.specimén)vas well.as'
on the compos1t10n of the- alloy 1nvestlgated The excellent mechanical
propertles of the process as-quenched marten31te of the experlmental
Fe-Cr-C and Fe-Mo-C alloys (Table 1) may partly be related to auto- -
tempering. ' Thus, by optimizing the a@ount of autétempering_throﬁgh
.éont:olled cooling rate and alloy content together with the imposition
of other design criteria, a superior martensitic steelvwith'éimple_

heat treatment can be developed, even in 0.4% carbon steels.
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A special effect_has'been observea ih ouﬁ»work-en Fe-Cr-C eteels
~which delays the precipitation of interlath caibiaes,v_This effect is
L theeeXistence of extfemely-nerroﬁ.films of reﬁeined'aUSteﬁite around : .
the meftensite laths. These films‘efe difficult'to analyie and require
Patiénﬁ studies by selected area electron diffraction. Not enly may.

these filﬁs contfibutevte the high tougﬂieSS'of‘the as—quenched Fe-LCr-C
marfeneifes, eut they.delay the precipitation'ef eﬁbrittling interlath
" carbides up to hQO°C thch represents reasouabie tempering fesistance.

It is not yetﬂesﬁeblished whether or not the pfeeence (and qpantity)ﬂof
interiath:euStenite iéfa'prerequisite:fer highfteﬁghnees.in as-quenched
marﬁenéitic alloys,* althoﬁghvclearly such eustenite should impede
microcrack growth. |
]_A'furfher point whicﬁ research has brought.out'isvtﬂe benefit result-

ing from using higher austenitizing temperetures (11). For Fe-Cr-C and
Fe-Mo-C steels it is nepeSSary to austenitize at 1100°C or & little higher
so as to dissolve all carbides. Agein'light microeeepy is inadequate to
determiﬁe'this:and thin foil electron micfoscopy is necessary. Undissolved
carbideS'ean'cause crackiﬁg'during the Yo marteneifie transfofmafion
éspeciallyjifefhe‘ca;bidesvare.non-coherenﬁ_an@'Cénnot deform with the
matri#. The Volume increase on-they+a transformetion could also produce
voids or eracks around undissblved carbides. Zackey et al. (3) have also
found a pronounced effect on toughness in a SecbﬁdaryAhardening Fe-S%Mo—'
0.3%C and in 4130 and 4340 commercial steels by austenitizing above llOO°C. .
The latter effect may be related to desegregatlon of 1mpur1t1es at grain

. boundarles,-end/or increasing the amount of inter-lath austenite(3).

(b) Process Tempered Martensite

. Tempering martensite produces precipitation of cementite (FeBC)

% TIn stalnless steels retalned austenlte clearly 1mproves toughness
(D. Webster, Met. Trans. 2, 2097 (1971). :
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and'other ca;bides. The morphology depends upon the martensitic sub-
Vstructure? the composition and temperiné temperature, and Figs.bl2E—K
show tyﬁical examples. In the absence of secondary‘hardening (harden—>
ing due to precipitation of alioy carbides such as molybdenumbcarbides),
the tempering range which produces ipterlath cafbides should be avoided
(Fig._lQG) because the.toughness-deﬁériorates and intergranular émbrittle-
ment occurs (L,5). This effect is similar to that in Al_-ZnQMg alloys
(aged to peek hardness). In genefal, tempering broduces a lowering of
stfenéfh and ﬁn increase in toughness as a resuit of precipitation of
.iron'carbide, for example in Fig. 11 the Fe—hCr;O.BSC steel at point

T. Characterization of these complex structures reqﬁireS‘reéeated appli-
cafion of dark field téchniques as is illustrated in the microgfaphs of
Figs. 2, 12 and 13.

(¢) Isothermal Transformations - Bainites

If metastable éustenite in a low alloy steel is held at a tempera-
ture above_Ms, it will @ecompose isothermally into a product of deformed
ferrite and carbide called»b;iﬁite whiéh closely résembles the stfucture
of tempered martensite. Two generally distinct mérphologiés known as
upper (high temperatures) and lower (loﬁ temperapufes) bainite occur.
Typical examples are shown in Fig. 13. The upper bainife is not of much
_technical interest since the interlath carbides'éause embrittlement, and
thus dééomposition of austenite tovupper bainitevmust be avoided. Conf
tinuous cooling through the lowér bainite rénge qéulq be an economical
way of producing lower bainite.

Lower bainite has potential for highvstrength'and toughness at

higher carbon levels than seems feasible for martensites. The relative
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differencés‘between toughness of iower bainite vsttempered martensite
have beenkdiscussed ihiterms of the differences_dndcdrbide morphologies
_and:matrix:suﬁstructures'(lo). In.fact, high carbon fe—Ni-Co—C alloys
show higher'toughness-end strength when transforued to lower bainite .
than aftef}ouenching to.ma;tensite_and then.tempefed (h)f This can be
’seeu fromdthe circledvregion in Fig. ll.u The‘toughness of martensitic
ONi-4Co-0.45C at similar strength levels is about oneathird of the
velues shown in Fig! 11 (fef. 4 and data of Republic steel).
| The transformation'mechanism of austenite to‘bainite has beeufa

topic of‘ergument for many years. The'precipitatdou process,hespecially
‘therinitial stageg in the.baiuitic transformetioh, isrnot thoroughly
understood.‘:The characterization'of the natuye and the crystallography
of cerbide phasesare importaut in order to undefstand the structuralA
features of bainite (16). It is geﬁerally.eccepted that cementite Fe,C.
'constitutes the carbidevphese in upper bainite. ' Although cementite is
frequeutlyvobserved'in lower.bainite, the exact cafbide precipitation
‘process is stili uncertain. It has been suggested by Oblak and Heheman
(17) that ep51lon carbide is the first carbide formed in low temperature.‘
balnlte. Slnce the carblde prec1p1tat10n 1n steel may assume many
-differeht forms such as epsilon carbide, Higg cerbide, cementite, etc.,
vdependiugdon the transformetion‘tempefature‘and time, as well as com-
'vposition of the steel, the'characterization of carbide must‘be_abproached
with great.care. Unfortunately, it is frequentl& not possible to un-
amblguously determine the nature of the carbides present because of‘com— .
peting factors and thelr complex structures. |

In order to try to understand these complexities, we are currently
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- »investigating the nature of bainité in-a wide rénge'of’alloys (differing
compoSitién_and transforﬁationvtemperaturéi(i8).  Thé resulté indicate
that'except.fér twinning, iOWer bainitévhés all of the features known

- for teﬁpéréd'diéiocated marténSites. _Fér exampie.an.Fe—O.5hC—l.87Si
éteél-with.ﬁs Qf 250°cC, aftef:ispfhé:mal transforﬁation'to lover bainite
at 275°C éénéists ofra’high density of epsilon'éarbide precipitates’
’uniforml& distributed throughoutvtﬁe bainitic-ferrite matrix. The

crystallographic relationsh}p between the epsilon carbide ahd_the bainitic

(19)

ferrite is found to follow that of Jack's orientation rélatioﬁship
i.e., (0001)cll (011)q end (10T1)e yf (101)a. o

| The unambiguous identificatibn of fhé existence of epsilon—carbidé
.in lower bainite furfher'supports:the view that the transformation
mechanism by.vhich'lower bainite forms initiall& as supersatufated
ferrite from'which epsilon-carbide precipitates very rapidly and is
subsequently replaced by cementite upOn_further>transformation. Also,
it is évident that'thé néture of the carbide phaée that eXiéts in lower
bainitic structuﬁes depends on the transformation”£emperature and time
as well as on the compésition of the steel under:investigation. Also
cdntréry té some researchers (16) we have found that éharacterisfic

- lower bainiﬁic structures can be observed in some éteels transformed

_ ébove 3SO°C.. This means that 350°C is not en invaiiant temperature

which defihes an'uppef—lowef bainite transition. .

IV. Summary and Conclusions
The principal.metallogfaphic features of martenSites; tempered
martensites and bainiteslcan be resolved and distinguished by thin

. £film transmission electron microscopy. There are summarized in Table 2.
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' f’pgﬁirable microstructurés from the poiht of'view of good fractﬁre
fesiétanéé,aré disiocated martensitic/bainitic Iath ferrites, autotempered
martensite, interlath fiims'of’retainéd austenité, temperéd martensite
free from interlath carﬁides,_and lower bainite. Thus, in order to
-thain_high strength and toughness,_the_following basic rules for control-
1ing-microsffucturé aéply: |

(a) As-quenched Martensites:

‘Ausﬁenitize at llQoéc or highef to take ail'carbides into solutiony
.gvoidvtrgpsformafion twinning by controlling ca:bdh and keep Mg above
ébout 300°C. 'Thisfdetermiﬁés‘ﬁdtal allo&.céntént'permissable (e.g. .
Fig.'h). For dislocated ﬁartensites thé-strength‘dépends on carbon
conténf;f to avoid twinning %C_S'O.h% ., Ternary élioYing additions'
pro#ide désirea properties_e.é. hardenabiiitf in order to prevent prior .
austenite @ecompoéition to ﬁpper bainite,_ekamﬁies Fe—hCreO;BSC, and
‘Fe—2Mo—0,hC>and éorrespOnd fo steelé with Mg = 320°C. Soﬁe autotempere
’ing_duriﬁg"the cééling‘below Mg may be beneficial to toughness. Also
the pfesenée of interléth retained auétenite isteﬁeficial f§r high

toughness.

(b) Tempered Martensites:

; Toughnéss'drops when iﬁterléth'carbides précipifate; ﬁhese méy be
deiayed frdm férmipé by &liowiﬁg fine films of;retainéd austénité to
reﬁainiaroﬁnd the marténsite'lathS'(low additions of Ni;_Mn; or Co
' may facilitate this). | |
(¢) Bainites:

- Upper bainite.should 5e avoided at all cost. Lower bainite is

’

similai to tempered martensite but does not usually.contain interlath

-
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s

carbides. This structure is desirable fofvhigh'toughness and thus

‘lower.baiﬁite could give attractive properties in high carbon steels

(C > 0.4%). This can be achieved economically if 100% lower
bainite can be formed_on continuous cooling from the austenitizing

temperature. Knowledge of CCT diagrams aré thus essential.
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A. Fe-Cr-C Series

TMﬂel

Examples of Room Temperature

Mechanlcal Propertles of Vacuum Melted Experlmental Steels

a1

- 0.2% offset

Plane Straih

Not determinable - even 1 ins thick spec1mens gave invalld K

hlgh elongations)

- B. Fe-Mo-C Series

3.85Mo-0{18C

2.2Mo-0.4C

Aé-qUehched(a)
Temp 400°C 1 hr

o goec

As-quenched
Temp 400°C 1 hr
" 600°C "

(a) 100% Martensite

(a)

160,000
153,000
193,000

258,000
197,000
206,000

. : . Fractur7 Toughness K1
Alloy Treatment Yield Strength (psi) ~ UIS (psi) % el. KST-int e
LCr-0.17C As—quenchea‘®) 160,000 194,000 10 83
o " Temp 200°C 1 hr- 166,000 195,000 9.5 92
" hoooct " 162,000 185,000 9.7 83 -
" oo°c " 91,000 106,000 - 15.0 .
LCr-0.35¢C As-quénchéd(a) uzho;ooo 306,000 5 70 -
Temp 200°C 1 hr 218,000 275,000 7.5 92
" Lkoo°c " 201,000 237,000 9.0 N
." 600°C " 126,000 - 149,000 17.0 ¥

déta due to very high toughness (note

198,000

183,000
7205,000'

:311,000'
230,000

223,000

12.6

1#
8.5

2.5

5.8
‘10.7

93
89
46

5k
9k
73

(b) Secondary hardening - prec1p1tat10n of Mozc

4

_9'[_—
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Table 2

. ‘ : L ' - . v T #
Summary of microstructures of martensitic and bainite steels.

Constituent . Notes o Structure

Martensite - C<0.L MS>300°C ' Dislocated laths; .if autotempered

(as-quenched) N Widmanstatten {110} cementite
C20.4 Msg200°C {112} and {110} (high C) twinned

» plates; . carbides on twins

‘Tempered Martensite Dislocated Martensite Epsilon carbide with {100} habit

. ' S ' ‘ precipitates initially and is re-
placed by three variants of {110}
Widmanstatten cementite as the
temperlng temperature is increased.
Alloy carbides can form at higher
temperatures, or longer temperlng

"~ times.

Twinned Martensite Single carbide variants on twin
' : boundaries; as sbove.

- Lower Bainite _ Dislocated ferrite with single

' o variant Fe,C oriented 55-65°
to lath; nd interlath carbides
so far no clear cut evidence
for twinned ferrite; epsilon
carbide possible.

© Upper Beinite = .. . : _ Dislocated ferrite; interlath
o ‘ ' carbides. No unique transition
temperature for lower to upper
. , : _ bainite transformation-—depends
(oS S : ' _ on composition.

* Mixtures of all of these constltuents are p0351ble dependlng on composition
and transformation kinetics. :
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" “FIGURE CAPTIONS

1. A. Light.microscope photograph of martensite in asequeuched-b
Fe—Nl—Co alloy. B. TrahsmiSSioh electronvmicrograph of same speci-

men as A show1ng that the graln structure actually con51sts of

bundles of densely d1slocated marten51te laths. Courtesy Trans ASM

;61 14 (1968).

2a. Brlght fleld image of as-quenched marten51te in Fe—25N1-lOCo
steel The dlslocated lath structure is typlcal'of low: carbon mar—

ten51tes and ylelds hlgh toughness w1th moderate to hlgh ten51le

_strength b) shows the brlght fleld 1mage of a twinned martensite

plate in Fe—28.5N1-lOCo steel. c) is a related dark field image of

twin reflection. The corresp0nding selected area diffraction’pattern

is shown in d), and indicates the dark field image is formed by super—

imposed twin and matrix reflections,'_The complexity of the substruc- -
ture, with matrix dislocations and'multipleAtwinning,(is'revealed hy'
this“technique, Twinned martensite normally occurs when carbon

contentLexceeds approximately 0.3% or in gehersl when the total solute

v content increases. Except for cobalt, increasing the solute content

‘alsc lowers the Ms temperature. The'presencevof a high twin density .

“in s'martensitic structural steel has,beentfound to be associated'

~with loﬁ fracture toughness and high yield‘strength.

3. .Scheme Showing relationship between substructure of martensite
(inhomogeneous shear), and transformation teméerature. The levels
will be affected by the concentratioh ofvsolutés (which affects the

yield strength of marten51te) as 1nd1cated by arrovs. Courtesy Met.

'Trans. (Ref 6).
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4, Scheme (not to scale) showing'effects df'ailoying’élements on

the MS temperature of binary Fe based steéls.' The numbers give the

- drop in °C per wt % solute. The dotted line indicates the approxi-

mate lbWer ieve1 of Ms température ebove which autotempering is to

._.bg ekpected.~ Extensive twinning is expected in .carbon bearing

_stgéls]when M_ <'2oo°¢a'
.5; -Sﬂqwing effect of carbon on hardneSs‘éflbinary Fe-C martensites -
(after Kglly_gnd'Nutting Ref. 14). On the diagram is also shown
SQhématicallykséme'of the structufal and Stréngth contributions as.

P —

a function of % carbon.

Fig. 6.’vSthing the relationship between yield‘strength and fracture

toughness for a seriés of.Fe-Ni-Co—C steelé;' Noticé at the same
yiéld‘stréss the dislocated marténSite is tougher than the twinned
martensite as;shbwn by the bright field iﬁagéé‘(twins marked T)
(Réf.-h,cburtesygAmer. Soc. Met.). |

T. Showing relationship between as-quenched yield strength, plane

"strainffracture tbughness and relative fraction of internally

‘Fig.

twinned martensite for experimental Fe~Cr-C.steels. (Ref. 11).
8. a) Nickel after shock loading to 350kb- pressure showing subé
structure of dense dislocations and mechanical twins'on two {111}

plenes; notice similarity to martensitic .substructure (Fig. 2).

. Lb)u'Hardness of nickel as a function of shock_loading; notice dis—"

continuity when twinning sets in. Courtesy Acta Met., Ref. 15.
9. Showing effect of % manganese on impact energy at various yield

strengths of a series of quenched and tempered martensitic steels
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conteining 0.24%C. Steels 804-806 contain 5#Ni, steels 807-809
have no nickel. CoUrtesy Met. Trans. Ref 5.

10.. Summary of yleld strength vs fracture toughness for a series

' of quenched and quenched and tempered Fe—Cr-C steels containing

0. lTC and 0.35%C (see Flg 7). Courtesy J McMahon._’

v

11. Comparlson of ultlmate ten51le strengths and fracture toughness

of the experimental Fe—hCr—O.BSC steel~(Ref. ll) with similar pro-
perties in some commercial sﬁeels.(latter data courtesy R. Ault,
G Wald and R. Bertolo Tech Rep AFMl-TR Tl 27)

12. Dark field 1mag1ng is an essentlal technlque for determining

'the dlstrlbutlon and orlentatlon of carblde prec1p1tates in tempered

marten31tes. (E) is .a dark fleld image of a carblde reflectlon in
Fe-9 Ni-l CO—O‘hSC steel tempered at 500°F~for 4 hours; showing the
prec1p1tatlon of - ep51lon carbide on {100} martens1te plares The'
1n1t1al formatlon of Fe3C on {110} martensite planes is seen at A.
Epsllon.cerblde w1llvprec1p1tate only at low,temperlng_temperatures
and dissolres ﬁpon formetion of.FeéC at higher temperatures. (F)
illustrates the dark field image of a Widmanstetten pattern of
Fe3C'in Fe-4Cr-5.3C0-0.35C tempered at uqo°f’f§r 4 hours. Tnis
precipifate'substructnre is found in almost eil dislocated marten-
sites femperea At lon temperaturee, as well“aeuin.as#quencned |
martensites which nndergoféutotempering‘due to their hiéh_Ms N
temperatures.»'The formation of a Widmanstatten paﬁtern'of,FeéC is
accompanied by'"normal".tempering beharior;'viz;, an incresse in

fraeture toughness and a decrease in yield‘strength. At higher

tempering temperatures, earbidee may precipitate along martensite
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lath boundaries,icausing.a marked decrease'in:tcuéhness. .(G)

shous a dark field image of interlath carbidesfin the same alloy as
in (F) tempered at 800°F for 4 hours. vAt»rery'high tempering tem~
peratures, the carbides spherodize produc1ng an increase in tough-

ness and a further reduction in yield strength A dark field 1mage

~

of spherodlzed carbides is shown in (H) which is the same steel as

in. (F) tempered at lOOO°F for L hours.. When twinned martensites are
tempered the carbldes prec1p1tate along the'tw1n boundaries. The
twin boundary carbides have been associated with a decrease in
fracture toughness in structural steels. (l) is a briéht field
image of a.twinned martensite' plate in Fe427NinOCo—O.lC steel,
where the twin den51ty is highest -at the midrib. The steel was

tempered at 200°C for 1 hour and a Widmanstatten pattern of

'Fe C'is seen out31de the twinned area. (J) shows a dark field image

3

: of the tw1ns, and (K) is a dark field image of the un1d1rectional

carbides on the twin boundaries. Note that the particular Fe3C

reflection-uSed in (k) illuminates only the twin boundary carbides

‘u and not the Widmanstatten pattern out51de the twinned area. This

points out the need for imaging several different carbide reflec—
ticns_in order to_determine’completely the prec1p1tate morphology.r
'These-examples illustrate that the tempering‘behaviour depends on
the 1n1tial martens1t1c substructure which can vary within each
plate as well as from plate (or lath) to plate.

l3.' (L) is the bright field image of upper bainite in Fe—hCr—O 3hC
steel, and (M) is the dark fleld_image of & carbide reflection,

showing the characteristic elongated carbides between the bainitic
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fefrite.leths{ ﬁppef'beinite;%Vﬁich ie ferﬁedeet high isdthermel

. transférmatien temperateres;'normally has a low fracture foﬁéhness.
Note the similarity of the carbide morphology in (M) with ‘that shown
. in l2(G);He fehpered mertensite which is iikevise’embritﬁied_by_
interleth carbides. At Tower tfans‘fomatian _péﬁperatm_es, the Fé3c
precipitates'unidirectioﬁally within>the bainite'laths. This is -
seen in (N_)_‘,V the bright field image of 1oyié:r' b’einite in Fe-lCr-5.3Co-
O:3SCieteel.  The dark field image in (O)'revérses the contrast
of_fheAearbides. ‘Normally the.carbides in'leyer bainite form.at an
.angie"of‘55° tc 65° to the long direction ef fhe bainite laths.
‘The-carbide.morphology of lower bainite'in?(L)'end (M) isesiﬁilar

to that.of dislocated martensite tempered et’iow temperatures, as
seen in (12E,F). Both s'trﬁctﬁr'e_s also exhibit .vhigh‘toﬁé‘hness
valﬁes.‘lIt is thus éeen.that by comparingeﬁbper bainite with tem-

pered martensite having interlath‘carbides, and lower beinite’with

o tempered marten31te hav1ng Wldmanstatten carbldes, there 1s a

stfong correlatlon between mlcrostructure and mechanlcal propertles.'
In steels hav1ng a twlnned martensipiq substructure.and poor tough-
,ness; it may Be prefereble to”ﬁtilize isothermel-transformations to
-pfoduee'disloeated 1ower.Baiﬁite.haviﬁg a'highe; toughness‘dﬁe to
the'similarity of ite strﬁcture with that-of.tegpered dislocated.

- martensite.
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IM 2473 Upper Left

Fig. 1A
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IM2473 Upper Right

Fig. 1B
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Class 4

DISLOCATED AND TWINNED AS-QUENCHED MARTENSITES

B Magnification: 56,000X

Magnif;cetion: 45,000X
(A) is a bright field image of as-quenched martensite in Fe-25 Ni-10 Co steel. The dislocated
lath structure is typical of low carbon martensites and yields high toughness with moderate
to high tensile strength. (B) shows the bright field image of a twinned martensite plate in
Fe-28.5 Ni-10 Co steel. (C) is a related dark field image of a twin reflection. The correspond-
ing selected area diffraction pattern is shown in (D), and indicates the dark field image is
formed by superimposed twin and matrix reflections. The complexity of the substructure,
with matrix dislocations and multiple twinning, is revealed by this technique. Twinned
martensite normally occurs when carbon content exceeds approximately 0.3% or in general
when the total solute content increases. Except for cobalt, i ing the solute
also lowers the Ms temperature. The presence of a high twin density in a martensitic struc-
tural steel has been found to be associated with low fracture toughness and high yield
strength.

¢ XBB 729-4502

Magnification: 56,000X
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Fig. 3

XBL 705-890
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Fe-C MARTENSITES (AFTER 7 DAYS AT -196°C)

EXPERIMENTAL
8001~ (Kelly and Nutting, e
1960) ————_ =% PREDICTED BEHAVIOUR-
S HARDNESS vs. % C*

=~ CARBON LOCKING OF DISLOCATIONS

600
V.H.N. . RETAINED
/,’ DISLOCATED el
400~ o L __ TWINNING
0 1 I % TWINNING |00 ~—= CONTRIBUTION
ps e - — TO HARDNESS (Y +W.H)
200 1 | i 1
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O 02 0405 0.8 L - LIMITIN
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XBL 7211-7195

Fig. 5
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Magnification: 76,000X

Magnification: 77,000X
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TEMPERED DISLOCATED MARTENSITE

Deark field lmmmg is an esentlal technique for determining the distribution and orientation
of carbide p: i d mar i (E) is the dark field image of a carbide
reflection in Fe-9 Ni-4 Cn 0.45 C steel tempered at 400 °F for 4 hours, showing the precipi-
tation of epsilon carbide on {100) martensite planes. The initial formation of Fe3C on
{1 10’ martensite planes is seen at A. Epsilon carbide will precipitate only at low tempering
temperatures and dissolves upon formation of Fe3C at higher temperatures. (F) illustrates
the dark field image of a Widmanstatten pattern of Fe3C in Fe-4Cr-5.3 Co-0.35C tempered
at 400 ° F for 4 hours. This precipitate substructure is found in almost all dislocated martens-
ites pered at low , as well as in as-quenched martensites which undergo
autotempering due to their high Ms temperatures. The formation of a Widmanstatten pat-
tern of Fe3C is accompanied by “normal’”’ tempering behavior, viz, an increase in fracture
h and a in yield gth

At higher tempering temperatures, carbides may precipitate along martensite lath boundaries,
causing a marked decrease in toughness. (G) shows a dark field image of interlath carbides
in the same alloy as in (F) tempered at 800° F for 4 hours. At very high tempering tempera-
tures, the ides spherodize pr ing an i in h and a further reduction in
yield strength. A dark field image of spherodlzed carbides is shown in (H), which is the same
steel as in (F) tempered at 1000° F for 4 hours.

Fig. 12

Class 4

Magnification: 75,000X

Magnification: 60,000X

XBB 729-4504
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Class 4

TEMPERED TWINNED MARTENSITE

(00%

(121 Trace

] Magnification: 52,000X

When twinned martensites are tempered, the carbides pre-
cipitate along the twin boundaries. The twin boundary
carbides have been associated with a decrease in fracture
toughness in structural steels. (1) is the bright field image of
a twinned martensite plate in Fe-27 Ni-10 Co-0.1C steel,
where the twin density is highest at the midrib. The steel
was tempered at 200° C for 1 hour, and a Widmanstatten pat-
tern of Fe3C is seen outside the twinned area. (J) shows a
dark field image of the twins, and (K) is a dark field image of
the unidirectional carbides on the twin boundaries. Note that
the particular Fe3C reflection used in (K) illuminates only
the twin boundary carbides and not the Widmanstatten pat-
tern outside the twinned area. This points out the need for
imaging of several different carbide reflections in order to
determine completely the precipitate morphology. These ex-
amples illustrate that the tempering behavior depends on the
initial martensitic substructure which can vary within each
plate as well as from plate (or lath) to plate.

Magnification: 52,000X XBB 729-4505

Fig. 12 cont.
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Magnification: 80,000%
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ISOTHERMAL TRANSFORMATIONS

(L) is the bright field image of upper bainite in Fe-4Cr-0.34 C steel, and (M) is the dark field
image of a carbide reflection, showing the characteristic elongated carbides between the
bainitic ferrite laths. Upper bainite, which is formed at high isothermal transformation
temperatures, normally has a low fracture toughness. Note the similarity of the carbide
morphology in (M) with that shown in (G), a tempered martensite which is likewise em-
brittled by interlath carbides.

At lower transformation temperatures, the Fe3C precipitates unidirectionally within the bain-
ite laths. This is seen in (N), the bright field image of lower bainite in Fe-4Cr-5.3Co-0.35C
steel. The dark field image in (O) reverses the contrast of the carbides. Normally the carbides
in lower bainite form at an angle of 55° to 65° to the long direction of the bainite laths.
The carbide morphology of lower bainite in (L) and (M) is similar to that of dislocated
martensite pered at low pel , as seen in (E) and (F). Both structures also ex-
hibit high toughness values. It is thus seen that by comparing upper bainite with tempered
martensite having interlath carbides, and lower bainite with tempered martensite having
Widmanstatten carbides, there is a strong correlation between microstructure and mechanical
properties.

In steels having a twinned martensitic substructure and poor toughness, it may be preferable
to utilize isothermal transformations to produce dislocated lower bainite having a higher
toughness due to the similarity of its structure with that of tempered dislocated martensite.
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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.
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