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STRUCTURE AND MECHANICAL PROPERTIES OF Fe-Cr-Co-C STEELS

Mathur R. V. ﬁagﬁavan |
Inorganié Materials Research Diviéion,uLawrence Radiation Laboratory
Department of Mechanical Engineering, College of Engineering
University of California, Berkeley, California
ABSTRACT

The é;rﬁctufe and'ﬁéchaniéal properties of tempered martensite and
bainite thFé—Cf—C sfeels with énd witﬁout cobait were investigated;
Thé exten;vofbtwinning in the martensite of the éteel without_cobalt;

having a higher MS temperaturé, showed no significant difference from

~the one without cobalt which had a lower Ms temperature. Thus, Ms

temperature of a steel is not the sole paraméter controlling twinning.
Autotempering was observed in the cobalt steel. All the steel showed an
arrest in the_yieldvstfength and notch toughness when tempered in the

600-800°F .range. Rapid softening occurred on;teﬁpering at 1000°F in all

the steels. Cobalt did not exhibit any particular effect on tempering except

that thelcobélt steel had superior toughhess ohiy on tempering at 1000°F.
The iéqthermal‘transformations did not yiéld any suéefior product i

since the-MS temperatureé of the steels were high, and the transformation

yielded éitbef avmixture of lower bainite and upper bainite or.a mixture

of temperéd martensite and lower bainite depending.upén the temperature

of transfbfmatioh. The transformation at_660°F gave optimuﬁ mechanical

propefties. The_ﬁechanical properties of the tempered martensite_proved to

be better than thaﬁ of the isothermal tranéformatiqn productsf "antinuoué

Cboling of the steels did not result in any significant increase in the

properties since the structure consisted of a mixture of bainite and martensite.



~-1- : -UCRL—19132

'T. INTRODUCTION

In reCenf years considerable interest has been directed towards
the production of high-strength stéels with appreciaﬁlevtpughneés.
Many processes have been successfully developed recentlyl’z’szut all
of them involve mechaniéal treatment besides ﬁeat.treatment. it would -
be very aftractive to develop high strengfh and high toughness by heat
treatment alone. To start witﬁ, high strength,could.easiiy be obtained
by increésihg‘the cafbon conteht.of the steel, But this would seriously
impair.the-toﬁghness. The sharp decrease in.toughness with increasingb
the_carboq content of thevsteel should be accompanied bj.a.marked |
chéngé'in the microstrucfd}e of the steel.. The low carbon (less than

4,5,6 with a high dislocation

.25%) martensite consists mainly of iaths
density. .Tﬁé striking change in the high carbon (more thén 0.3%) marten-.
site is that‘the structure consists mainly of plates ratherfﬁhanvlaths

and many of the plates are intgrnally'twinned. These transformation

twins in martensite are dﬂe to the lack of slip at the.temperatures

of formation of the martensite. The formation of'tWinS in the high‘
carbon steeis are associated with a decrease in the Ms temperature of

7,8,9

the steels. Based on experimental evidence, many workers suggested

that tﬁe M; temperature of the steel could be the deciding factor for
twinning. If this is true, it should be possible to eliminate the‘fqr?
mation of twins in the martensité by raising the MS of the steelf It has
been suggesteds’lq that the presenée of twins could seriously affect the»
fracture toughness Which; in turn, would imply that the MS temperature is

ba key parameter in controlling the twinning and hence the fracture.tdqghness.

So, this brings to mind two questions:
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1. Doest;he'MS temperature control the twinning? |

2..Do tﬁé twins decréase the notch toughness?
A définité;answer to these questions Adds a new diménsion’to the alloy
deSign; Tﬁé aim of the present inyestigatidn wés“tb find a.Suitablé.
answér to_fhe_ébove questions and to correlate the mechanical properties
: with the structure of tempered martensite and bainite. Two.steels with
tﬁé same'carbbn‘(.BSZ C) and chromium (4% Cr) but one without cobalt»and
the other'with 5.3% cobalt were choéen. Since cobait is known to raisei
the MS, the.s;eel with cobalt had a higher M; compared to the onévwi£hout
cobalt. A third steel representative of a low carbon steel was aléo“chosen..

A Brief'study of the hechanical properties of the tempered hartensite_
and béinife was done to evaluate their relative merits and deme#ifs, It

11-15

had been shown conclusively that in a high carbon steel, the mechani-

‘cal prdperties of the tempered martensite : (which had twins in them)

. e ‘ . .. . » 1
were inferior to that of the bainite structures that were tw1nfree.l6’ /

19-21 In the low

However, contradictofy observations have also been made.
‘carbon steels, tempered martensite, having no twins, was superior to the
bainite product.
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II. EXPERIMENTAL PROCEDURE

A. 'Heat Treatment

The ingots were placed in cast irén tubes packed with cast iron
chips to prevent decarburization and then hémogehized at 2300°F for
three days;_ Pieces were cut from thé'homogenized ingpts; forged, and
finally rolled to the'required.thickness; ' | g ,

The specimens were homogenized in an argén atmosphere ét\1800°F1
for an hour and then quenched directly into water. They-were immediately
transferred fo a liduid nitrogen dewar and stored there for about an.

hour to ensure complete transformation of the untransformed austenite.’

. For tempering and isothermal transformations, low-temperature salt

baths were used, operating in the range of 350°F to 1050°F. Tempéring‘

was done at fﬁur different temperatures for 4 hours followed by queﬁéhing
in water; Forvisothermal tnanéformations; the specimens were directly
quenched into the salt bath operating at the required temperaturé and‘

then held for the required period. The heat-treated specimens were
sandblasted to remove any aecarburized layer. For continuous cooling'
studies, the specimens were dropped out of the furnace after homogenization
and then were allowed to cool in air. |

B. Mechanical Testing

Figures la and b ébow the dimensions of the tensile specimens and.
substandard Charpy impact specimens used. Tensile tests were performed
in an Instron machine with:avcross—head speed of .0423"/séc (.1 cm/min).
Impéct testing was performed using a substandard Charpy impact machine
using a 16-ft-1b hammer. The impact values 1istéd in the tables thus corres-

pond to the 16 ft-1b hammer.
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C. Electron Microscqu'

Specimeﬁs for the electron microscopy weré about 30 to 40‘mils

thick and were.heétetreated togéthér with fhe tensile and impac£ specimens.
 Thé bulk spééimené‘were then chemically th;nned in H,0, containiﬁg ZZ-HF..
at'room-témperature. The solution was cooled with water to avoid temper-
. ature rise Which Would resu1t in explosion; "'The Speciméns were thinn%d
chémically'to abéut 4 mils thick and then electfopolished; Disks of :
the sizé of”the standard Siemens specimen holder were ﬁﬁnched aﬁd then.
. polishedxih a.twin—jet polishing apparatus; Eleétrqpolishing was”done .
using a chromic-acetic écid soldtion (75 gms Cro3 + 400 ml acetictaéia

+ 20 ml of distilled water)f The voltage varied from 19-25 volts and_fhe
‘current vafied from 12—16 miiliamps. The polishing conditions, howevér,
depénded oﬁ,the jétbspeed and thexSpaCiné between the jets. Ndrmél
polishing timé was Qbout tﬁree ﬁinutes depending on the thickness of;

the initial disk. The disks were then exaﬁined in a Siemens Elmiékop I.
miéréscbpe.operating af 100 kv. |

D. Electron Fractography

A twé—stage plastic-carbon replica was employed for fracture studies.
The fracture éﬁrfaces of théFCharpy specimens wére replicated with éel-.
lulose—acétate tape fdllowed by éhadowing wi;h chromium chips at 45°
angle to th¢ surfacé; and finally carbon was normally evaporafed on ﬁhe
“surface. The tape was then dissolved in acetone and the carbon filmL

was dried and examined at 80 kV and at a magnification of 6000x.
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III. RESULTS

A. Mechanical Properties of Tempered Martensite

Table I lists the compositions of the steels investigated along :
with their heat numbers. Table 11 indicates the mechanical pfoperties
of the tempered steels. Figures 2, 3, and 4 show the variation of the

mechanicalvpfoperties on tempering for steels. 12, 26 and 24 respectively.

'Figure 5 summarizes the response of all the steels to tempering. All

the steels showed similar behavior on tempefing. When tempered at 400°F,

the tensile and the yield strengths decreased with .an attendant increase

in ductility and notch toughness. On tempering in the range of 6004800?F,

~ the yield;étrength and notch toughness values remained constant for all

the steels, followed by a rapid softening when tempered at 1000°F. Steel

26 showed better toughness (when compared to that of steels 12 énd 24)vwhén

- tempered at 1000°F, 1In general, the toughness values of the steels were

poor until 800°F tempering after which all the steels éhbwed a rapid increase
in toughness and a corresponding decrease in strength.v

It is of special interest to note that the yield strength of all the
sfeels decreased considerably on tempering at 400°F and then remained
fairly constant until 800°F, followed by a decrease when tempered‘at 1000°F.
This suggests that in the 600-800°F tempering raﬁge, ﬁhe normal softening
tendency was counteracted by a strengthening mechanism feSulting in no
significant net change in thg strengths. Again, on tempering at 1000°F
the streﬁgth'decreased because the soffening mechanism beécame predbmiﬁant.
The notch toughness values also showed a slight incréase on tempering at
400°F, then rémained constant (or slightly decreased) on tempering until
800°F ahd theﬁ increased considerably on tempering at 1000°F. When the

mechanical properties of steel 12 (no cobalt) and steel 24 (1.4% co) were
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compared (fig. 5), it was.f0uﬁd that steel 24 showed better pfopérties;
This improﬁement in the mechanical properties could be attribufed to

the cobalt addition in steel 24. However; this inéfeaée~in the mechani-
cal pfoperties'with the cébalt content of the steel was not 1ineér since
increasing‘the cobalt content from 1.4% (in steel 12) to 5.3%:(in steel
26) did notfshoﬁ any impfovément in the properties. The sdlid solutiog
;trengthehihg of cobalt couldvnof be estimated since thé carbon con;enéé
" of all the steelé were diffegent and the solid solution sfrengthening'of
cobalt cannot be distinguished from that of carbon.

B. Mechanibal'Properties-of Isothermal Transformation

band Continuously Cooled Pro&uCts

Isothefmal transformatiqns‘wére carried out at five differént teﬁper—
atures, namely 840°,.750°, 660°, 570°, and.480°F for 24 hours. In some
cases ﬁhe transformations: were carried out for 75.tov100 hours.V'Table 11T
lists thq\meéhaniéal properties éf the isothermal pfoducts. 'In geﬁeral;
the mechanical properties 6f isothermally decompésed s;eels'were inferior
"compared to the mechanical proberties of témpered martensite. With increés—
ing transformétion’temperature, the yield strength showed a decrease and
the toughness values showed a maximum at the transfqrmation temperaturé
of 660°F. isqthermal trénsformation at other temperatures had inferiof;
toughnéés: Fig. 6 shows the mechanical propérties of the iéothérmai products
.at different isothérmalitemperatures. Fig.7 summarizes the properfies*éf
"both tempefed and isothermally transformed steeis.
| Continuous cooling studies showed that steel 12 had a higher strength
and lower toughness where stee1>26 exhibited lower strength and high

toughness.  Steel 24 had properties in between steelé 12 and 26.
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C. Structure of Martensites

Electron-miérbscoPy study shows‘thatrtﬁe martensites of steel 12 and
26 showed little difference in twinning. The former had no cobalt and
had a lower MS temperature comparéd to the latter (see table 1). Since

both the steels 12 and 26 had approximately the same carbon contents (.35%)

the martensite mainly consisted of twinned and untwinned plates. The

" extent of twinning was not the same in all the plates but varied widely

from plate‘to plate. Fig. 8 shows the asquenched structures of steel 12.
Fig. 8a shows extensive twinning and fig.. 8b the dark field image where

the twins reverse contrast. By increasing the carbon content of the steel,
1,12

the volume fraction of such extensive twins was found to increase.

Fig. 8e is the bright-field micrograph of an adjacent region having rela-

tively finéztwins. Fig. 8f shows the bright field image. of twins in a

plate marked'A; The adjacent plate is marked B. The dark fieid image
of_(ZOO) spot shqws the reversal ofj;onfrast.of the twins, as well as of
plate B. ' This prQVes'that'plates B and A are twin related. ﬁesides the
twins, soﬁé gubstructureé were also.observed, marked. B in fig;‘8h;'aﬁdl’
the dafk field miérograph of the (110)'spot'reverses contrast of the twins
and substructures (fig. 83). Thus, these substructures aré also twin
related with fhe matrix A. Fig. 9 shows the aéquenched structure of steel 26
which has.5.3% Co. - The structure wés not very diffe;gpt from steél 12,
Again thé structure varied from extensively twinned plafes (fig. 9a) to
very fine tWins (fig. 9b). 1In same areas even disloéated martensite was
observed (fig. 9¢). The only striking change in steel 26 was the auto-
tempered'precipitates. Fig. 9d shows the bright field picture of a plate
and the carbides that are barely visiblg. Fig. 9e shows the dark fieid

picture where the carbides reverse contrast. The carbides were fairly
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spherodized and hence it was not possible to trace analyze the carbides.

*>*" have shown that the precipitates are cemen-

However,'earli'ervre'ports1

S L, .. - : . 23
tite, but autotempered e€-carbide precipitates have also been reported.
An'important observation wéuld be that . the autotempered precipitates
were'not observed in any of the twinned plates,-But were frequently
observed in_uﬁtwinned plates. The importance of this shall be discussed
later. Selected area diffraction patterns of the dislocatéd martensite
in the steels clearly indicate that laths are not twin related with

respect to each other.

D. Structure of Tempered Martensite

On témpefing at 400°F, cementite started precipitating in the
matrix acéoﬁbanied by pfecipitation along the twins. In some regions,
.ﬁavy e~carbide was also observed. Since the.carbide diffractioh_épots
were too weak, the carbides Were'idéntified by trace analyéis.'.It_has
already béén estabiished that cemeﬁtite forms on {110} planes of martensite

24,25 Moét of the car-

and e-carbide forms on {100} planes of martensite.
bides were,gémeﬁtife, and precipitation of ceﬁentite in tﬁe matrix was
ofvthé typical Widmanstatten .type. Figs. 11ld-g show preéipitafion of
cementite in.two sets of planes. Regions marked A in fig; 11d and B in
fig. 1lle wére e-carbides lying along {100} tréce. Thé e-carbideé were
wavy in nature unlike éharp precipitates of ceme;tite. Figs. 1lf and g
show the bright and dark field pictures of cementite. Though cementite
precipitation at the twin bounaaries was observed, no plate boundary .
precipitétion was detected.

While the cementité precipitation in an untwinned plate was of the

Widmanstatten type, the carbide morphology was considerably altered by the

presence of twins. Twin boundary precipitation of cementite started from
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400°F ﬁeﬁbefihg. These twin proboundary precipitation, in effect,
resulted in the'formation of long carbides along the tﬁins and acrosé.
the'plétés;  Observations showed fhat the cementite nuéléaﬁed discon-
tinuously éiongvthe twins and tﬁey éubsequently grew to.form contingous
carbides;'thus forming long barriers. across a plate. .The reason. the
twins aét as suitablé sites for fhe nﬁcieation of carbides has been
discussed by Tekin and Kelly.24

. Plate bouﬁdary carbide precipitation was observed at 600°F'tem;

pering (fig. 12). At all tempering temperatures above 600°F carbide

precipitation as well as general matrix precipitation occurred along

“twin boundaries, plate boundaries and austenitic grain boundaries.

With increasing temperatures, the matrix precipitates'started spheroi-
dizing and also the precipitates'along the imperfections were coarse.
Figs. 13:a, b are the dark field pictures showing clear plate boﬁndary
carbide>precipitation and matrix precipitation (fig; 13¢) which had

started to spherodize. Fig. léa shows the bright~field picture of

‘steel 12 tempered at 1000°F, showing spherodized carbides which reverse

cohtrast\in the dark field image (fig. 14b). TFig. 14b is the dark
field picture of (011) spot but since both the matrix and carbides
reverse contrast in the dark field image, a carbide spot is superimposed

on the (011) matrix spot. Coarse carbide precipitation along the twins’

is indicated in fig. l4c by an arrow, and grain boundary carbide

"precipitation is shown in fig. 14d. Fig. 15 represent$ the structure

of steel 26 tempered at 1000°F. Plate boundary is evident in fig. 15a

. (marked by arrow) whereas regions marked A in fig. 15b are "the carbides

on the twins. Fig. 15c is a dark field image of a carbide spotishowing

spherodized carbides reversing contrast.’
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Tﬁus, even after tempering at 1000°F the twins were not'reﬁoved
since the temperatire was not high enough for recrystallization.
There Was.no'significant differencé-in.the»étructﬁres of steels 12 and
26; indicatingvthat cobalt did not_éffect themtemperiné characteristics

of the steels.

E. ‘Structure of Isothermal Transformations

"and Cdntinuously Codled Products

Electron micrdscbpYustudies of steel 26 revealed that transformation
conducted at 750°F yielded a mixture of .upper and lower bainite (fig. 16)
_ and when transformed at 840°F, the structure consisted exclusively of
upper bainite (fig. 17). At temperatures below MS, the isothermal
transformation yielded a mixture of tempered martensite and lower bainite
(not shown here).

| Tﬁe lower bainité consisted of acicular ferrite with the carbides
at an angle of 55-65° to the long direction of'ferrite laths as alréady

repofted.26’27

The upper bainitic structures in these steels dre simi-
lar to the oneé‘already obsefved.27 The structure consisfed of laths
of bainite with carbide precipitation at the lath boundaries. The
carbidgs in lower bainite were found to precipitate on the'{l]2}a»p1anes
" but frequehtly'{llo}a habit were also observed (fig. 16d). The transition
from lower to upper bainite occurred ét the temperature range of 750-
850°F.
It has already been pointed out28 that the substitutional atoms
in steel do not contribute to the carbides that form in béinite; and
hence the carbides that form are cementite. Fig; 16é shows a diffrgction

pattern of the bainitic carbides and fig. 16f shows the crystallographic

relation between the cementite and ferrite lattices, which corresponds
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to the Bégaryatskii’oriéntation relationship as was already pointed
out,27’_?.and is as follows:

(100) cementite f (0I1) ferrite (001) cementite / (211) ferrite
(010) cementite // (111) ferrite : _ »

Continﬁbuély cooled struéfures consisted mainly of bainite (figs.
16—19);'Ain steel:iZ; a.mi#ed strucfure of upper bainite; lower bainite
and martensifg ﬁas obsérQed;. Fig; 18a shows the bright field image of
the upper $ainite formed during con&ihﬁbus cooling anf fig. 18b is the

dark field micrograph where the carbides at the plate boundaries reverse

contrast. Lower bainitic structures were also frequently observed as

in fig.:l8c;-.When disloéated martensite‘was present it was difficult-to
distinguish it from the bainitic laths wﬁich did not show pronounced
carbide’precipitation. " However, frequent martensite plateé were
obsérvéa having tempered carbides in them and were similar tbvtempered
martehsifé;vvFig. 18d showé one such bright field micrograph. Presence
of e-carbide was observed by trace analysis and are indicated by arrows.
When the.mértensite forméd was twinned, it could be Qery easily dis-
tinguiéhéd from the bainite. Fig. 18e shows a similar situation and

the twins in martensite are marked by arrows. . Thus, though more dis-

located martensite could have been present, it could not be distinguished

from bainitic laths. The width of the bainite laths were very fine

éompared‘to the ones formed isothermally and the carbides were also

finer in the continuously cooled steel (compare figs. 17 and 18a).
Continuougly cooled structure of steel 26 also consisted of a

mixture of lower and upper bainite with more of lower bainite. No marten-

site was observed. Again the carbides formed were finer than the car-

 bides formed isothermally (combine fig. 16a and 19a). Fig. 19a shows
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lower bainite structﬁre where again the carbides had habits vaiying
between (110) and (121).

F. Fractography.. Studies

Eig;'zoa-is the fractograph of stéel'lZ;aSqqenched énd shows

' cleavage rupture'whereas fig; 20b is tﬁe same steel fempefed at

ldOO°F and hence shows a typiéal dimpléd rubture. Fig. 21 is the,(
 fracture surface of stéél 12 tempered at 600°F whefe the arrest in the
yield strength had\occufred.v This again shows a dimpled ruptﬁre and
not cléavage. Since the steel tempered at 600°F did noﬁ shéw any
predominanf intergrénular failure, it indibated.that’the failure

was not due to any grain boundary carbide precipitation.



-13- v UCRL-19132

IV. DISCUSSION

A. Morphology of Martensites

Martensites bf steels 12 and 26 Shbwed little difference in twinning
dehoting_that MS is not the qnly pafamete? affectiﬁg twinning. The
belief that Ms controlled“twinning -failed" to answer why a Fe-Ni
martensife twins at about 28% Ni conteﬁt when the MS is beloﬁ réom ‘
temperature Whereas a Fe-C mértensité twins at aé low as 0.3% C when
the MS is ébout 700°F. Thus carbon has a diregt effect in twinning
~other than‘decreasing Ms' Other worker§33 debated that AG, the free
energy change of the y > o transformation would be the deciding factor
and twinning would occur when the composition of the steel was such
that the driving force at M_ attained’a criti?al value of 300 to 370
cals/mole. Again, Bell and Owen34 suggested that in Fe-C and Fe-N systems
the transition from dislocated tb twinned martenéite occﬁrs when a
critical driving force of 315 cals/mole was reached. But the‘authc.)rs33
could not‘confirmvthis theory in Fe-Cr system when they failed to observe
any twinmning at 5% Cr where the AG was 300 to 350 cals/mole. It would
tﬁué appear also that AG is not a key parameter in_decidingvainning.

Electfon microscopy observations showed that in steel 26'autotempered
carbides formed only in the untwinned plates. Autotempering occurs below
MS (provided: the MS tembefature is high enough to effeét carbide precipi-
tation) in the plateé that form first. Thié indicates that at temper-
atures at which autotempering occurs, the CRSS is favorable.for slip
resulting in twin free plates. However, at lower temperatures when

autotempering does not occur, CRSS is favorable for twinning and hence
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the mgrténéite‘twins. Thus;‘the tempefatﬁre at>which the plates_i
form affects the CRSS which in turn decides whether the plates‘will :
twin or élip. However;'thére is some ambigﬁitj Whén'fhe extent of
twinning is-correiafed with the'size'Of‘the mértenSife piates. Accord-
ing fo.thé.éarlier argumenfs;‘the platés_thatéfofm just .below MS wQuld
Be reléti?ely less twinnea than. the plafés férmed'Iéferf tOné wduld
I:éxpect ;he'plates that‘form'firét fo be the largest. .Similarly, the
plates forﬁéd at lower temperatures would be moré twiﬁned. General:
obsefvétiohﬁshéws'fhat fhis is nof always true. Notwitﬁstanding, it
is diffitult to assert fhat the last formed plétes are the smalleét.v
since_the-pqssiﬁiiity of formation of sméll‘plates ét high tem@efatures
cahnbt Be éxcludéd. Besideé; fhe size of the plates formed may not
continuously decregse from MS to M. Hence, iﬁ spite of the fact that
the correlation of plate size wifh.twinning is notbvery bromising,.other -
evidenées_(like autotempering) indicate.that the'femperature of formation
of martenSité may decide the relative extent of tﬁinniﬁg._‘
) In iﬁtetpfetiﬁg the autotempering effegts in the steels, one éﬁduld
be vefy:caféfulvabout the vafiabies. For instance, aﬁtotemperihg depehds
not oniy on the Ms temperaturé, but also on the thickness of fhe spééimens
quenchedQ Normally the thin foils prepared from bulk samples represent
the interior of the bulk sampleé and not the surface.‘ Thus, if the speéi—
men quenched is thicker, the interiof cools at_a sloﬁer rate resulting
in more autbtemperingvin the thin fdil studies.  The cqrrelation qf.
autotem@éring with Ms’ hgnée shogld not be'done with specimens of véfying
thicknesses. Experiments conducted by Page22 on a steel similar to-steel 12

(but with lower carbon) showed extensive autotempering. The bulk specimens

heat treated were about 100 mils thick. Though the M of these steels

et
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were higher than the present steels under invesfigation, the thickness
of the heat-treated specimens would have been equally important in
deciding the.ekteht of autotempering. |

In the low carbon martensite, the laths a;e.frequently separated

by 1ow'ang1e boundaries. TIn the high carbon martensite the strain energy

of the transformation Y > dAcannot be éccommodataiby low aﬁgle boundaries
between the plates and henée thé system redﬁces ifs strain energy by
fofming ;win related plétes. However, it seems that the plates are’
nat:wonly. twin related wiﬁh respect to each other but that the. other
structures (fig. 8h) are also twin related with the plates in which they
form.

B. Morphology of Isothermal Transformation Products S

The structure of steel 26 isothermally transformed at 840°F consisted

- mainly of upper bainite. According to Pickering,29 in a .35% C steel

this teﬁperature should be of the order of 980°F. vThisvdiscrepancy
could be explained due to the alloying elements in the stee126 since
Pickering's investigations were on -plain carbon steels.

Siﬁcé no twinning was observed in the lower.bainite,?the.preéipitation
of carbides on the {112} planes cannot be explained. In some cases
precipitétion along {110} was also observed which corresponds to the
cementite habit in tempered martensite. The argument27uthat twins can
be'removéd by carbide preéipitation is not likely since even temperihg
at 1000°F did not remove the twinning.

In spite ofvthe fact that the steels tempered at 1000°F show qérQ
bide preéipitation at the twins and plate boundaries, they do.not show

any arrest in the mechanical properties. This indicates that the carbide

precipitation at the twins and plate boundaries is not responsible for
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the observéd arrest that occurred‘in'the temperiﬁg rénge of 600;8006F.
However; some toughness woﬁld definitely be iost due to these bﬁeciﬁi—,
tations. For instance, it appears thét.the éarbide preciéitatioﬁ along’
- the twins ﬁould promote transgranular-failufé comparedtto the.sitﬁation
"when the twins ére:carbide free; but thisreffect does not éeem to be
pgedominaht. Moreover;‘éince all thé steels exhibit the arrest in tﬁé
mechanicél properties,'it is obvious that cobalt has no_Spécial role

in this arrest.

[

C; Structure and Mechaniéal Propertiesiof Temperea Martenﬁite
Electron microscopy evidence’shows that on'teﬁperiﬁg at 400°F
there was no plate Boundary précibitation but that precipitétion at
twin boﬁndaries had spartéd (fig. 1la). Tempering at 600°F,'HoweVef;
showed that carbides started precipitating at the plate.boundaries (fig. 12).
The twin boundary apd plate boundary carbide precipitation was obéerved : |
at all teﬁpering temﬁeratufes/above 400°F (figs. 12, 13é,b, l4¢,.1Sa,b).
Also, ﬁractograpﬁic studieé made cleaf that fhe_ffacture path was not
intergrénular but was primarily transgranular dimpied rupture.(fig. 21).
Tempering in thé 600-800°F range arrested the normal variations in
'iield strengthvand notcﬁ toughnéss. It ha§ already been mehtioned'thét
a sﬁrengthening mechanism could operate when tempered_in this range which
counteracted the normal softening tendency and held the yield_strength
fairly consfant. This strengthening.mechanism‘alsq caused an arrest in
the notch toughness values.
Referring to the microstructures of the tempered steelé, the steéls
tempéred af 400°F show the presence of e—éarbides. Since the nucleation
of éementite does not occur insifu,.it has been suggested that cementite

nucleates séparately and these fresh carbides form on dislocations, jogs,



~17- - 'UCRL-19132

etc.,’restirct their mpbility and hence affect the toughness. Had this
been true, the arrest.should have occurred at 400° itself since the
majority of the carbides ar 4QO°F were cementite. Thﬁs; it may be
concluded that the‘freshbnucleétion of ceméntite is not the factor
causing ﬁhe'arrest.

Repértsron secondary hardening by Bain and PaxtonBS-sHow that théugh
a.4% Cr, 0.3§'C steel does not exhibit any pronouncéd secondéry harﬁening,
there is a definite change in fhe hardness versus tempering temperatufe

curve. In other words the tempering of this steel in the range of 600-

- 800°F is accompanied.by precipitation of chromium carbides which causes

secondary hardening (though not pronounced). it has been gonclusiVely
éhown that secbndafy hardening is a function df.both cafbon and chromium
content. If thevcarbon content of steel is ﬁigh (about .4%), then signif—
ipant segdﬁdary hardéning occurs at as low as 3% chromium content, whereas
with:.3SZ C only 4% Cf produces slight hardening. ‘The reasén Page22 failed
to'observé any secondary hardening in his steel (Fe-4% Cr-0.18% C) wés§
becauée of the low carbon content of his.steel. Again the ﬁempering at‘
600—800°? only arrests the yieid streﬁgth aﬁd notch toughness values but
peither causes an increase in yield strength nor a decrease in toughness.
This is because the secondary hardening is not pronounéed§ but with ﬁigher
Cr or C‘contents the effect would be more prominent showing a clea;'

increase in strength and decrease in toughness. TFurther support to the

. above argument'can be claimed from the fact that the hardening repofted

in 4% Cr .35%C.steels35 occurs in 600-800°F tempering range, which is
the same as observed in the present investigation. Thus, the formation
of chromium carbides seem to be the proper explanation to the dbservation.

Unfortunately, electron microscopy evidence cannot be produced to prove
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_ that the carbides are chromium carbides dee to ehe lack of-a carbide
diffracfion pattern.-'At these.high temperiﬁg temperatures,’the cérbides
spherodize eonsiderably and it is almost impossibie tovtface analyze
these carbides. Hoﬁever, k—ray miere—anelysis on the extraeted carbides
will be'eenducted to identify fhe carbides. Siﬁeevcobalt is not a ;
carbide forming element, it doesn't effect the formation of ch;omium
carbides. .Thus, the very fact that the chromium content in‘ail the
steels is the same; all of them exhibit the hardening phenomenon
irrespective of their'cobalt contents.

'The’rapid‘softening that occurs at 1000°F needs considerableratfention.
Normally one would eXpect:to have complete recrystallization of the
Structure for‘such a softeniﬁg. Fig. 15b shows the bright field image
of carbidee,and regions marked A'show the carbides that had forﬁed on .-
twins. Fig. 15c shows. spherodized carbides reversing contrast. Other
regions (not shown here) also exhibited twinhing which clearly indicate
that twins had not been removed eQen at that higﬁ tempefing temperature.
Thus, the softening could only be due to the faet that tﬁe carbides had
compleeelylephefodized and the matrix was vefy soft due to eompiete
depletion of carbon frem it. This oniy explains why all the three steels
rapldly soften on tempering at 1000°F but it does not explain why the
cobalt steel should show a more rapid increase in toughness. |

D. Mechanical Properties of Isothermal and

Continuously Cooled Products

The Ms temperatures of the steels investigated are in the range of .
660-750°F (Table I). Isothermal transformation carried out above this
temperature yields bainite and below this temperature, a mixture of -

bainite and martensite, tempered at the temperature of holding. In view

L4



19— UCRL-19132

of the high'MS temperature of these steels, isothermal transformation

~yields inferior mechanical properties as.indicated in fig. 7. This

dogs nbtbmean that in high carbén steelé.tempered ﬁartensite has better

mechanical properties than thaﬁ of Bainite because oné never gets 100%".
lower bainite in these_steels; The MS is so high that isothermal tréns—
formétion at MS yields a mixture of upper and lower bainites with ﬁore

of lower bainite. An increase in the transformation temperature would

obviously increase the proportion of upper bainite which is not desirable.

A decrease in the transformation temperature would cause the formatioﬁ
of (twinned) martensite and yield a mixture as méntiOned already. From
fig. 6 it is clear that on increasing the transformation temperafure
from 570-660°F the notch toughness increéséd énd‘then‘décreased'as the
temperature was inqreased‘from 660-750°F. Thé increaée in notch fough_

ness is due to the increasing proportions of lower bainite and a corres-

- ponding decrease in the amount of tempered martensite. But this increase

is compensated by the fact that increasing transformation temperature

11,12 However, it

decreases the toughness of the lower bainite formed.
seems that the increase in toughness dverweighs the corte5ponding decrease

and hence one observes a finite, though small, increase in toughness.

On increasing the transformation temperature, upper bainite replaces

~ lower bainite over a range of temerature and the toughness decreases

again., The optimum transformation temperature seems to be around 660°F
which strikes a:good compromise among these phases. Thus, while the
isothermal transformation at higher transformation temperature is iﬁpaired
by uppef’bainite, the steel transformed at lower (below MS) temperature

is embrittled by the presence of tempered twinned martensite. ‘Since a

100% lower bainite could not be formed in these steels, a direct

e
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evidénce of"superiority of bainite cannot be claimed. '"NOtwithstaﬁding,‘
this could be seen indirecfly.sincé tﬁeAtoughness increased with the
decreasing amount of tempered martensite.

The vafiatién in toughness described above could not,possibly be
dué to virgin martensite that coﬁld have formed from the untransformed
austenite on cooling to room temperétufe aftér tfansférmation becauéé
prélonged holding at thaf temperature did not resuit.in any significant
change in properties (Table III). However, this point will be checked
to confirm the argument. |

The vast difference in the properties of continuously coqled.s;eél 26
and steel 12 could possibly be due to the untransformed austenite that’
ultimately ﬁransformed to martensite. Since thé TTT curve of steel 26
was to the left of the curves of steel 12, possibly the bainite trans-
'fofmation did not go to completion in steel 12 and hence the steel was
embrittled due to martensite. Steel 26 consisted mainly of 1owef
bainite and'some upper bainite and practically nolmértensite could bé
detected. The steel hence'shéwed better toughness. Moreover, the:
finer bainitic iaths could also have contributed to the‘toughness.

E. Effect of Mg on Twinning o h)

A direct correlation between MSAand twinning is hard to conceive for
all the steels. The alloying elements in a steel not only alter the M
temperature.of'the steei, bﬁt also affect many other factors. Thusg by
fixing Ms.as a parameter, one obviously overlooks the other changes fhat
have occurred besides the change in M. The endeavor to make thé CRSS
favorable.for slip Ey increasing the temperature at which martensite.
starts f§rming (by cobalt additioné) is not likely to be succeséfﬁl.v

This is because the CRSS is not only affected by temperature, but is also
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affected by the alléying.elcmenﬁs. 'Any solute éiemenf would invariably
increase'the stress required to slip. This increase may not be very
appreciable with éubstitutional elements like Cr, Ni, Mn, et;., but_

the intérstitial elementé such as carbon would cause a tfemendous
increase. Althodghlfhe increase in the MS ﬁemperature of the steel with

cobalt decreases the CRSS for slip of martensité;vthis decrease in CRSS

for slip may be compensated for by increase in CRSS due to solid solution

effect of cobalt. Thus, the martensites of steels with and without

cobalt show little difference in twinning. Tﬁe effect of solute elements:
on the fwinning stress should also be cénsidered. Not: much work has been
done_on'this topic. Notwithstanding, the effect of soiute elements on
CRSS fof élip is exﬁected'to be more pfonounced than their effect on
CRSS for twinning. Carbon hés a tremendous effect on CRSS for slip
compared to Nivand this could”bevthé feaéoﬁ why, gt the . same Ms tempera-—
ture, a.Fé—C martensite éhows more twinning than a Fe-Ni martensite. Thus,
the M témpérature of a steel is not an absolute measure of the twinning
in the martensite. |

F. Effecf of Twinning on Toughness

Earlier worksll’12

‘indicate that twinned structures do not have
superior notch toughness as cOmﬁared to the twin free bainifevstructure.
Thus,-in a high carbon steel a twin free bainite étructure»is preferred

to twinned tempéred maftensite and the reverse is true in a low carbon
steel, Moreover, the mode of deformation of martensite is important.

In highlcéfbon steels (above .047% C) the mbde of deformation of martensite

0,31 to be twinning. Thus, besides the fact that trans-

3
has been shown
formation twins result in poor notch toughness, they also intersect

. ' . . . . . 32 ,
with the deformation twins and give rise to microcracks, which are
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detrimental to the mechaniéai‘ptOPerties.of the steel. Thus,-a.hig£ 
carboﬁ steel is disadvantagéohs in fhese'tyo’ﬁays. When a'highb carbon
steel is tempered; the carbon coﬁtent of the matrix is reduced so that
the marQeﬁsite deforms by tWinning; Thus, in‘téﬁpered.steelé thé
_deformation madé is less‘likely to.be twinning. However; the question
_ whéther the traﬁSformationvtwins affect the mode of deformétion'still
remains £olbe answered. The inférior toughness of the twinnéd sffuctures
u(comparéd to thé toughness of twin-free bainite) cannot be attributéd to
the Aeformation mode, bﬁt the transformation'twihs definitely affect.
the toughness. The transformation twins in the asquenched_marténsifé alter
the morbhology of the-sdbseduenﬁ cérbide precipitatidn on- tempering.
Thus, the>nuc1eation of cracks due to pilé-ﬁp of dislocatioﬁs~at the
‘carbides would seem pé be a plausible mechaniém of decreasing toughneés.
In the steels, one cannot evaluate the effect of twins on fhe toughness
because the carbide morphology cémés into play onvtémpering._ Even the
toughneSs'of the asquenched martensites with and.without twins do not
give any indication 6f fhe gffecf of twins because even if the high 
carbon ﬁafteﬁsite is less tough (as ié always the case), it does not
indicate that the twinning in the high carbon martensite causes the
inferior toﬁghness.' This is becausé the solid solution effect of carbon
is vefy pronounced and thusgit is impossible~to’distinguish its effect
on toughness from the effect of twins on toughnesé. The toughness:
values of Fe-Ni élléys with and withoﬁt twins (high and low Ni alloys
reépectively) would indicate the effect of twins on toughness sinceithe
‘solid‘solution effect of Ni is not as pronounced as carbon. Thus, in
order to inVesfigate the effgct of transformation twins on toughness,

all other factors (like carbide, morphbiogy, etc.) should be eliminated.

-
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V. CONCLUSIONS
_1._AnAincrease in Msvtemperature does not‘degfease twinning and
hence MS is not the sole factor determining twinning. Thus, two steels
having the same MS températu;e; but different composition need not

exhibit the same extent of twinning.

I

2. Although'MS is no indication of twinning when comparing twé
different steels, in the same steél the temberature at which martensite
forms, which varied from MS to Mf, determines the extent of twinning
in the plates. Plafes formed.initially wéré less twinned compared to
the Onesvformed léter at lower temperatures.

3. Twinned structures have inferior mechanicél properties compared
to untwinned structures.

4, it does not seem practicable to produce a high carbon twinrfree
martensitg in the normal structual steels.

5. A finite (though small) increase in toughness in the high
cobalt éteels over the straight chromium steel can be attributed to
the autotempering observed in théée steels;

6. All the steelsvshﬁw similar changes in the mechanical properties
Qn’tempering. The high cobalt steel has higher.toughness than the dthers‘

‘
on tempering at 1000°F,

7. Since all the steels exhibit an arrest in the mechanical

- properties when tempered in the 600-800°F region, cobalt has no effect

in the arrest.
8. The observed arrest in the mechanical properties is not due to
plate boundary or twin boundary precipitation of carbides.

9. The arrest in the mechanical properties of all the steels when
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tempered.in the 600—860°F region could be due to_tﬁe fbrﬁation of
chfomiﬁm'cafbides in this femperature rangé; Ali tﬁevgtéels exhibit
thislaffést since all of them have 4% Cr.

10..In steels haviﬁg high MS témperétures,-isdther@éi:trénsformations
do not yield superior prcducts due to the'interfefence of upper bainite.
In such steels, tempered martensite has better mechanical prOpertiés
(in spiterbf tﬁe twinned strucfure).

11; An isothermal transformation temperature of 660°F shows optimum
mechanical préperties.

12; Contindous.cooling of cobalt steels yields a toughef and a lgwer
'yield strength steel compared to-the_straight chromium s;éei"which is
brittle due to martensite.

13. Bainite laths and carbides formed during continuous cooling are
finerithéﬁ the ones.formed by isothermal transformations. |

14, Addition of cobalt in excess of 1.4% does not result iﬁ any

improvement in the mechanical properties.
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Table I

T - o=
Heat Nb;'_‘ Compoéiﬁion - Mb% teﬁ@;
‘ % Cr % C % Co % Fe oyiF
1 12 by 0.343 0 bal 660
2 26 I 0.351 5.3 bal 735
3 ok L 0.281 1.h bal 725

v

4



Table II

Mechanical Properties of Asquenched, Tempered,. and Aircooled Structure

oot et Temert o uma o ous am Oy T
ture (F) , ksi ksi ' ' (ft-1bs)
Asquenched 265 219 v I 0,30

400 219 ' 179 L6 ' 0.70

12 600 212 175 - b5 0.70
800 197 172 4,0 é.OO
1000 ' 168 146 7.3 | 7.140
Normalized , 243 185 . 5.0 B 0.90
Asquenched 258 : 209 5.0 0.60

Loo 217 177 L.8 . . 1.00

26 600 - 211 179 | 5.2 0.80

800 189 168 ' 6.6 e - 1,70

1000 : 162 142 7.7 10.50
Normalized 172 - 150 6.0 3.60
Asquenched - 268 216 x - 0.%0

| LOO P25 180 ” 5.0 ©1.90

2h 600 | 216 181 bkeo 1.00

800 189 163 ' 6.50 3,00
1000 161 142 7.20 9,60
| Normalized 200 - 166 b.30 2,50

.)é.
Substzndard Charpy impact specimens using a 16 ft-1b hammer.

-68_



Table IIT

‘Mechanical Properties of Isothermal Transformations

Steel Temperature Time Tensile Yield % Elongation‘ Charpy Impact-
. o strength strength value™
°F - (Hvs) ksi . , o (ft-1bs)
40 15 2@ . 190 Coss 08
" 100 o235 189 6.0 . 1.0
12 570 oL 23l 192 5.k 0. 40
| | 2k 21k 182 6.1 Lo
660 75 220 188 7 1.k
B 100 220 - 182 8 1.6
750 2L 185 158 7 ‘ 1.0
480 7 77 155 o Lk
_ 100 210 177 - L4 1.5
26 570 ol 210 185 L5 - 0.6
2k 206 179 © 5.0 : ' 2.0
660 ' 75 173 158 ‘ L3 1.6
. 100 176 151 b7 2.0
750 - ol 150 13k, . 5.0 . 1.20
840 2k 15k 126 6.1 0.50
| 75 237 190 . 5.0 1.0
2h 480 100 — 189 - ' 0.7
66Q 75 - 226 | 194 5.0 ' . 1.Q '
' 100 220 182 _ 8 | 1.4

¥Substandard CHarpy impact specimens using.a 16-ft-1b hammer.
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~ TENSILE SPECIMEN, THICKNESS=0.06"
: : |

(a)
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Fig. 1. Dimensions of (a) tensile specimen (b) sub-

standard Charpy impact specimen.
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Fig. 2, Effect of tempering on the mechanical
properties of Steel 12,
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Fig. 3+ Effect of tempering on the mechanical
properties of Steel 26.
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Fig. 4. Effect of tempering on the mechanical
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-38-

Pig. B,

_9(002)y

® MATRIX

@ MATRIX AND
(0112 TWIN

O
mOO)AAC%mnT

(01T) 020),,

MATRIX ORIENTATION [too]
TWIN ORIENTATION (212)
TWIN PLANE (na)

d

XBB 6911-7672

Martensite of Steel 12, (a) Bright field image showing
extensive twins., (b) Dark field image of(IOI) spot
[circled in the pattern (c)] reversing contrast at the
twin., (c) Selected area diffraction of the twins in (a).
(d) Indexing of diffraction pattern (e).
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XBB 6911-7671

Fig. 8 (continued) (e) Another region showing fine twins.
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XBB 6911-7665

Fig. 8 (continued) (f) Bright field micrograph showing plates marked A and B,
which are twin related. The inset shows the selected area diffraction of
the twins in plate A having an [0ll] orientation. (g) Dark field image of
(200) spot [circled in the selected area diffraction of (f)] reversing
contrast of the plate B and the twin in plate A, This shows that plates

A and B are twin related. (h) Bright field micrograph showing plate A
containing twins and some substructures marked B. The inset shows the
selected area diffraction of the twins in [111] orientation. (Jj) The dark
field of (1I0) spot reverses the contrast of the twins and substructures

shown in (h)., This proves that the substructures are twin related with the
plate,
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Fig. 9. Martensite of Steel 26. (a) Dark field micrograph
showing reversal of contrast of the twins.
(b) Regions showing fine twins marked A.
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Fig. 9 (continued) (c) Bright field image showing dislocated martensite.
This structure was not frequently observed in this steel. (d) Bright
field micrograph of a plate exhibiting autotempered carbide precipitation.

(e) Dark field image of a carbide spot reverses the contrast of the
spherodized autotempered carbides.
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XBB 6911-7659

Fig. 10. Bright field micrograph showing dislocated martensite in
Steel 22,
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XBB 6911-7658

Fig. 11. Steel 26, quenched and tempered at 400°F for 4 hrs. (a) Dark field image of (110)
twin spot [circled in the inset of (b)] reversing contrast of the twins. (b) Bright field
micrograph of extensive twins with the inset showing the selected area diffraction pattern. -
The cementite precipitated along the twins are not clearly visible in the bright field image

but in (¢) the dark field micrograph of a cementite reflection reversing the contrast of
carbides at the twins.
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Fig. 11 (continued) (d) Bright field image of a plate showing two
directional sharp precipitates of cementite and wavy €-carbides

marked "A". The carbides are identified by trace analysis. (e) Show-
ing cementite precipitation., Regions marked "B" refer to wavy €-
carbide precipitates. (f) Shows sharp cementite precipitates in a

plate and (g) the dark field micrograph showing reversal of contrast
of cementite.
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Fig. 12, Dark field micrograph of a carbide reflection reversing
contrast of the carbides formed along the plate boundaries and in

the matrix (40,000X) in Steel 26, quenched and tempered at 600°F
for 4 hrs.
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Fig. 13. Steel 26, quenched and tempered at 800°F for L hrs.
(a) and (b) Dark field image showing reversal of contrast of
coarse carbide precipitation in the matrix (spherodized), on
twins and plate boundaries. (c) Dark field micrograph showing
reversal of carbides inside a plate.
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Fig. 14, Steel 12, quenched and tempered at 1000°F. (a) Bright
field micrograph showing spherodized carbides. The inset shows the
selected area diffraction pattern having an [100] orientation.

(b) Dark field image of (01I) spot reversing contrast of the matrix
and the carbides because a carbide spot is superimposed on the (01I)
matrix spot. (c) Bright field picture showing coarse carbide
precipitation along twins (indicated by an arrow) and (d) along
grain boundary (indicated by an arrow).
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XBB 6911-7675

Fig. 15. Steel 26, quenched and tempered at 1000°F, (a) Bright
field image showing carbide precipitation at the plate boundaries
(indicated by an arrow). (b) Bright field image showing precipita-
tion of carbides in a plate and along twins (marked A). The
carbides reverse contrast in the dark field image (c).



i

XBB 6911-7661

Fig, 16. Steel 26, isothermally transformed at 750°F for 2L hrs.

(a) Bright field image
angle of 55-65° to the
of upper bainite where
The cementite reverses

showing lower bainite with cementite at an
long direction of the laths. (b) Regions
cementite forms at the lath boundaries.
contrast in the dark field image (c).
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(d) Bright field micrograph of lower bainite.

(e) Selected area diffraction of lower bainitic carbides. (f) In-
dexing of diffraction pattern (e).
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Fig. 17. Steel 26, isothermally transformed at 840°F for 24 hrs.
Bright field image shows upper bainitic laths with carbides along
the lath boundaries (carbides not in contrast).



-535=

XBB 6911-7670

Fig. 18. Steel 12, continuously cooled. (a) Bright field image
of upper bainite. The carbides reverse contrast in the (b) dark
field image.
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XBB 6911-7660

Fig., 18 (continued) (c) Bright field image of lower bainite
showing two directional laths. (d) Bright field micrograph of

a tempered martensitic plate showing sharp cementite precipitates
and wavy €-carbide (marked by arrows) (e) Bright field image
showing regions of twinned martensite (marked by arrows).
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XBB 6911-7663

Fig. 19. Steel 26, continuously cooled. (a) Bright field image
of lower bainite and (b) the dark field image where cementite
reverses contrast.
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XBB 6911-7666

Fig. 20. (a) Replica fractograph of martensite of Steel 12 showing
cleavage failure. (b) Replica fractograph of Steel 12 gquenched and
tempered at 1000°F showing dimple rupture.
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XBB 6911-7673

Fig, 2%. Replica fractograph of Steel 12 quenched and tempered
at 600 F showing dimple rupture.



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: :

A. Makes any warranty or representation, expressed or implied, wit

respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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