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ABSTRACT
The structure and mechanical prOpertiés of tempered martensite

and lower bainite were investigated‘in a series of:high purity 0.25%

_carbon stéels with varying amounts of Ni and Mn. The martensites

in .25C-5Ni-Fe and-.25C-3Mn-Fe alloys were mainly untwinned, while those
in .25C-5Ni-7Mn-Fe and .ZSC—7Mn—Fe alloys were heavily twinned. Manganese -
appears to promote carbide precipitation along the lath boundaries in
tempefed martensite. At equiValeﬁt yield and u1ﬁimate tensile strength
levels, the tempered martensite of ldWer manganese steels showed better
impact touéhness than the tempered martensite of higher manganese steels.
The impact toughness (compared at.similar strengthllevels) of untwinned
tempered martensite of 0.25% -carbon steel with Widmanstatten precipitation
ofvcarbide was higher thanAthat of iower-bainite,-which showed unidirectiénal
carbides.

The reasons for the difféfence in impact tougﬁness between the
alloys, and ;lso between the structures are rationalized in terms of
internal twinning, grain boundary ﬁ:écipitation and carbide morphology

togethef'with other microstructural features.
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I. iNTRODUCT'IoN
In recent years_it has been aréued as toewhefhef the bainitic or mertensiiic
structure has‘betfef toughness when-compared at the same strength level. Holloman
et_ai.l have shown that an ATS13135 sfeel at a similar nominal tensile strength
the ' - toughness of bainite was lower than that of tempered marfensite. In‘a
0.2%C, Mn Ni, Cr, Mo steel, Herres and Lorlg2 renorted-that the notched-bar
impact toughness of balnlte was 1nferlor to that of tempered martensite.
" Similar advantages ofvtempered marten51te have been establlshed by Griffiths
et al.? SachS‘et al.h and also Belley.’5 On the other hand, Opposlte results
have been shown‘by others.6“12 These latter workers found the toughness of
bainitic ssfuctures to he supefior to the conventional gquenched and tempered
ones. It seems that in certain cases tempered martensite may possess hetter
toughness than bainite of similar strength levels and in some cases the reverse
may be true. .it has long been suspected fhat ﬁhis eontroversy is due to the
dlfference in mlcfostructure. |
It has been suggested13 lh that the presence of internal tw1nn1ng in e
“marten51te may rednce its ductlllty. In a recent 1nvest1gatlon,l5 it was found
that at equivalent strength levels the toughness of iower‘bainite was higher than
that . of the heavily twinned tempered_narfensite and i£ was- suggested that untwinned
mertensites'possess.better touéhness than that of bainites. Unfortunately.fully
hainitic structures could not_be obtained in the low carbon alldysls so that
dis100atedhmartensite and bainite could not be compared. Therefofe; the present
authors heve carried out e similar insestigation to determine whefher disio—
cated'martensite (i.e. without internal tWinniné), is ﬁougher than bainife or
not. Furthermore, compositionalbfactors affecting the substructure of marten-

6,17

‘site (i.e. dislocated vs. twinned)l were also investigated.
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It is known that carbon lowers the Ms teméerature drastically and
promotés.tﬁinning. Mostvéllbyiﬁg elements in étéel aléo lower the MS
temper;ture; Manéanese has the strongest effect followed by nickel
and chromium,.while cobalt raises Ms’ although cobalt does not seem to
reduce‘twi'n_ning.15 'Therefore, by édjusting thé composition, it is
possible tovvary fhé‘MsAtemperature, the yield strength, ahd the extent
of internai twiﬁning. Exceﬁt for a discussiOn-by Boniszewskil8 who stated
in Fe/O.2C/(2-7Mn) steé;s that ihcreaséd'manganésefinCreased the amount
of intérhally tﬁinnedvmartensite, little is known generally about the
effect 6f mahganese on marténsite subéfructure. Thﬁs this investigation
on steels with varying manganqse content will add to the existing data
of the gffect of carbon and nickel on the éxtentkqf interné1vtwinning in
martensite.

It haé.been repqrﬁed that ﬁanééneée'addiiions imprévéd the toﬁghness
of very low cérbon steel»(less tﬁan O._037%C)19 and also same commercial

20-23. _, ’ |

steels. - It is intefesting to note the structure of all these steels

consists of ferrite and pearlite and nene of them contained more than 2 wt.

pct of manganese. Some'investigators have found that manganese was deleterious -

2&’25 However, the effect of

to the toughness of 18% Ni maraging steel.
manganese on the toughnésé of Fe-C martensitic steels is not understood.
Thus, by usiﬁgva*éeries of high purity 0.25% éarbon alloys with varying -
: manganese contents, an attempt has been made in the présent work to invesfi;
gate #hether manganese is injurious to the téughnessvof tempered mértensitic
steels or not, and if so, why.
IT. EXPERIMENTAL PROCEDURE .
The compositions of the alloys under investigation are given in Table I

B
along with their MS temperatures. The steels will be referred to by their




.

=3~ l

heat numbers as given in Table I.

The élloys were providéd,by'Republic Steel Corpdraﬁion and ﬁére

‘bbtained as 70 1b. air induction heéts, éﬁbsequehtly rqlled to sheet

and plate. Specimens from these»were‘austeﬁitized'at>l650°F for one

“and one-half heours in an érgon atﬁOSphere,'and water quenched. Then

Ehey were immediafely immersed in 1iduid_nitr6gen and refrigerated

for 20vhours to ensure complete transformation to martensite. Temper-

ing was done in a neuﬁfai salt bath. All the specimens‘were doﬁble'

" tempered for 2 plus 2 hours (with intermediate quenching and refriger-

ation) at diffefent'témperatﬁres. This completely éiiminated the
reﬁained austenité.v.Bainité was obﬁained By quenéhing the specimens
difeCtly ihfo_the salt’Baéh f0116Wed'by isofﬁerﬁal tfansformation at
the required tempefature., Carbon analyéis bgforevand aftér_heat treat-
ment showéd ﬂq signifigant decarburizatioﬁ;  Nevé;the1éss, after héat 7
treétmént, tensile spéciméns were carefully gfound from both sides in
ordef to éiimihaté-any bdssible'effects of surfaée deéarburization

from austenitizing. Flood cooling was employed:to'mini@ize specimen

“heating during grinding.

Tensile Speciﬁens of 0.060 in. thick were tested on an Instron |

ﬁachine at a cross head speed of 4 x 10_2 in/min. Standafd size

_Charpy V-notch specimens were used for @easuning- the impact toughness.

All tésts were -conducted ab room:temperature.
Thin foils for transmission electron microécopy were prepared from
0.060‘in. thick heat treated specimens, first mechanical.grinding,

then chemical thinning and finally electropolishing iﬁ'chromic—acetic»

-eléctfolytebusing'the window technique.:'Foils were examined in a
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Siemens Elmiskop IA microscope,'oparated at 100 kV. Two stage plastic/

carbon réplicaq oféuiémfreshly' broken fracture surface:' of Charpy speciméns '

ﬁeré prepared and ékamined in the electron micrbsc0pe at 60 kv,
IIT. RESULTS

A. Mechanical Properties

‘(Figures 1 and‘2 show thé:Variation of'méchanical properties versus
tempefiﬁgvtemperature. Steels with 5% nickel,.i.e; 804, 805 and 806.
(Fig.vl) show siﬁilar tempering characteristics. _The yield énd ultimate
teﬁsilévstrengths drop‘and elongation and Charpy V-notch impact energy
increase ‘with tempering temperature, as expected. By compéring steel

804 (0% Mn), 805 ¢ &% Mn), and 806 (38% Mn), it can be seen that the
addition'of first~2% Mn.is.véry effective in increasing tempering.
_resistance.. The Charpy V-notch toughness of 80$,and.806 show an
embritflément when tempered around'600°F. This is the so—c;iled |
500°F embrittlement wﬁich generally occurs through thé”range of 400 ~
700°F. It’is iﬁtefesﬁing that this doeé hot'exist in éteél 804.and the
vdegree.of embrittleméntiincreases fréﬁ steel 804 to steei 805,vuo
steel 806, in that order. This increase in‘&egree of 500°F embrittle-
lment_of tempéred martensite with_increasing ﬁanganese content is very'
similar to that obserwved by Payson26bin carbon steels,.where increasing
carbﬁn also enhances 500°F eﬁbrittlement.

Figure 2 shows the tempering behavior of steel 807, 808 and.809.

..Again the yield and ultimate tensile strengths drop and elongatiors generally

increase. with tempering temperature. Similarly to steel 806, steel 807
and 808 show embrittlement when the tempering temperature is 600°F.

Steel 807 possesses high toughness when the strength is low. However,

¥
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thé”CVN im?éct:energy for steel 808 and 809 afe so loﬁ, that the
toughneéS'never exceeds 20 ft—lBs fhfbugh the whole”fange of strength
1g§els;_,The‘mécﬁéﬁicélbpropértiés wiii be;cérrélétéd with.structure
latér.i - |

In order:to>shdw the variatioh'of ﬁoughﬁess with manganese content
at similar strength levels cu;vesbare drawn in Fig. 3 for steel 804 to
809. All the pointé,are interpblated from the tempering curve. It can
be seen that the toughnesé:of 5Ni-.25C 'steel.s, i.e. 804, 805 and 806,
incfeésés'éiightiy‘uﬁ to'addition.§f ~27 ménganése but drops'at higher
manganese éoptents. Aléo, the tougﬁness of .257% cafbon martensitic steels
(807, 808'and 809) drops wi;h\increaSing maﬁgénééévffOﬁ 3 to~7%.

The Charpy V-notched tnghnesS obtained at various yield strengths for
differen£ heatslare‘shOﬁﬁ in Fig. 4. The uitiﬁate tensile‘sﬁrength-toughness
varies innlike‘ﬁannef. Again, éteeis 804, 805 and‘807 show thét toughness
decreases wifh ihéréasing sfrength; whiiét steelé with higher manganese,
i.e. 806;v808 and 809 are.véry.bfiftle and the toughness &alues are low
even at low stréngthlleVeis. At_eqﬁivalent étfengths the marked difference
1n'toughnéss between lower and higher mangénese.steel.indicates that
increésed manganese content above ~2% in 5Ni-.25C steel or ~3% in plain
v.25C sﬁeel‘is deleterious to the toughness of these tempered martensitic
steeis..‘ | | |

The ﬁebhﬁnical propgrfies of as—transfdfmed Bainite are relatively
boorer than.that ofltempéred‘mareensite of the same steel. The yield -
strength drops and the toughness increases with increasing isothgrmal

- transformation temperature. io compare the toughness of martensite with

bainite, it is important to ensure»thét a fully bainitic structure



is obtaihed. The atfainment of fully bainitic strﬁcturés in

steels 804; 805 and 807 was verified by examiningbthe microstructure of
tainite “after tempering- at low temperatures. Since the carbide morphology
in bainite and in tempered:martensites is different; the presence of |
| aﬁy.martenéite in as-transformed bainite could be detected By examining
foils in the electron microscope. Further coﬁfifﬁation was obtained from
the mechanical properties, which do not change much by témpering, except
‘slight lowéring of sfrenéth, Whéreas mixed structures of bainite and
'marténsiﬁe'would have éhoWn different meéhanical properties'after
tempering. It was not possible to obtain 100% bainite in stéelsv806,

808 and 809vso these alioys are excluded from this discussion.

The comparison of toughness between lower béinite'aﬁd:témpered

mafteﬁsife'§f steelé 804, 805 and 807 is shown in Fig. 5 by piotting

CVN impact value agéinst.strength for the two structures. It can be

seen that at similar strength levels, the_toughness values ©of the~bainite‘of
these steels are inferiér compared to those of tempered'martensite. The
strength levels of bainifé are limited due to fhe restriction on the
isothermal transformation, i.e. higher isothermal transformatioﬁ temper—
étufe gives ﬁpper bainite which is not desired.

. Summarizing the above results‘ét similar yield and ultimate ;ensile
streﬁgth lébels, the tempered martensiﬁesvin steels of lower manganese
content (1Eé. 804, 805 and 807) show better toughness when compared to
steels of.higher manganese content(i.e. 806, 808 and 809). The tempered
martensite of steels 804, 805 and 807 has better toughness than the

‘bainite of the same steels.
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" B. Structure of Martensite

:Both‘EIectron and x-ray diffraction observations showed no evidence

of epsilon martensite in any of the alloys investigated. All the marten-

‘sitic structures'describéd:invthié baper were identified to be body

céntered'dlbha marténsite{ The ﬁiérostfuCture Qf'untempered martensites
in steeis.BOh,'BOSVand'So? are ﬁypicaily dislocated'laﬁh ﬁypé;‘ Somie
microtwins similaf to those repofted recentl%xﬁ%§¢ founé'inflaths of
steel 805. Appreciable-twiﬂniﬁg (mainly plate martensite) was obser&ed

in steel 806 and 809 whilst 953 was fully twinned. EXamples of the

‘microstructures are shown in Figs. 6 and 7. This variation in ‘structure

corrélatés,with % Mn - inéreasing‘mangdnese contentrincfeases the amount
of twinning. .This v#riation also correlates with Mé temperature which
decréaseé Qith increésing % Mn. These results are contrary to what is
stated by Christian, who indicated that martensite in high-alloy

steels containing manganese is not internally twinned.
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C."structure‘offTempered Martensitev

The microstructures of martensite after various tempering treatments
have also been examined. The martensite of steel 804 tempered at
400°F showed a mixture of epsilon carbide and cementite. These can
only be dlstinguished by habit:plane analysis since single crystal
diffraction patterns do not provide unique solutions. It is known
that the epsilon carbide hos {100}@ habit and grows in <100>a directions,
whereaéicementite forms with {110} habit (Fig. 8a,b). Uponlincreasing:

Wthe tempering temperature to 600 F the prec1p1tates are all found to

be cementite with {110} hebit. Spherodlzed carbides of 2008 to

~ 500A dlameter are found on tempering at 850°F (fig. 8c). Some dis-
location polygonization (recovery) occurs at this-temperature.
Figurerad shows the‘structure-of nartensite of the same steel

' ‘tempereddatv10009F for 2 + 2 hours. The carbides agglomerate on

the marten51te lath boundarles.

It is also known that in the presence of tw1ns the cementite pre-
oipitates preferentially on the twin boundaries with {112} habit.3P
Rigure f9;shows the structure of martensite of steel 805 tempered at.
'400°F,.which shows a packet of internally twinned nartensite loths
with carbides; precipitated on the twin—matrix'interface. ' The selected .
area diffraction pattern shows the matrix to be in approximately [131] .
and the‘twins to be approximately [101]. Twinning on (iZi)_plane will -
bring-[I§l] matrix into an orientation which is about 5 to 6 degrees
from [101]. This is similar to the observation of Kell& and Nutting

on twinned plates in high carbon steels.31 vDArk field analysis dis-

tinguishes between the twins and the carbides and it can be seen that
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these cérbides'precipitate on the twin'boundaries. ‘Figures lO(ab,

- (b) show . 850°F and 1000°F tempered'martensite in steel 807. Both

show Widmanstatten precipitation ofvcementite, which becomes coarser at

higher temperature. By comparing 8(c) wtih 10(a) it is seen that when

v tempered at 850°F the carbides in steel 804 are well spherodized while

those in steel 807 are still platelike. The morphological difference

between_the earbides of steel 804 and 807 is even clearer at 1000°F. It

is evident that steel 807 possesses sétronger tempering resistance than

'stee1_804. :This agrees with the variation of strength with temperature

as shown in Fig. 1 and Fig. 2. The compositions_of steel 804 and 807
are .26C;SNi¥Ee and‘.25C-3Mn—Fe'reSpectivelyf Thus, as an alloying
element in steel;_manganese proyiﬂes greater temperlng resistance than
nickel. | | |

Unlike the lower manganese>steels (i{é. steels 804. 805 snd 807),
tempering of higher manganese steels (806 808 and 809) produces long
precipitates along the lath boundarles and the carbide dlstrlbutlon is

rather non-uniform. Also, as descrlbed before, 51nce manganese-promotes

internal twinning, the cementite morphology is now {112} in the twinned

crystals;rather than {110} as in laths. As a typical example for the

higher manganese steels, Figure 11 shows the structure of steel 808

' temperedvat 400°F for 2+2 hours_whlch contains continuous carbide precipi—

tates along the twin boundaries. Widmanstatten {110} cementite in the.

twin free'regions is also observed. Aside from'the twin boundary

precipitates, some areas of 400°F tempered martensite of steel 809 show

contlnuous lath boundary precipltates (Fig. 12). On temperlng at hlgher

temperatures, the long precipltates along the_ boundarles became coarser
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and broke up into segmenté.

Summarizingrthe'reshlts,'in ibwef'manganese steels, epsilon
carbide precipitates beiow; 400°F, and is Subsequentiy rebléced by;;‘
ceméntite.at.higher temperiﬁg'temﬁeratureé.V‘The ﬁanganesé'éontaining

 steel has strongef tempering resistance than a nickel steel. VIn higher
manganeSE,éteeis, the cementité preéipitates preferentially along the

- twin and lath boundariéavsuggésting that manéanese may prdmoté lath.
boundary preciﬁitation. o :

D. Structure of Bainite

It has long bgen known that thére are t&o maihly'different bainitic
vmorﬁhologies, namely'upper énd ioﬁef bainite}32 o - ﬂ
-Figurés'13(a)‘and (b) show the typical structure of lower baihite
of.steel 804-transformedvat 720?F and of stéel 807>transformedbat 710°F
for»24 hours-reSpeétively. The cafbidéé are typicaliy precipitated at‘
© an inélined angle of 55 ~A65° to the long directidﬁ.of the bainite

ferrite’grain.32’33 The bainitic ferrite laths are found in packets

separated by small misorientatibns:as checked by selected area diffraction

analysis. The bainite laths are very similar to low.carbon maftensite
laths excepf fof ﬁhé carbide morphology inside. the ferrite laths. The
carbides are identified to be cementite and thevtraée analysis indicates
" that the habit plane of'the carbides is {112} éiﬁilar to the oBservation
made ﬁy Baker et al.3u No internal tWinning was observed in bainitic

ferrite, and the reason why cementite precipitates on only {112} planes

still needs further investigation, It is found that generally the strength

decreases and the toughness increases with increaéing transformation

temperature. The changes in microstructure are similar to those on



fracture occur until a new crack is initiated as pointed out earlier.
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tempering martensite, viz. the carbide particles become coarser and

disloeatiOu recovery occurs;

As mentioned befOre; fully bainitic structures vefé not obtained
in sreeiSASOG, 808 and 80§.By isotherﬁalytrausformation at various
'rempereturee for 24'hours. | o |

E. 'Eiectron'Fracfogrgghic Observations

The tempered martensites of lower manganese steels possess relatively
hlgh toughness and show dimple rupture, e. g. Figure 14 from steel 804
which is typical of the fractography at 400°F, 800° F and 1000 F.

The‘fracture surfaces of tempered martensite and bainite of similar

_strengthilevels were also examined. Figure 15(a) represents the fracture

mode in martensite of steel 805, tempered at 800°F. The main feature

is that the fracture surface is composed largely of well-defined

.dimples of various sizes. In contrast, the frecture mode in bainite

of the same steel transformed at 610 F, shows a mixture of d1mples and

_cleavage facets, which is a low energy_fracture (Flg. 15b). This

agrees with the toughness data which gave CVN values of 48 and 13.5 ft-
1bs for the tempered martensitic and bainitic structures respectively.
The mixed structure of cleavage facets end'dimples in bainite indicates

that when a cleavage crack is arrested, some deformation and ductile

35

‘Fracture mode comparison of the tempered martensite with bainite of

similer-strength level was also made for steel 807. Figure 16(a) shows

vthe'fracture surface of 800°F tempered'martensite'of steel 807 where small. .

equiaxed dimples are observed. The fracture surface of bainite of the

same steel transformed at 710°F [Flg. 16( )] indicates the herringbone

structure Whlch is - ‘ o . e
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typical of cleavage.36
WHéré the.carbon replicating film has collapsed,>§uggésting very large
topographicé; différénceé or iﬁtérgranﬁlar cracks.at thésé.boundariesv
as obsérvéd by Low.37 The CVN_tnghnesé values ofvthése tempered
martensite and bainite are 43 and 26 ft-lbs réspectively.

From thé above comparison; there is good correlation bétween'the
fracturelmodés and tﬁe impact data. Fractographs of steels 806, 808,"
and 809 show prédominantly intergranular ffécture.‘ Some small dimples
were occasidnally seen., A typical example is shbwﬁ.in Fig. 17, which
is the fracture surface of stéel.809 double tempered at LOO°F fo; 212
hoﬁrs. vThe observafions.also match the loﬁ impact toughness valﬁes of
the_highér manganésé steéls.

No microcracks in any of the high manganese steels were observed.

Thus the low‘impact toughness of tempered martensite of high manganese

steel could not be due to the presence of microcraéks, as was found in

high.carbon steels.

IV. DISCUSSION

A. Toughness of Tempered Martensite and Bainite

‘Based on similar strength levels, toughness was compared either

between témpered martensite of varying manganese content or between

different structures of the same composition such as tempered martensite

and bainite.

There are dark irregular bands at some boundaries

—

«..,_.wA___.A.E‘mA___ ———t
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1. ‘Comparison of Toughness Between Bainite and Tempered Martensite of

:Lowéf'Manganese Steels with 'a Little Tﬁinning"

'The results have shown that temﬁered martenSité 6f_10Wer manganese
steel posseésés better toughngss than Bainife,v Asguming other things
being eqUal;'the differénce"in toﬁgﬁnéss will bebéétfibuted to the grain
size and orientation of‘ferrite; and carbide morphdlbgy.

Both the size and orientation of the grains afevimpbrtant in controll—.
ing the t§uéhneés. It is known37.;hat the sﬁaller the grain siée the
greater is the energy absorbed dﬁring fracture and the more difficult is

the process of crack propagation. “In the present case, various sizes of

‘laths were found in both bainite and martensite, but in many cases it seems

that in the same alloy at similar étrehgths the.béinite laths are narrower .
than the mértensipé laths;' ﬁoweVer,fﬁhe ¢ontribution to toughneés by narrow
lathS'of béinité,i3fsuperseded by”otherjfacﬁofs, aé discuésed below.

'As mentioned before, the fracture modévof the bainite of the steels
under inveétigétion is predominaﬁtly cleévage. Iﬁ Has been shown from the
microsfrﬁétqfél.bbéervations that tﬁe bainiﬁe consists mainly of laths,
which_aré éebarated from each other by 1ow:ang1e boundaries. It is thought
that the §1eévage cracks éan propagate easily in these laths. If the
bainite consisted of randomly oriented gfaihs thé éhanéé in orientation
at. individual gréin poﬁndariés should impede the propagation of cleavagé
cracks by‘causing.localized deformation near the bbundary. However, in
the structﬁre of parallel laths, less_eﬁergy is required for the crack

to propagate, because of the small orientation difference across small

angle boundaries. Thus, the cleavage crack can cross from one ferrite
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grain to another without much deviation in direction unﬁil»the'crack
meets lafge_angle boﬁndaries; e;g; at prior austenite graih boundaries.
Tbis COuld.be one of the factors responsible for‘the'léw toughness of -
bainite;

Also; the morphoiogy of the carbide precipitation affects the tough-
ness. In the twin free region of martensite, carbidés precipitate in
{110} Widmanstatten patferns,'while in the bainitic.structure; relatively

few, coarsé, widely spaced carbides precipitate ﬁnidirectionally iﬁside
the ferrite grain. It can be séen that the chancé.of the qrack being
blocked by Widmanstatten precipitates of carbide is greater than that

of the bainitic carbides. This may be another factof which is responsible
for the différence in toﬁghness beﬁween»the two structures.

The aBoﬁevargument Caﬁ be demonstrated by comparing Fig. 1§(b) with
Fig.'IO(a). Tﬁesé show the structure of bainite and tempereq martensité
of steel 807 at equivalent yield strength level qf about 130 ksi. The
bainitié.s;ructure [Fig. 13(b)]'shows.n0t only a'high dislocétion

density but also a few uniditeCtidnal'carbides, while the.temperéd marten-—
sitic structures [Fig. 10(a)] of the same strength level as bainite
show numerous uniformly distributed.carbides on'{llO} planes. Similar

comparison can also be made for bainite and tempered martensite for

steel 805.

&

2. Comparison of Toughness Between Tempefed Martensite of High

and Low Manganese Steels

The mechanical test results have shown that the toughness of
martensite of lower manganese steel is higher than that of higher man-

ganese steel. Again assuming other things being equal, tﬁe difference

A
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in touéhness may partially.be attributed to microstructural differences
such as internal twinning and partially to grain boundary precipitation.

The role of internal twinning in lowering the:toughness of tempered

- steels can'be explainedﬂes follows. The micrographs ‘have shown that

cementite prec1p1tates preferentially all along the twin boundaries.

‘Thus the carbides are very long and continuous as shown in Flg. 11.

These iong precipitates of Carbides could act as elstrong barrier for

the movement of'dislocations.and.so induee highnsttess-concentrations,
which lead to crack nucleation. Evidence of cracks induced by twins in
metals and alloys have been ohnerﬁed before.39:' Also, in the'presence
of internal tﬁinning,.thevmartensite'is more 1ikely to be deformed by
mechanical:twinning ratner.then slio as renoftedlby‘Kraués et el.ho

and Bevis et al.hl It is known that the plastic deformation 'is restricted

-when the'deformation'mode ié'mechenicalvtwinning which subsequently

resultsvin.low toughness.l Theretore the.preéenceﬁof’internal twinning
and its-effect on the carbide precipitation in the martensite plate
together with deformatlon by mechaical twinning can give rise to the
low energy fracture,

The'ptesence of precipitation or segfegatibnlatvthe grain boundary
is another major reason tor louering.the toughnese and causing inter—
éranular failure,w‘Grain boundaty_precipitates help invnucleation of
'cracksvby acting as a strong bar;ier to dislocation notion and to
tne tteneger'of plastic strain energf from gtéin to grain. The grain

boundary carbides’eeem to bevpreferentially formed as the manganese

content increased.
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B. Tw:tnning

Thé martensite of steel can be described by its transforﬁation
éubstructure, i.e. twinned martensite and dis]ocatéd martensite.
The MS—Mf temperature range has been generaily agfeed to be oné of
the main parameters in affecting twinning by most researchers,ll‘_17
and haélbeenutﬁé subject of a recenf review.

It is obéervédvin the preééntvwbrk-tﬂat the martensites of .25C-
3Mh4Fe and_.ZSCQSNi—Fé alloys éfe mainly Untwinﬁed, but the‘marteﬁsite

of .250—7Mn-Fe and .25C-SN1-7Hn;Fe alloys aré*élmoét fﬁiiy twinned,

showing that internal:twinning in martensite is promoted by manganese.

Thus the extent of internal twinning in martensite depends partially .
on M8 temperature is further confirmed in pure Fe-Ni-Mn-C and Fe-Mn-C

alloys as it is in Fe—Cgl-and Fe—Ni—C16 but not in cobalt bearing

alloys.l'5

Fundamentally, the deformation mode of bcc materials, i.e. whether
they deform by twinning or slip depends on the critical resolved shear
stress (CRSS) for slip or twinning at the'transfofmation temperaéufe.‘

- At the transformation temperature if the CRSS for twinning is lower

qhm ﬂaét-for slip then the structure should be twinned,



W
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It is known that defomation'mode and CRSS

fof slip in Eody.eehtered‘matefials is strongly temperature dependent.
Thus aﬁ_iow.teﬁperatufes; theFCRSSlfor s1ip may bé SOVhigh‘that tWinniﬁg
is the:qn;yvﬁdde of deformation; Generally the lower the transformation
temperatute, the greater\is tﬁe tendency fer martensitevﬁo twiq. Also,
martensite staft (MS) fo ﬁertensite finish (Mf) coyere.a range of about
43 ‘Thue;in.hany cases:ﬁixed strﬁetures of slipbed and tﬁinned mar-
teﬁsites are.oBserved. Iﬁ éddition; however, CRSS fOr slip (and twinning)
is composition dependeﬁt. Therefore, the strength ef the martensite at
the temperature of the transformation is the most importent factor in

determining whether the martensite will twin or slip. . Thisvexplains_

the effeet_of cobalt which, although increasing MS does not appear to

" decrease twinning.15

V. CONCLUSIONS
1. The subetructure of martensite in a 0;25% éerBon steel depends on
mangeneée contenf;‘iﬁcfeesing‘Mﬁ increases ehe amount of twinning.
2. At gimilar yieid and.ultimate'tensilevstrength 1eVels, the tempered
martensite,of iow manganeée steels (which is mainly untwinned) shows
better toﬁghnese thanvthe tempered maftensite of higher manganese steel
(which is. twinned). |
.3. It'éppears that manganese promotes carbide precipitatioﬁ along the
lath Boundaries of tempered martensite. .This coupled with the effect of
manganese on tﬁinning may be respensible for the low toughness of high
mangahese steels.v
4, At‘equivalent stfength'ievels, the toughness of untwinned»tempered

martensite of 0.25% carbon steel with {110} Widmanstatten precipitation‘
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ofvcarbideé'is higher than that of lowervbaiﬁi£e, which éhdws_unidiféctional
carbides on {112}.
5; In thé lower bainite; the strength decfeasesvéﬁd tqughnéés increasés
- with increasing isothermal transformation température. This-foilows
the ﬁsual.stréngth-toughnéss félationship.
6. No transformation twins are observed in lower bainitic ferrite.
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TABLE I

Chemicalrcbmposition of the Alloys* (Given in wt. )

With Their Ms Temperature

Heat - :
No. . Cc Ni Mn P

Ms Temp. °F

804 .26 5.0 -— .004
805 C .26 b9 1.9 .004
806 - .26 4.85. 3.8 .005
807 .25 - 3.0 .004
808 L - 4.9 .007
809 .24 e 6.85  .005

953%% .26 . 5.1 7.5 ND

<.005

<.005

<.005

<-.005

<.005

<.005

603
520
385

601
454,

367

148

e I
= PR

*% Steel 953 contains 0.02% Si and 0.02%7 Al.

ND: Not Determined
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'*Figure'Cgptions

.l.v fheheffect.of tempering temperature on strengthrand toughness

of steel 804, (no mangatiese) 805 (1.9% Mn) and 806 (3.87 Ma).
2..,The.effect of tempering temperature on strengthiand tonghness

of steel 807 (31 M) 808 (4.9% ﬁn) and 809 ‘(‘6.85'% Mn).

3. Variation of Charpy V—notch impact energy with manganese content
for steel 804 through 809 at similar yield strengths

4. Comparison of Charpy V-notch impact energy of various steels

at different.yield strength lemels;

5. Comparison of CVN toughness and yield strength between tempered

.martensites and bainites in the same steels.

6. _Mainly dislocated 1ath martensite of steel 805 which is typical

of zero and lower mangsnese steels, 804 and 807. Some fine internal

twins can be seen in some of the narrow laths (see also fig 9)

Fig.

Fig.

7. Twinned martensite of steel 809 which is typical of higher
manganese bearing steels (806 808, 809).

8. Structure of martensite of steel 804 double tempered.for\Z + 2
hours at (@)400°F, showing fine precipitates of”epsilon carbides,
arrow marks indicate cementite of {110} habit has also begun to

form; (b)‘enother region with higher magnification, showing cementite

only, all three families of {110} cementite are in contrast; foil

orientation <111>. (c) 850°F, showing Spherodized carbides of 200 ~

° : ‘ .
- 500A diameter in the matrix; dislocation recovery has started. (d)

Fig.

1B00°F, showing dislocation polygonization in recovered structure,
and coarse carbides on the martensite lath boundaries.

9. Structure of martensite of steel 805 tempered at 4LOO°F for
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2 +_2.hours.e'(a) shows a packet of internally twinned martensite

" laths with carbides precipitated on the twin-matrix interface,

(b) dark field of (070) twin spot reverseé'fhe'eontrast ef the

twins, (c) dark field of carbide spot A reverses contrast at

_the twins, showing that cementite precipitatés..on the twin
boundaries, (d) dark field of (I0I) matrix spot reverses contrast

for the whole packet of martensite laths, (e) selected area

~ diffraction pattern and indexing showing'that the orientation

Fig.

Fig.

Fig.

‘of the matrix and twin are approximately [13I] and [1017,

respectively. Twin‘piene is (121).
10.. Martensite of steel 807 tempered for 2 + 2 hours at (a)

850°F, showing fine Fe,C prec1p1tates with {110} habit, (b) -

3
1000%F, some of the cementite still retain mainly platelet
shape, but some parts have begup?to spherodize.

11. Martensite of steel 808 tempered at 400°F for 2 + 2 hours,

vshowing continuousvcarbide precipitates along the twin boundary,

'WidmanstattenifllO}.cementite plates are also observed in the

twin free regions. .
i /
12. 400°F tempered martensite of steel 809, ghowing continuous

" elongated carbide precipitation along the lath boundaries.

Fig.

13. S#ructure of isothermally transformed lower bainite in

(a) steel 804 after 24 hours at 720°F, (b) steel 807 after 24 hours

at 710°F, both show side by side nucleated ferrite laths and

unidirectional carbides.

13
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Fig. 14. "Electron fractograph of’Charpy.V;notbﬁvSPeéimen of steel

804 temperéd for 2 + 2*hours.at'1000°F, showing elongated,

| higﬁ énéfgy diﬁpleé; [Cpmpare to fig. 8(&).] o -

f“’. ' _ ' Fig. 15; 'Electroh7ffaCtograph of‘tgﬁpe;ed martensite and_béinite of
{ o o similér'étréﬁgﬁﬁ.lévél”of‘steel 805. (a) 806°F tempered martenSite;
| o shbwing véiioﬁs sizes of well;defihed“diﬁplés; (B)'lower bainite-
‘ ' : obﬁained Ey'iééthermal transformation at_610°Ekfof 24 hours,
f o ' 'shbwihg mixture of dimples and cleavage facets. |
Fig., 16.. E1ectron fractograph of tempered martensite and bainite

of similar strength.leveis‘of steel 807. (a) 800°F tempered
| B . .:  maftgnéite,'Showing equiéxed dimpiés,v[cémpare to fig. 10(a)].
e : | :'(b).lower bainite1formed at 710°F after traﬁsforming for 24 hours,
éhowing‘herringbdne struéture,vwhich is typical of éleavage,
EEC | _ojtaa@am-‘;ofr_ig'. 130)]. - N |
{ | Fig; 17. Electroﬁ fractograph_éf steel 809 double tempered at 400°F

| ' : for 2 + 2 hdqrs, showiﬁg‘iniergranular fracturé, (compare to fig. 12).
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