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LATB:IIAITENSITE AND BAINITE IN LOW ALLOY smLS 

The morpbolOAY and cry~llograrhY of latb martensite and bainite bave been stu­
died by transmission electron microscopy, TEM. imacin1and diffraction techniques . 
Wben quenched from the austenite phase region. the steels have microdurln ~rue­
lures of dislocated lath marten~ite (a<b«c) witb continuous interlath films of re­
tained austenite. Bainites form when interrupted quencbinc is applied at tempera­
tures around M5 to allow isothermal transformation to tate place. The microstruc-
ture of lower bainite resemble!' that of lath marten!'ite. where bainitic dislocated 
ferrite laths. which now contain unidirectional carbides. are surrounded by thin 
fiJm retained austenite. In upper bainite. the boundaries are decorated by interlath 
carbides. a microstructure observed in martensite tempered at 240-400°C. In all cases 
laths form packets in which all the laths transform from a ( 111) variant of austenite. 

Microdiffraction .eJperiments reveal that bainitic ferrite laths are related to adja­
cent latbs as well as the parent austenite throuch the same orientation relation­
ships as faund in martensite in the same alloys. This stroncly confirms the shear 
aspect of bainitic transformations. Bainitic carbides. identified as cementite. are 
found to have the lsaichev orientation relationship with ferrite. which supports the 
idea that cementite has transformed directly from austenite The micro~ructural 
and crystatlocraphic characteristics of martensite and hainites in low carbon ~teets 
are very similar which confirm that these microstructures are the products of a 
continuous ranee of phase transformatinns from austenite where shear is the basis. 
and the morphotocital features develop depending on the lime.allowed for carbon 
diffusion. and carbide precipitation 

Introduction 

For many years both the martensite transformation and the bainite transformation 
have been widely used to obtain a variety of strencth-tout~hness combinatinns in ferritic 
steels. However. due t.n inherent complnities of these non-equilibrium phase transfor­
mations. a complete understanding has not been achieved despi~e tremendous efforts 
made from the metallotraphic, kinetic. crystallo1raphic and phenomenotosical theory 
viewpoints. In particular. 5teels containins relatively low concentrations of carbon 
((<0.3 wt\) and other alloyinJ elements hntal '~ wt'· ), althoush frequently used for 
various en1ineering applications. have rarely been subjected to fundamental studies of 
marten!lite and bainite transformations. until recently. The hi!lh transformation tem­
~erature~ (M5 ,z00°C) and hi&h reaction rates of these steels especially render direct 
kinetic studies difficult However. the advancement!! in diffraction and microanalysis 
techniqu., in TEM in recent yc:u~ have stimulated intensive research inlo the micro­
structure and crystallography •>f latb martensite in various low alloy steels I 1--4) 

In parallel with an alloy desi1n program to achieve high strength :.nd hish 
toughness experimental steel!! involvins relatively simple composition~ :tnd heat treat­
ments. the crystallograrhY ba!l heen studied in detail to understand tran~fnrmation char­
acteristics of the structures den loped (I .4.~ l The steels bave compositions from 0.1 to 
0.4 wt\ C. 2-4 wt\ Cr. 1-Zwt\ Mo. and with or without Mo. Ni. ( 1.4-'U. When quenched 
from the austenite phase field. tbe steel!~ produce lath martensite witb retained austenite 
in the form oC thin films at the latb boundaries. The morphology and crystallograpby 
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of lath martensite. in relation lO retained autenite. in these alloys are now well studied 
and documented ( 1. 4-8). As a consequence of these developments to achieve desired 
properties. the possibilities exist for bainitic steels with similar compositions as lath 
martensitic steels for thick section applications (9). In this paper. a summary will be 
given of the detailed TEM investigations of the crystallography of bainitic ~tructures in 
refence to the similarities of the lath martensitic stuctures produced in these steels. 

Because of Lbe many features which are intermediate between the pearlite and tbe 
martensite transformations. the bainite transformation bas been a subject of debate in 
many recards. in particular to its transformation mechanism. Two distinct theories have 
been proposed <2. 10-11 ): one of them considers the transformation to be an extension of 
the martensilic transformation to hi-her temperatures. analogous to autotemperedmar­
tensite. i e. shear controlled transformation. and the other theory considers that the mec 
anism which jloverns both the pearlite reaction and Widmanstatten ferrite formation 
also applies to tbe transformation at lower temperature. i.e .. bainite transformation is 
solely diffussion controlled. In this paper a bigb degree of similarities in the morpho­
logy and crystalloAraphy of upper and lower bainites with lath martensite has been 
found in the same alloys. which reinforces tbe theory that bainite transformation is 
indeed shear controlled in such alloys. 

Experimental Techniques 

The experimental alloy u~d was 0.3~ C-3.0~ Cr-2.0~ Mn· <in wt~) with an Ms tem­

perature of 320 °C. The homogenized specimens were austenitized at 1100 °C and then 
either quenched in oil or isothermally transformed at 360 °C to produce martensite nr 
bainite. r.,pectively. Thin foil~ for TEM observations were made by electro pol i~h in g in 
a CH3COOH ( 400 ml )-Cr03 (7'j gr )-HzO C 20 ml) solution at room temperature. Conventional 

imaging and microsdiffraction experiments were conducted in a Philips EM 400 TIM. 

Results and Discussion 

The c:rystallogriphy of lath m:~rtensite in the Fe!Cr!C system. and in particul:~r in 
3.0~ Cr-zm~ Mn-0.5~ Mo-0.3"· C steel. hu been studied in detailll. 4-8 ). It has been 
proposed that martensite forms by shear in a (Ill) A• parallel to ( llOlM. where A and M 

refer to austenite and martensite respectively. Strains build up in the surrounding aus­
tenite by the formation and the growth of the first lath and this promotes subsequent 
lath formation. while mechanically stabilizing the austenite trapped between the laths 
At the same time. the concentration of carbon at the AIM iaterfaces reaches a high value 
(-1 wt') Ce.g., ref.') Durintt the succes~ive formation. adjacent hllhs arr:~nge their re­
ll'ltive orientations with respect tn each other such that the overall transformation 
strains are minimized (7-8) 

Parallell:~ths form a bundle •·ith their cliO~ axis perl"endicular to the lath hound­

aries in a martensite packet where :~11 the laths are from the same { 1 I I} A variant lfi[Eure 

1 l The relative orientations of adjacent h1ths •·hich have resulted form ttte strain mi­
nimization are observed in various de(lrees of rntatinn .f6, about the common <IIO)M I 4-8 l 

0 can be a small an11le ( 0° • He 10° l. large angle ( rJ) 20° ), or in twin relation. Thus the 
orientation relationship between the retained :~ustenite and martensite varies from 
Kurdjumov-Sachs I K.-S) U2l relatinnship throu&h the Grenin&er-Troiano I G-T> 113 l 
relationship to the Nishiyama- Wassermann IN- W) I 14·1') relationship across the packet 

As far as the austenite and ferrite phases are concerned, the crystallographi-c char­
acteristics observed in the lower bain itic structure of the present steel are mostly in 
close agreement with the above results obtained the latb martensite. for example. <110,8 

direction is perpendicular to the lath boundaries in lo•er bainite lfi[Eure Zl even if the 
relative lath orientation is cban~ed, and by tbe presence of retained austenite. this 
direction has been shown to be parallel to a •Ill) A direction Therefore. a Ill I) A type 

habit plane is also present in hain ite. I Here B refers to "bain itic ferrite·. l 
Three types of arrangements of adjacent laths have been revealed by microdiffrac-

2 

( .. 

t/ 



" ) 

• 
! 

tion experiments. These are: IiI clusteri.n~ of orientations around a particul:~r pole; 1 ii 1 
abrupt change in the orientation from <111>8 to <110>8; and (iii) twin related laths. As 

shown in Figure 2. where. in addition to a number of laths in different zone axis orienta­
tions. retained austenite is also present. Therefore. cases (i) and (iiI are the same as was 
observed in lath martensitic structures. However, twin related laths in lo~•er bainite are 
the (112)8 type~ while in the martensite. the lllO)M ty~e. This arrangement can still be 

attributed to strain minimization during martensite formation. This can be discerned 
from the fact that no carbide was observed at these boundaries. suggestin• that there 
was no austenite present originally at these sites~ 

Although these results have clearly shown the similarity between the cry~talln­
graphy of bainitic ferrrite and retained austenite and that of lath marten~ite andre­
tained austenite. this is not exactly the case when considering the crystallnllraphy and 
morpholo~ey of cementite in hainite and in tempered or autoteml)ered martensite. The 
orientation relation~hip between cementite and bainitic ferrite is the lsaichev relation­
ship ( 1,), namely: ( 111 )B I I IOJO)c· and 1011 )8 I I ( 103)c. instead of the Bagaryatskii 

orientation relationship ( 16) bet,·een cementite and lath martensite: ( 1101811 llOOic 
I 11118 I I 1010 lc• and 111218 I I IOOI)c· However the~e rehuionships are not totally diffe­
rent form each other. The Bagaryatskii relationship can be ohtained by a rotation 
around the lO 10 lc axis of approximately -4°. The principal ues of the cementite phase 

are oriented so closely in the direction that these two orientation relationships have 
been regarded as one relationshir which is typical nf tempered martensite in some pre· 
vinus studies ( 18) However. this small difference bet,·een the orientation relationships 
can not be isnored. When the Jsaichev relationship is obeyed. the ( 103 'c rlnne is paral-
lel to the 101118 plane. and which in turn is parallel to hUh boundaries. As discussl?d 

above. <Oil l8 is very likely to be the habit plane of the bainite transform:tti•1n :~nd 

hence it is parallel to a (Ill) A \·ariaot Then there is a parallelism het,·cen the~e 

phases. namely· (tll)AII(Oltl8 11U031c Thisisindeedohservedinfi~ureZ lfthis 

is the case. then the K-S orientation relationship is oheyed bet~•een bainitic ferrite and 
retained austenite. namely: ( llll A II lOt n8. (J lOlA I I (11118. and ( lt2l A II 121118 
Accountin~e for this. another rarallelism between these three phases is derived. namely 
( 110) A I I <lll)F I I (0 10 'c These two parallelisms indicate thattbe closernc ked planes 

and the closepacked directions. respectively. in austenite. ferrite. and camentite. are pa­
rallel to each other. Assumina these parallelisms. the correspondence between austenite, 
ferrite; and cementite is illustrated in Fi~ure Z d. from this stereo,ram. a new 0-R can 
be now be established. namely I ')~4 l A II I IOOlc. ( ltOlA I I (0101c. and (225 I A II 100 lie. 
~·hich corresponds to the Pitch relationship I 191. This ,.M first found between 
austenite and pre·eutectoid cementite in hypereutectQid C-Mn steel I 191. Therefore. it 
can be concluded here that bainitic cementite was initially formed from austenite The 
same conclusion was drawn earlitr for Z'- Si steel and 12'- Ni--4'- Co steel 120) 

The ab<we anal~·sis is ct'nsistent with the fact that there are differences in the habit 
planes and morpholo•y of cementite between bainite and martensite. the former 
showing the lsaichev and the later Bagaryatskii orientation relationshirs Previt'\1~ 
studies (e.~, References II and 181 as well as the present work indicates that the habit 
plane of cementite in tower bainite is near ( 11Zl8. and that the morphology of cementite 

is unidirectional (9. 18. 20-Zll i.e. one habit rlane in a lath. In tempered martensite. on 
the other hand. cementite has { liOh., habit and exhibits & Widmanstatten morphology. 

i.e .. two or three habit planes in a lath 12.7-8. 22-2,). 

These studies. as summarized in Tahte-1, suuests that the ferrite matrix froms by a 
shear transformation. and the crystallography of bainitic cementite indicates that the 
carbides rrecipitate directly from austenite involving diffusion Therefore. the bainite 
transformation must combine both shear and diffusion controlled behavior. as poin­
ted out. e.a .• by Coben and Wayman (26 I 
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Summary and Conclusions 

It has already been e~tahli~hed in previous research (e.a .. ref.,, that lath marteo­
sitic transformation in the~e alloys i~ accompanied by carbon diffusion durin a coolin3. 
probably at. the AIM interface The dearee of carbon partitionina has been established. 
viz .. while the average composition of retained austenite increases to 1.0 wt~. it is >2.0 
wt~ at the austenite/marteo~ite interface It is now known that retained austenite is 
also present in lower bainite and the morph.Dloaical aod crytallographical features in 
lower bainite resemble that of martensite. It cao be concluded. thea. that the mecha­
nism of tbese phase transformations are similar. lo all cases. austenite to ferrite (mar­
tensitic: or bainitic l transformation involves shear. but the rate of the transformation is 
determined by carbon diffusion at the AIM interface. which. within the available time. 
either stabilizes austenite (in lath martensite. and to a certain ntend in lower bainite lor 
forms autotempered carbides (lath martensite). unidirectional carbides (in lover baini­
te). or int.erlath carbides (in temrered martensite and in upper bainite) as is schema­
tically shown in Figure 3. A ~ummary of the comparison of the crystallographic and 
morphological features in ·these structures is given in Table- I. 

Table- I: Comparison of Lath Structures in Low Carbon-Low Alloy Steels 
Fe/3 Cr/ 2 Mn/ XC· 0 0' < C ~o 4 M , 200 °C .. ·s 

feature Martensite Bainite 
Lower Upper 

l.a&.hs in Packets high dislocation dislocated di~located 
density laths laths laths 

di~location density decreases c--------
Common Direction lath faces <llO,M lath faces <llO~a irregular 

Interlath Region continuous retained non-continuous some retained 
austenite (quenched) retained austenite au~tenite. but 

or (short i~thermal) mostly carbides 
~tringer~ of M3C ITM£) or as in TMf• 

carbides 
Hong i!=Othermal) 

A/F Interface C enriched some C enrichement probably none 
Austenite Stability can be very stable not very stable not very stable 
Interface plane (110)~ II (lli)A ( 110)8 I I (Ill) A -~-

A/F orientation KCS to G-T to N-W KCS W GaT to N-W ---
relationships 
Twio Relation of ( llOlM plane ( 112)F plane not observed 

Laths 
A/F microscopic (I lilA (lll)A inferred 

bah it 
Carbide~ and W idmanstatten unidirectional at boundaries 
Orientatinn 
Relationship Bagaryatskii Isaichev ---

lll(I)M I I (100 lr. ( lltl8 I I ( 0 I 0 lc 

utnM;; <OlOlc <Olll811U03lc 

(I 12 lM I I (OfJl lr. 

Mechani~m of shear • interface shear • C diffusion shear • C diffusion 
Transformation C diffn and autotem- . in terlath carbide interlath carbides 

pered carhide pptn preci pitatinn 

• TME means tempered marten~ite embrittled condition <27l 
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