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Abstract: The microstructure and mechanical properties of NANOBA IN st eel tr eat ed at diff erent isothermal temper ­

at ur es wer e investigat ed by scanning electron microscopy (SEM), tr ansmission electron microscopy (TEM), uni axi ­

al tensi le test s and X-ray diff ract ion (XRD). It was found that bainitic ferrit e (BF) plate was mad e of basic shear

transfo rmation units arranged in th e sa me direction of subunits . The exis tence of defect s, s uch as nanoscalc twinning

and dislocation, suggested that th e growth of transformation units was controlled by th e surrounding defect pla ne

wit h dislocation, wh ich was consistent with the mo ving direct ion of BF/ austenite interface parallel to the twinning

plane. The behavior of work hardening indicated that mechanical stability of microstructures obtained at 250 'C and 300 'C

was much more stable than that obtained at 210 'C . The evolut ion of carbon partitioning in retained austenite and bai ­

nit ic ferrite also indic ate d that austen ite was enr iched in carbon at the initial stage step by st ep ; aft er the formation of

BF , th e aust en it e did not see m to be greatly enric hed in carbon and th e carbon conte nt showed a little decrease in­

st ead; s ubsequentl y , a ph enomenon of little decarburization of s upe rsa tur ate d bainii ic ferrite has also been found.
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Since the development of high-s trength steels

generally involv es a compromise between s trength

and toughness , the ref inem ent of m icros t r uct urel l'

is the exclusive method to achieve both strength and

toughness a t pres ent, as a ll o t her strengt hening

m ech anisms such as precipitation hardening har m

the toughness[2.3] . A b rand- new generat ion of steels

now under development, kn own as NANOBAIN steel,

appears to offer notab le strength (2. 3 GPa), good

toughness ( 30 MPa • m1
/

2
) and duc tili ty (up to 25%)

in both quasistatic and dynamic loading condit ions'<t".

I t is of great potentiality in wide range of utilization

in the field of transport, construction and defense.

T he exce lle n t co m bina tion of m echanical proper ti es

seems to be partly due to t he formation of nanosca le

m icrostructure consisting of very fine bainitic ferrite

(BF) plates w it h an average thi ckness of 50 nm and

film type retained austenite between these SF plates[6] .

The mechanica l propert ies of NANOBAIN steel

are m ainl y determined by the morpho logy of BF and

retain ed aus teni te. T o discuss t he m orphol og y of re­

tained austenite, it is of hi gh priority to dis t ing uish

the bl ock y retained aus tenite and film type retained

austenite . The former is bounded b y crystallographic

variants of bainites heaves with t r iang ul ar shape in

two-dim ensional sections w hi le the latter is loca ted

betw een t he sub uni ts within a given sheaf of BF. It
is we ll known that a fur ther im p rovem en t of ducti li­

ty can be ac h ieved b y a transformation-induced plas­

t icit y ( TRIP) effect[7.8] ; hence , it is necessary to s t udy

the work hardening behavior of NANOBIAN steel.

Moreover, since nanoscale microstructure and work

hardenin g behavior ar e closel y rel at ed wi t h the shape

deformation and carbo n pa r ti tioninglv l'" , tens ile t est

curves w ere s tudied in detail and carbon con ten ts in

retained austenite and BF were examined by X- ray

di ffract ion (XRD) to study the evolution of carbon

par ti t ionin g.

1 Experimental Procedure

The designed stee l was cast as a cylinder bar with

diameter of 50 mm and leng th of 600 mm by uti li­

zing a hi gh fr eq uency in d uction furnace un der argon

gas a t mosphere. T he cast cy linder was electro-slag

rem elted (ESR) to obtain clea n s teel. T he chemical

compositions of stee l are shown in Table 1. The steel
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Table 1 Chemical compositions in NANOBAIN steel

C Si Mn Mo Cr Co Al

Mass per cen t! % O. 75 1. 77 2. 10 0. 27 1. 17 1. 17 1. 21

Atomic percen t! % 3.30 3. 33 2. 02 O. 15 1. 19 1. 32 2. 37

after casting and homogenization heat treatment at

1250 °C for 8 h was hot rolled to 4 mm thick plate

followed by air cooling. Specimens selected from hot

roll ed plates w ere austenitized at 1000 °C for 30 min

and th en isothermally transformed at different tempera ­

tures for different time before qu enching into water.

Samples for optical metallography were selected

from hot rolled plates and then mechanically pol­

ished and et che d in a 4 % nital so lution. The micro ­

structures w ere characterized using a Zeiss U ltra 55

scanning electron microscope (SEM). Transmission

electron mi croscope (TEM) samples were prepared

from o. 30 mm thick discs sliced from tensile testing

specimens and observed by a JEOL JEM-2010 trans ­

mission el ectron microscope equip pe d with a CCO

camera op erated at 200 k V. The discs w ere thinned

to O. 05 mm by abras ion on SiC papers and then twin

jet electro-polished using a solution conta ining 5 vol. %

perchloric acid, 5 vol. % glycerol, and 90 vol. % etha­

nol at the temperature of - 17. 5 °C and the voltage

of 45 V.

Tensile exp eriments were carried ou t at room tem­

perature according to GB /T 228 -87 with specimens

prepared by a milling process. Tensile speed was O. 1

mmz's , corresponding to approximately 0.004 S- 1 in

the engineering s train rate. All samples were m a­

chined from the softened bulk material after homog­

enization and subsequently he at -treated to desired

condi tions. Engineering stress-engineering strain curves

and elongations measured during uniaxial tensile tests

were conv erted to true stress-true strain curves. From

the engineering stress-engineering strain curves, offse t

yield strength (YS) and ul tima te tensile strength

(UTS) were obtained. Strain hardening was charac­

terized by the incremental strain hardening expone n t

defined as: 11 = d (InO")/ d (Inc p ), where 11 r epres ents

work hardening value, e , represents true strain, 0"

repres ents true stress and 0" = kc ~, and k is the

strength coeff icien t.

The vo lume of retained austenite and its carbon

content w ere est im a te d by quantitative XRO analy­

sis. Samples w ere machined to be 15 mmX 15 mm in

dimensions , ground and polished, and then subjec­

ted to several cycles of etching and polishing in col­

loidal silica to obtain an undeformed surface. The

prepared samples were then step-scanned in a Rig aku

OMAX-RB 12 kW X-ray diffractometer using unfil ­

tered CuKa radiation with a current of 150 mA and a

voltage of 40 keY. XRO dat a was collected over a 28

range of 10°-100°. The fraction of r etained austen ­

ite and BF was calculated from the integrated inten­

sities of (200), (211) and ( 311) austenite peaks and

(002), (112) planes of ferrite. Then, the vo lume

fraction of martensite (V M = 1 - V , - V BF , V , is vol ­

ume fraction of austenite) and that of BF (V BF = 1 ­

V, - V M ) were determined by point co un t ing on

SEM. Moreover, carbon content in retained austen ­

ite was calculated by using the re la tionship between

la tt ice parameter and ch emical composition shown in

Ref. [ l1 J , and it should be noted that this relat ion­

ship was se lected be cause it is the most complete in

t erms of studying the influence of different elements

on the austenite lattice parameter. Thus, it is possi ­

ble to make out the carbon content in retained aus­

tenite and BF by using the aus ten ite la t t ice parame­

ter obtained by X-ray diffraction.

2 Results and Discussion

2. 1 Morphology of NANOBAIN at different temperatures

It is w ell -known that m echanical properties of

bainite dep end on bainite plate siz e and retained aus­

tenite. The block retained austenite would have

transformed into martensite under the influence of

exte rna l stress or temperature before bainite reac­

tion[1, 12] . Fig. 1 shows the mi crographs obtained un ­

der different isothermal transformation tempera­

tu res. Mi crostructure mainly consis ts of BF and re ­

tained austenite. Retained austenite exis ts in two

types: film and block aus te n ite . The latter is usually

described as triangular shaped grains surrounded by

crystallographic variants of bainite sheaves [13] while

the former is much finer than the spat ial resolution

limit of SEM equipment. The majority observat ion is

that the BF pl ate be comes more refined while lower­

ing th e temperature. Figs. lCa) - 1 (c) show that both

size and the amount of blo ck austenite decreased with

decreasing temperature except that obtained at 180 °C

shown in Fig. 1 (d) . Retained a us tenite at 180 °C is

sev era l times more than that at other temperatures

(2 10, 250, and 300°C ) due to the fact that the time

needed for the completion of bainite transformation at

180 °C should be long eno ugh. In gen eral, bainite

transformation time at 210, 250, and 300°C is 58.2,

16.0 and 7.5 h respectively[14] while the transformation

time at 180 °C may exceed 8-10 days [1,15] .

Block retained austenite consists of triangular and



Issu e 3 Microst ruct ure and Mec hanical Properti es of NAN OBAIN Steel

(a ) 300 'C [o r 12 h ; ( b) 250 'C [or 48 h , (c) 210 'C [ or 96 h ; (d) 180 'C [or 120 h.

Fig. 1 Scanning electron micrographs ( SEM) of microstructure after transformation under different conditions
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strip shape d grains. Though the size of triangula r

shaped grains a t 180 °C are nearly the sa m e as ones

t ra ns formed at 300 °C (abo ut 2. 5 flm) , t he strip

shape d g rain s transfor med at 300°C ca n als o reach

up to 10 flm lik e the ones transformed a t 180 °C.

M oreov er, it had been reported [16J that the ratio of

film type retained aus tenite volume frac tio n V, ( films ) to

that of bl ock y type a us teni te V y(block ) can be ca lc u­

lated fr om the foll ow ing expression , V , (films r .'V;

(block) =( o. 15V mo) /(V y -0. 15V BF ) . In general, film

aus teni te is much m ore s ta ble than bl ock aus te ni te

because of higher car bon content [l7] and a large fil m /

bl ock aus te ni te rat io, result in g in better tough­

ness[18J. From F ig. 1 , it ca n be co ncl ude d that trans­

forma tion at ext re mely low te m perature for enough

t ime would ge nera te h igher vo lume fr act ion of BF

and fil m retained austenite and lower amount of block

retain ed aus teni te. The evolu t ion of retain ed aus te n ­

ite frac tion and ca r bo n distribut ion as bain it e t rans­

formation progresses a t diff erent isot her mal temper­

a t ures wi ll be discu ssed in the followin g con te n t.

2. 2 TEM examination
T ypi cal m icros t r ucture of sa m ples obtaine d at

diff eren t temperatures for diffe re nt t ime was exam ­

ined by T EM. F ig. 2 shows TEM images of m icro ­

s t r uct ure , in w hic h the lighter m icro st ructure is BF

and the darker is film retained austenite. In addi­

t ion , it sho uld be noted that the exis tence of ca r bide

has no t been found beca use of the addition of silico n

which s uppresses the precip ita t io n of ca r bide [loJ.

Lower bain it e t ends to fo r m as aggrega tes ( sheaves )

of small pla tele ts or pla tes ( subunit s) of ferrit e[19J.

Pl a tel e ts wit hin a sheaf consist of bai niti c ferrite

transformat ion un it s , namel y, shea r t ransf ormation

un it s hav e reg u lar pa ra lle logra m shape wi th average

size of 84 nmX ( 40 -160) nm seen in F ig. 2 (a ). Y u

and Wan g[20J observed two m od el s of arrange m en t of

shear transfor mation un its in s ubunits , the transfor ­

m a ti on un its of sub un its are ar ra nged in the same di­

rect ion or are piled up symmetrica lly in two di rec­

t ions. T he orie n ta tio n of the former shows K-S rel a­

tionsh ip, and the basic shear t ra nsfo r mat io n units

a re tho ug ht to be formed through in variant plane

strain (IPS) w it h re gular shape and definite habi t

pla ne. H ence , as for the process of BF gro wth ,

small ferrit e s u buni ts nucleated at the carbo n deple­

tion regions in the vicinity of austenite grain bou nd a­

r ies in the form of side-by-side fashion as seen in

F ig. 2 ( d). Taylo r et al. [21J reported that in Fe-Ni-C

ageing m arten sit e , there w ere ca r bo n clusters wi th a

m od ul a ted struct u re consisting of alternating car­

bon-poor and ca rbon-rich bands. And the carbo n at ­

om cluster ing process can be exp lai ne d by a spino da l
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( a) 300 'C for 12 h , ( b ) 250 'C for 18 h , ( c) 210 'C for 96 h ; ( d) 180 'C for 120 h , ( e) Nano-scale t wins in retain ed

austenite of (C) ; (0 Corresponding diffra ct ion pattern of (e) ; (g) Baini te / austenite in t erface and t ransform at ion uni ts of (bl.

Fig.2 Transmission electron micrographs (TEM) of microstructure obtained under different conditions

decomposition m echanism. The inhomogeneity of BF

morphology, i. e., the plate-like BF and granular

BF mainly rel ated to the different carbon contents of

the adjacent retained austenite. The formation of

carbon-enriched Coverstabilized ) and carbon-deple­

ted (low-stability) retained austenite is associated

w ell with the inhomogen eous bainite morphology' F" ;

The supersaturat ed carbon a tom s eje cted into the

austenite build up at the interphase boundary and

nucleated on the invariant shear planes in the form

of interphase precipitation within BF shown in Fig. 2

(c) . Fig. 2 (b) indicates that BF subunits are most

prominent near the edge or tip of another ferrite

subunits where the impingement effect is minimal.

The width of a subunit near the nucleation site is the

same as that near the edge or tip of a sheaf, indica­

ting that subunits grow to be a limited size[23].

H ence, in the process of BF transformation, small

ferrite subunits mostly nucleated near the tips of

subunits on just one side of each sheaf rather than

on both sides as shown in Fig. 2(b). In addition, the

thickening of sheaves formed from both sides of the
habit plane[24] . Kang[25] a lso proposed that the

lengthening of plate is in the course of the formation

of new shear transformation units at both ends of

bainite. A high stress-strain field in the parent phase

around tips tends to gen erate sharp tips at both ends

of the bainite pl ates, resulting in tha t the lengthe­

ning rate of baini te is much greater than that of

thickening/ widening. H ence, the three-dimensional

morphology of bainite is a lengthened thin convex

lens-like plate, as shown in Figs. 2(a) and 2(d).

It is w ell acknowledged that though the aspect

ratio (thickness/length) and thickness of sheaves

decrease with the decrease of transformation t em­

perature and aus ten ite grain size[14], it is not sensi­

tive to the substitu tion a lloy content[24]. Combining

SEM and TEM micrographs, the effe ct of tempera­

tu re on the mi crostructure especially the pl ate thick­

ness in NANOBAIN s teel is illus trated in T able 2 in

detail. Howev er, crystallographic theories of mar­

tensite show that the shape deformation is an invari­

ant pl ane strain with a relatively large shear com po­

nent[26]. The strain energy scales with the aspec t ra­

tio (thickness/length) upon the condition that the

shape s trains ac commodate elastically, resulting in a

thin plate to minimize the strain ene rgy and volume

of transformation per plate. In id eal circumstances,

the driving for ce is the same as that of the strain en­

ergy , hence the decrease of transformation tempera­

ture can lead to the increase of thickness while the

austenite stabilizing elements , such as carbon or man-
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Tab le 2 Quantitative da ta on microstructure after isothermal transformation at room temperature

T emp era tu re/
·C

VHF! VyCbloek l / VyCfilm sl / V,,/ BF plate thickness Average plate

% % % % ra nge/ nm thiekness/ nm

300

250

210

180

47 ±3 45 ± 2 8 ± 1 43 - 175 105± 6

65±4 23± 1 12 ± 2 21- 130 77±5

68±4 19±1 13± 3 17- 96 56 ±3

33 ± 2 48 ± 2 6± 1 13± 3 18 - 60 35 ±3

ganese decrease the w idt h of plates[27]. BF s ub units

a re con nec ted pl atelets in pa ra ll el formations , indica ­

t in g that the spacing between the pl atelets is to a

la rge extent cont ro lle d by the carbo n a tom s diffusion

field and the p resence of adjacent pal a tes; therefore,

the ext re mely low te m perat ure and h igh carbo n co n­

tent alloy ca n fo r m the nanostructure BF pla tes, as

seen in Fi g. 2 ( e) . M oreov er , d isl ocation debris inci ­

te d b y the pl as ti c deformati on d ue to weakness of

austenite a t hi gh temperat ure wi ll eve ntually bl ock

the t ra nsfo rmat io n in terface , wh ich lose the cohe r ­

ency. H ence , pl a tes of bainit e are easily arres t ed by

dis location (Fig. 2 ( e» and a us t eni te grain boundary

eve n their size is much small er than that of the aus ­
tenite grain size[16.19J.

The key fea t ure of deformat ion in bain ite is the

acco m moda tion twinnin g, which is diff erent fr om

these m ech anical twinnin g fo und in m artensite on ac­

count of the difference of aus tenite yield strength[27 .28J.

Accom modat ion twinning and its twinning pl ane is

shown in the pl a tes in F ig . 2 (e ), ill ust rat ing that the

aus teni te exhibits exte nsive len t icula r tw innin g wi t h

a th ickness of about 2. 5 - 12. 0 nm. Fig. 2 ( f) demon ­

stra ts that the BF obeys the Nishi ya ma-Wasserman

( N-W) orientation re lat ionsh ip wit h austenite an d

in heri ts tw in s from aus t eni te as shown in the corre­

s ponding diff racti on pa t tern. I t was once poin ted out

that bainiti c ferri te pl a tes a re close to the N- W orien-

tation re lationship wit h their parent austen ite[5.29J.

Sandvik[30J proposed that disl ocation den sit y in BF

and t winnin g density in aus t eni te inc reased wi th the

decrease of transformed tempe rature. Deforma tion

twin or twi n zone often ex ists in hi gh te m pe rat ure

austen ite. H en ce , BF directl y inher its twin ni ng from

high-temperature aus ten ite to genera te s ub-p la te

wi t h Nishiyama-Wasser man ( N-W) orien ta tion rel a­

t ionshi p. The trace of nanoscal e twinning verifies

that the pl as t ic deform ation occurs in the surround­

ing aus ten ite to accommodate the transfor mation

s t rai n as BF grow th progresses -' ". The close rel a­

t ionship bet w een BF and defect s lik e twin ni ng and

di sl ocat ion can also be fo und in F ig. 2 (g ). It is co n­

cluded that the growth of transfor mat ion un its is

co nt ro lled by the defect pl ane surrounding wit h di s­

locati on, which is co nsist ent wi th the m oving dir ec­

t ion of BF/ aus ten ite in terface pa rallel to the twin ­

nin g pl ane. In s um mary , tw innin g in film aus t eni te

fo rm ed as a res ul t of stress accommodat io n.

2. 3 Mecha nical properties

Fig. 3 (a ) shows the true strain- tr ue stress cur ves a t

roo m t emperature. T he con tri b utio n of st reng t h is

m ai nl y du e to the very small thickness of BF plates

and their h igh disl ocation den sit y m ay provide a

m a xim um stress of 500 M Pa[31J. T he contrib ution of

yield st re ngth caused b y BF pl a tes is g iven b y f:::,,(J =

2 400 (a)

......................
.-_..- .

.... ......- .. .-
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I ", '
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Fig. 3 True strain- true stress curves at different temperatures ( a) and correspondi ng wor k hard ening

exponent as a function of true plastic st rain (b )
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57.5 ( L ) - 1, where L is the ave ra ge pla te thick­

nesseJ.l ] in mi crometers. It is obviously underst ood that

the m ain cont ri bution yie ld s t re ng ths of BF pl a tes

a re 564 MPa, 747 M Pa , and 1026 MPa respect ively

with the decrease of trans for mati on temperature. The

m ech anica l prop er ti es obtain ed a t different tempera ­

tures a re sho wn in T ab le 3. The st re ng th in creas es

w it h the decrease of temperatur e while th e total elon­

gat ion is qu it e oppo site to the st reng th tren d exc ep t

tha t at 180 ·C .

Thi s beh avior is related to m icr os t r uctural fea­

t ures a t different transformat ion tem peratures. Mi ­

cros t r uc t ure transformed at 180 ·C for 120 h consis ts

of littl e BF , massiv e ret aine d austenite and martensite ,

as shown in Tab le 2. More a us ten ite co uld enhance

ductilit y w hile m artensite w ould sev erely decreas e

ite24, 25] . O n the o ther hand , the so ft phas e reta in ed

aust eni te seems to have a close rel at ion ship with th e

ducti lit y, and the stabi lity of reta ined aus te nite a ­

gains t s t rai n ing a lso aff ec ts the un ifo r m elonga­

tione32] .

Ta ble 3 Summa ry of experimenta l dat a from

tensil e tests at room temp erature

T / "C t/ h YS/ MPa UTS/MPa €T/ %

300 12 11 90 1 620 12

250 18 1 270 1 860 8

210 96 1 600 2 070 6

180 120 11 60 1

Note : T, l an d E T s tand fo r t he isot her mal transformation

te mperat ure , hea t t rea t m en t t im e , and the to ta l

elon gat ion , respectively.

Work hard ening behavior as a funct ion of true plas ­

tic s t rain versus inc re m en ta l work harden ing expo­

nent is shown in Fi g. 3 ( b ) . The res ult rev ea ls a si m ­

ilar behavi or such as a s low in cr ease of 11 during t he

fi rst deform ation stage foll owed by a dramatic drop

that ends compared with both s tee ls obta ine d a t 300

and 250 ·C . Steel t ransfor m ed a t 300 ·C shows be tt er

work har deni ng beh avior due to the exis te nce of

m ore bl ock retained auste ni te w h ich has the tenden­

cy of t ra ns fo rm ing into m ar ten sit e during the de­

formation. H ow ever, the cur ve of the sa m ple t rans­

form ed a t 210 ·C rapidl y inc reases a t a very sm all

s t ra in , dem ons t ra ti ng that t he m icr ostructure wi th

little bl ock and much th in film retai ned aus te nite

show little benef it to s t ra in trans forma t ion. I t a lso

confirm s t hat the m ech ani cal stability of micros t r uc ­

ture obt ai ned a t 250 ·C and 300 ·C is m uc h m ore s ta ­

b le than tha t a t 2 10 ·C , which is det er m ined by the

b lock m orphology of ret ain ed aus tenit e and che mical

co m po s it ion like ca rbon con te n te33] .

2. 4 Retained austenite and carbon distribution an a­

lyzed by XRD

It is widely ack no w ledged that BF t ransforma­

ti on rat e is low when the transformation te m pe ra ­

ture is reduced below 200 ·C . H ence , th e time of iso­

therm al treatment at low tem pera t ure seems to be

m ore cr it ica l fo r the co m binat ion of hi gh s t rength

and good ductility. T he am oun t o f reta in ed aus te nite

m easured by quan t itat ive X- ray ana lys is versus elo n­

ga t ion is shown in Fig. 4. I t is obvio us t ha t the total

elonga t ion is determined by the fr acti on of retained

a us ten ite es pe cia lly the amoun t o f bl ock retain ed

a uste n ite , in the condi t ion tha t the trans formation of

BF is nearly co m pleted. Otherw ise , the t ransforma­

t ion fr act ion of BF is so lit tl e a t ext re mely low tem­

perat ur e such as 180 ·C , while det r im en ta l m artens ­

it e is ea sily to form, w hich res ul t s in a low elonga­

tion. A lon ger heat -t reatment period is ben ef icial to

gen era te m uch more BF , b ut not to the im prove­

m en t of total elongat ions , and a lo we r temperature

is hel p ful to reach t he m axim um exten t of BF trans­

format ion if the t ime is not limited .
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Fig. 4 Evolution of fraction of ret ained austenite and

elonga tio n as bainite transformation progresses at

different temp eratures

T he ca rbon con ten t in ret a in ed aus te nite was

es t im a te d by the well-known Dyson and Holmes' equa­

tion , wh ich show s the re lat ionshi p between the aus­

tenite la t ti ce parameter and it s cornpos iti on'{'" . The

carbon co n te n t in BF was ca lc ula te d by the ca r bo n

conten t in retai ned aus te nite acco rding to mass co n­

serv ation in principle-" . I t shou ld be not ed that

difference of ca rbon con ten t bet w een bl ock and thin

fi lm reta ined austenite co u ld not be di s t inguished by

t he analysis of XRD. And g enera lly the aus t enite

fi lms en t ra ppe d bet ween neighbor in g s ub-units of

BF have a h igher ca rbo n conten t than the b lock re­

sid ua l a us teni te located between the sheaves of BFe34].
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Fig. 5 Evolutio n of the carbon par ti tioning in re tai ned

austenite and BF during bai nite transform ation

va lue ( 0. 12 at . %) d uring baini t e transfor mation at

lo wer temperat ure. The carb on in BF transformed at

300 a nd 250°C see ms to ac cum ula te m ore, which

m ay be due to the fac t that the rel at ively h igh densi­

ty d isl ocation is an advan tageous region for the car­

bon to b e trappe d and austenite/ bainite in terface is

carbon-enriched region. The a verage carbon level of

the Cot t rell a t mos phere di sl ocation debris ca us ed by

the plastic deformati on was estim ated to be (1 3. 40 ±

o. 80 ) a t. %, which is h igher than prev ious expe ri ­

m ental content of ca r bon trapped at di sl oca t ions in

the vic in ity of ferri t e/ a us tenit e in terface w hich was

es t im a ted to be ( 7. 40 ± 0.1 0 ) at. % [37] . Car bo n is

easily to be tra pped a t crysta l def ects to prev ent the

dec arburizat ion of s upe rsa t urated BF and theref ore

a lters the carb ide precipita t ion se que nce d uring lo w­

te m perature bain it e t ransformat ion ' F" . Moreover , a

pheno m eno n of little decarburization of s upersa t ura­

t ed BF has been found as the bain it e transf ormation

progresses but the carbo n precip it at ion does not oc ­

cur at the ext re mely lo w te m perat ure ( 21 0 °C and

180 °C) a nd long hea t treat ing ti me ( > 96 h ) . This

is m ore lik el y as it is s uc h a n uniform zon e ( carbon

conte nt in BF var ied fro m 1. 40 at. % to 2. 00 at. %),
which is co nsis t en t w ith R ef s. [10,36 ]. There is no

carbon content variation bet w een s uc h BF pl a tes due

to the fact that some pl a tes fo rmed ea rly in the

t ransfo rmat ion proces s and there was eno ugh t ime

fo r ca r bon diffu s ion back in to the a us teni te.

( 1) The fo rma ti on proces s o f BF was co m p li­

cated a nd diverse , an d the BF m ade of bas ic shear

t ransfo rmat io n units is arranged in the sa me di rec­

t ion of subunits at 300°C. TEM im ages indica ted

that the leng t hen ing of BF pla tes a re ca used by the

formation of n ew s hea r transf ormation unit s a t both

en ds of the BF.

( 2) The ex istence of defect like nanoscale twin ­

ning and disloca tion shows that the growth of trans­

format ion unit s is co n t ro ll ed by the s urro und ing de­

fect p la ne wi t h di s location, w hich is co nsisten t w ith

the m o vin g direction of BF/ a us te n it e interface paral ­

le l to the twinning p lan e.

( 3 ) The b eh a vior of work ha rd ening p roves

that m echanical s ta bi li ty of m icr ostructure o btained

a t 250°C an d 300 °C is much m ore s ta ble than that

a t 210°C , which IS even t ua ll y det ermin ed by the

block morphology of retained a ustenite and it s car­

bon content.

(4 ) T he evo lu t ion of t he ca r bo n part it ioning in

3 Conclusions
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Such t h in fil m austen ite can cont in ue to accum ulate

carbon from the is o lated n ew s upersat urated BF

w ithin the range between the r ', ( carbon eq ui li bri ­

um concentration betw een a us te n it e an d retain ed

a us teni t e when bain it e s tored energy is 400 J •
mol - I) va lue (7. 50 at. %) and A "3 (phase equi libri ­

um temperature b et w een a ustenite a nd BF) va lue
( 21. 00 at. % ) [35J.

T he evo lu t ion of carbon par ti tioni ng in retain ed

a us teni t e and BF with bainite transformat ion at 250°C

is shown in F ig. 5. R etained a ustenite is grad ua lly

enriched in ca rbon (in creased fr om 6. 20 at. % to

7. 30 a t. %) a t t he ini t ial s tage , lik ely caus ed by the

fo rmation of BF which m akes the exces s ca rbon a t ­

o m diffuse into a us teni te'Y". Subsequently , a fte r the

fo rm a ti on of BF , austenite is n o t g reatl y enriched in

carbon a nd carbon co ntent shows a li ttl e decrease in­

s tead ( decreased fr om 7.28 a t. % to 6. 10 a t. % at

250°C , and fro m 5. 80 at. % to 5. 50 at. % at 300°C) ,

which m ay be ca us ed by the BF in terface which

t rappe d a significa nt a mo unt of carbon. The baini t e

reaction is expected to cease if t he ca rbon co ntent in

a us teni t e reach es the value a t which t rans format ion

becomes thermodynamically impossihle'{ ' , H owever,

the ca r bo n co n ten t of ret a in ed a us teni te a t 210 a nd

180 °C was low er than that at 250 and 300 °C , and

retained a ustenite is graduall y enriched in carbon

w it h h olding time . The carbo n content in retained aus ­

ten it e at 210°C is co nsist en t wi t h R ef s. [1 0, 36]. As

fo r the evolu t ion of ca r bon co n ten t in retain ed a us ­

tenite transformed at 210 and 180 °C , it may be du e to

the fact that some BF plates fo rmed early in the trans ­

formation process an d there was m ore ti me C> 144 h )

fo r carbon diffusion back into the austenite.

T he carbon content in BF ( varied from o. 40 at. %
to 2. 90 at. %) is much higher than the para- equilibrium
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retained aus te nite and BF with the bainit e transfor­

m at ion can be concl ude d that aus tenite is g rad ually

en ric hed in ca rbo n at the initial stag e ; a fter the for­

m ation o f BF, aus tenit e is no t g rea tly enriche d in

car bo n , and the carbon con tent sho ws a little de­

cr ease inst ead; s ubseque n tly , a p henomeno n of li ttl e

decarburiza t ion of supersatu rat ed BF has a lso been

fo und ; however , the ca r bo n pr ecip it at ion do es not

occur during t he transformation prog ress.
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