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ABSTRACT

T he F e-O. 21C-2 . 2 Mn-0. 19 Si-1. 77 A l t ra nsfo r mation ind uce d plas ticit y (TRIP) -aided steel was hea t t rea ­

t ed a t va rio us aus tc nit izing t em perat ur es un der bo th TRIP-aided polygonal ferrit e type (TPF) and an­
ne a led m artensi te m a t rix (TAM) processes. T he mi crostruc t ure ev olution a nd t heir effects on mechanica l

propert ies we re sys temat ica lly inves tigat ed t hro ugh t he m icros t ruct ure obser va t ion and dila tomet ric ana ly ­
s is. The m icrostruct ure ho mogen eity is im pro ved in T PF ste el heat ed at a high tem perat ure d ue to t he re­

d uced banded martensi te and t he increased baini te . Compared wi t h t he mechanical properties of t he T P F
ste els , t he yield s t re ngt h and elonga t ion of t he TAM st eel s arc m uch higher , wh ile the t ensile s t re ng t h is
lower t han t hat of TPF steels. T he st abilit y of intereri tic a l aus teni te is affect ed by t he heat ing t em pera ­

t ur e , and t h us t he follo wing ph ase t ransformat ion in fluences t he mecha nica l propert ies, s uch as t he bain­
ite t ra nsforma tion and t he precipita tion of po lygonal ferri te . Obvious dyn amic ba init e t ransfo rmation oc­

curs a t T AM850, T AM900 and T AM950. More proport ion of po lygona l fe rr ite is found in the sample
hea t ed a t 950 °C. The baini t e t ransform at ion beg inn ing a t a h igh er tem perat ur e resu lt s in t he wide r ba in it ic

ferri te la t hs. T he more proportion of polygon al fe r ri te and wide bainitic fe r ri te lat hs commonly con t rib ute
t o t he lo wer s t re ngt h and bett er elongat ion . The un iform m icros t ru ct ure wit h la t h-li ke m orpho logy and re­
ta ined austeni te wi th high average ca rbon conte nt ensures a go od me chanical property in T AM850 wi th t he

produ ct of s t re ngt h and elongat ion of about 28 GP a . %.

1. Introduction

Environmental- fr iendly materials have alwa ys been
popular by automotive steel companies. In order to en ­
sure the complex shape for the automotive structures
and the ligh tweigh t for the fuel economy, a desirable
com bination of high strength an d goo d formabili ty of
auto mo tive steels is indispensable. Metas tab le retai ned
aus teni te wi t h t rans formation ind uc ed plas tici ty
(TR IP) effe ct is an ideal phase in highly def ormable
high s t rength s teels. T h us , m ed ium m anganese
lightw eight st eels have been ac tively developed ' <' ".
A lt ho ugh the lightw eight elem en t A l provides a new
idea for ve h icle ligh t we ig ht, a hi gh content of Al in
steel wit hout the Mn match ing leads to poor me­
chan ica l prop er ty. For the considerat ion of cost ad ­
vantage and process feasibili ty, the low- all oy T R IP-
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aided st eels wi t h the low m anganese system is m or e
s ui ta ble for the existing cold ro lled automo bile s teels.
In the past resea rch , an excellent combinat ion of
strength and stretch-for mabi lit y has been found in
TRIP-aided m ult iphase ( TMP ) steel by Sugimoto'<' !".
Resea rch es[12.13] commonly focused on the co m posi­

t ion , austempering temperat ures and the ty pes of
diff erent m atrix m or phol ogies. N evert heless , the
effe ct s of aus teni tizing temperatures on the m ech an­
ica l properties a re of little co nc ern. T aking into ac ­
co unt that the A l el em en t ca n signi fica n tly expand
the intercri tical t emperature ra nge and the process
wi ndow , the a lumi n um-a lloyed T R IP-ai ded s teel
was designed. The effects of aus tenit izing te m pera­
ture on the m ic rostructu re and mechanical proper­
t ies of A I-alloyed T RIP-aide d steel are studied b y
comparing the two differen t matrix m orp hol ogies.
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Fig. 1. Phas e vo lume fraction varying with heating tempera-

cont inuous annealing simulator (CCT-AY- ll produced
by U lva c-Riko IN C ) . Five different heating tempera­
tures (750, 800 , 850 , 900 and 950 DC ) , combined
with the theoretical da ta were chosen for differen t
phase proportions. The samples were he a ted at a
heating rat e of 10 DC/ s to the selected temperature,
followed by cooling at 15 DC/ s to 400 DC for 5 min
and then quench ed to room tem pe ra t ure by 50 DC/ s.
Another rectangular sample wi th polygonal ferri te
m a trix was processed wi th the same he at treatment
parameter. Schematic of the he at treatmen t cycle is
shown in Fig. 2.

2. Experimental Procedure

The ingots of 25 kg laboratory sm el te d stee l w ere
forged into several rectangular ingots (60 mrnX 100 mrnX
100 mrn ) . The ingots were reheat ed to roughly 1200 DC
for 2 h and hot rolled to 4. 5 - 5. 0 mm with the coi ­
ling temperature of 650 DC. After pickling, the hot­
roll ed sheets w ere directly cold rolled to a thickness
of about 1. 5 mm. The prec is e composition is: F e­
O. 21C-2. 2Mn-0. 49Si-1. 77 Al (wt. %). R ectangular
specimens of 70 mm in wid th and 220 mm in length
were m achined from the cold- roll ed s teel sheet par­
all el to the rolling direction prepared for the heat
treatment. The phase volume fraction varying with
the heating t emperature is theoretically obtained
from the appropriate database TCFE7 shown in
Fig. 1. Both TRIP-aided annealed martensite type
wi th annea led m artensite matri x (TAM) and TRIP­
aided polygonal ferrite type (TPF) wi th polygonal
ferrite matrix are designed and prepared for the
comparative study. The rectangular sample with an­
nealed martensite matrix, taking into account the
possible kinetic factors, was obtained by pre-quenching
from 1100 DC in a resistance furnace. Surface grind­
ing was done to remove the decarburization layer
and the oxide layer . Subsequ ently, five small rectangu­
lar specimens with dimensions of 20 mm X 100 mm
w ere subj ected to subsequent heat treatment on the

(a) (h)

1 100 't for 5 mi ll

Tfof fi min

400 'C for 5 mill

50 'Is

( a ) T PF ; ( b) T AM.

Fig. 2. Schemat ic diag ram of heat t reatment procedure.

The dilatometric tests w ere carried out simultane­
ously using the same heat treatment parameters in or ­
der to analyze the phase transformation process. Thus,
the specimens with dimen sions of 4 mmX 10 mm were
machined from the rectangular specimens (70 mm X
200 mrn ). T ensile properties were es t imate d by the
un iaxi al tensile test wi th the gauge length of 25 mm.
The tests were performed wi th a crosshead speed of
1. 0 mm/min at room tem pe ra t ure. The re sulting
micros tructures were observed by Zeiss U LT R A 55­
type field emis sion scanning electron microscopy (FE-

SEM) aft er etching with 2 vol. % nital. El ectron back­
scatter diffraction (EBSD) w as performed on the
samples with 20 k V and a step siz e of 2 ui»: EBSD
data were processed with Channel 5 software provided
by Oxford HKL technology. X-ray diffraction (XRD)
w as us ed to m easure the ret ained aus te nite fr action
and es timat e the carbon content of austeni te. XRD was
performed on the specimen (10 mm X 20 mrn) a t room
temperature using the D/MAX-RB operating at 45 kV
and 150 mA, the 28 containing the three FCC peaks
( 1200 f , 1220 f and 1311 f) and two BCC peaks
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( 1200 l . 12 11 f) scan with the step size of 1° using
C uKa ra dia tion. The av erage ca r bo n conc ent ra tion of
the aus teni te was approxi mately obtained by det ec­
t in g aus te n ite latt ice paramet er[14-16]. The s urfaces of

the sa mples fo r EBSD and XRD w ere electroly tically
po lis hed wi t h a negl ig ible in ternal s tress in a mixture
reagent of 20 vol. % perchloric acid and 80 vo l. % et h­
ano l wi t h t he vo ltage of 15 V fo r 20 -30 s.

3. Results and Discussion

3. 1 . M icrostructure observa t ion

The band ed microst ructures exist in a ll the five
TPF steel sa mples (as shown in F ig. 3). Microstruc ­
ture of the conven tiona l T PF steel co nsists of po lyg-

ona l in tercri ti cal fer rite , baini ti c ferr ite , retai ned
aus te ni te and the fresh marten sit e. A lt ho ug h the five
m inutes in t ercri tical an nea ling in this st udy m ay not
lead to the equilibr iu m in Thermos-Calc, t he t rend
of in tercri tical ferri te frac tion as a func tion of tem­
pera t ure can be referre d to the theoret ical da ta fro m
Thermo-Calc. Thus, the ferrite proportio n sho uld be
decl in in g wi t h the increasing t emperature. Co mpared
w ith TPF750, the proportion of ferrit e in TPF800
decreased inde ed. H ow ever , at a higher temperatur e
of 950 °C, h ighe r p ropor tion s of pol ygonal ferri te are
significant. Thi s is d ue to the austenite decomposi ­
t ion duri ng coo ling in T PF950 , w hich wi ll be fur­
ther discu ssed in the next part of dilatomet ric analysis.

The m icrost ructure hom og en eit y is g ra d ually im -

(a) TPF750 ; ( b) TPF800 ; (e) TPF850 ; ( d) TPF900; (e) TPF950 ; (f ) Partially enlarged fo r (e).
F-Polygonal ferrite; MA- l3loeky ma rte ns it e or retained auste nite ; 13F-13ainit ie ferrit e.

Fig. 3. SEM micros tructures of TPF steel a t differ ent heating temperatures .

proved wi t h the temperature va rying fro m 750 to
950 °C. A lmos t on ly m artensit e is la nds and bl ock y
re tai ned aus teni t e can be obs erv ed in the sa mple of
TPF750 exc ep t for the in terc ri tical ferr it e. W ith the
in creasing hea ting te m perature , the p rop or t ion of
m ar tensite isl and s or bl ock y retaine d austenite in the
mi cros t ruct ure decreases co nt inuous ly. M ore la th­
like bainiti c ferrite and fin e retaine d austenite are
observed in T PF950 than the others due to the lower
average a ustenite composit ion. Besi des , on ly a few
large m artens it e is la nds or bl ock y re tained a us teni te
a re sporadically dis trib ut ed at the prior a us teni te
grain boundaries of sa m ple T P F950. It can be con ­
sidered that the format ion of bain it e t rans formation
is in hi bi ted in these a reas due to the enrich men t of
ca r bo n and manganese el em en ts. Si mi lar pheno m e­
non abo ut the el em en ts en r ich men t a t the prior aus ­
ten it e grain boundary a lso appears in the a uthors '
previou s st udy [l1].

Diff eren t fr om the TPF steel, the mi cros t r uct ure

of TAM steel (as shown in F ig. 4) exhibits the lath­
lik e m orphology in heri ted from the m artens it e m a­
trix. The m icro st ructure of TAM steel m ainly con ­
sists of lath-l ik e intercrit ical ferri te , bain it ic ferri te
and the martensite or retained austenite betw een the
la ths. Du e to the high austenit izing temperature about
1100 °C, the la rge prio r aus ten ite grain size infl u­
ences the que nc h ing m ar ten site, result ing in the
long len g th of the m ar ten si te la th . In the s ubsequent
in tercri tical austeni t izing and austempering process,
the m icrostructural in heri ta nc e also ens ure s the long
length of both in terc ri tical ferri te and bain it ic ferrite.
A no ther three poi n ts a re pa r tic ula rly notew orthy :
F ir stly , the sa mple T AM750 has the low est ferri te
propor tion in the five sa mples. Secondly , the wi d t h
of bain it ic ferri te lath in T AM800 is significantly
lower th an th e TAM 850 an d TAM900. H ow ever, the
wi d t h of bain it ic ferri te lath is ref in ed agai n wi t h the
heatin g temperature r ising to 950 °C. T hi r dly , a few
pol yg on al ferri te grains m ainl y distributed at the prior
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( a) TA M750; ( b) TAM800; ( e) TAM8 50; (d) TA M900; ( e) TAM950 ; (f) Par t ially enla rged for ( e) .

Fig. 4. SEM micro st ru ctures of T AM steel at different heating tem peratures.
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amount of austenite during heating and holding process
can be estimated by the amo unt of ex pansion cha nges,
based on the law of leverage. The leng th of the line
segm en t A B m ay rep r esen t the generation of aus ten­
it e durin g heat in g, and the len gth of the lin e seg ­
m ent AC can represent the to ta l aus tenite fract ion after
th e five minutes in tercri tical annea ling process. The
lengths of a ll lin es a re listed in F ig. 5 ( a , b) . A l­
though the a bsolut e diff eren ce in the amoun t of ex­
pa nsio n betw een T P F and TAM steel is la rge , this
is m ainly due to the different matrix types. The amo unt
of expansion with the temperature t rend is co nsis ten t.

100 ,....-- - - - - - - - - - - - - --,
(a)

(c)

"

1000

- TPFi[,o
- TPF800
- TI'F850 -50
- TPHlOO
- TI'F'!l50

800

SOO

noo

f>()O

AL-ACI~un

400

"

200

TPfo'7[)() 16.:lH
TPt'800 21.01
TPI-W~ 2·1..t2
TPFfJOO :lur..!
TPJ-'vr,n :J:J. f,.'j

s.:Ul1llh ·s AL- ABlfJlU

T PF"iTlfl n. I82 -1
TPFSOO U.I88 2
TPtw .o ().Il~; r,

TPFflOO 0.21:17
T I' FH,'}() 0.,2276

Sarupll" Slop",'

200

- TPFi fiO

- TPFSOO / c

- TPF8., O~
- TPFOOO
- TI'H/50

80

40

0

::: - 40
.§. 0...,
<l

100

50

0

-50

- 100

- 150
0

3. 2. Dila tometric ana lysis

Dilat ometric curves reco rded (as shown in F ig. 5 )
hel p to have a better understandin g of the m icro­
s t r uc t ures of both TPF and TAM st ee l. As shown in
F ig. 5(a , b ), the boundary of t he pa r tial a usteni tiza­
t ion in both TPF and T AM alu mi n u m-a lloyed s teel
is blurred fro m dilatomet r ic curves. Changes in the

120

austenite g rain boundaries or martensite packet
bound aries are observed in both TA M 900 and TA M 950.
Combining the followin g dilatometric curves , the rea ­
so n for these phe no mena is not diff icult to be fo und.

Fig. 5. Dila tometric cur ves recorded during heat ing , holding ( a . b ) and cooling ( c . d) sec tions .
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The inc reasing leng th of AC proves the indeed de­
cl in ed in tercri t ica l ferrite frac tion w ith the ri sin g
temperature,

Besides , tak ing into acco unt the difference bet ween
the ferrite and aus tenite thermal expansio n coefficient ,
there wi ll be different co mposi te expans ion coeffi ­
cien ts in the ini tial stage of the coo ling process be­
fo re the phase t ransformation, Thus, the lin ear fit ­
t in g m ethod w as used to fit the data poi n ts between
the arrows in F ig , 5 ( c , d) , R -square values a bove
0.999 ensure the accuracy of the fi t. The resu ltant
slo pe of each sa m ple during the coo lin g p rocess is a l­
so lis ted in Fig. 5 ( c, d) . As the temperat ure r ises,
the slope exh ibit s the sa me regula r it y, cha nging
fro m O. 1824 to O. 2276 in TPF steels and fr om
O. 181 2 to 0.2 16 1 in TAM steels. This is consisten t
w ith the data in F ig. 5 ( a, b), and the in te rc ri tical
austenite prop or ti on in deed in creases by experimen­
ta l valida tion again with the ris ing te m pe rature.

For the phenom ena of m icro st ructure observation
in both TPF and TAM steels , the dilat ometric
curves w ere ana lyzed to understand the aus te ni te de­
co mposition during coo ling. H igher ferrit e propor ­
t ions in TPF 950 can be interpret ed by one deta il on
the dilatometric curve. The po lygona l fe rri te forms
durin g s u bseque n t coo ling process , si nce the coo ling
rate is se t a t 15 DC / S. Different degrees of pol ygonal
ferri te formation in the sa m ples TPF850 , TPF900
and T PF950 can be observed in the coo ling process
before bai ni te t ra ns fo rmat ion. In contrast , there is
no forma tion of pol ygonal fer rite in the sa m ples
T PF750 and T PF800 d uring coo ling p ro cess. The
lower hea ti ng temperature in intercr it ical region , ma k­
ing the carbo n and m anganese elements m ore con ­
cent rated in the austenite , r es ul ts in the hi gher sta­
bili ty of a usteni te in the fo llowing coo ling process
and the in hi bition of polygonal ferri te tr ansformat ion.

The dilat omet r ic curve has ba rel y cha nged durin g
the isot her mal process a t 400 DC of T PF750, w hic h
m ean s that ba in it e tran sformat ion has been in hi bi ­
te d. In contrast , the martensite transfor mat ion can
be observed at 90 DC in the subsequent cooling
process. Besides , w ith the in creasing te m perature,
the bainite t ra nsfo rmat ion is m ore and m ore si gni fi­
cant. T he dila tom et ric curve of sa m ples a lso shows a
gradually increasing expansion d uring the isothermal
process at 400 DC. These phenomena are consistent
w ith the m icr ostructure m orphol ogy in Fig. 3.

T he phenom eno n a bo ut the low est ferrit e propor ­
t ion in T A M7 50 (Fig. 4 ) is m ainly due to lowest
ba in it ic ferri te propor tio n , a lt ho ug h it has the high­
es t in terc ri tical ferrit e fract ion. T he bain it ic ferri te
propor tion of each sa m ple in TAM stee l is a lso dis ­
cussed based on dilat ometric curves . Si mila r to the
TPF750 , little bain it e transformat ion happen s in
T AM750. The lowes t s lope of O. 181 2 indicates the

hi ghes t in te rcri ti cal fe rri te fr acti on in TA M 750,
w hic h m eans the m ost en r ich men t of carbon and
m anganese elemen ts in in tercri tical a us teni t e. T h us ,
the bain it e transformation is in hi bi te d , and the pro ­
portion of bainit e ferri te in T AM750 is low er than
others. It is a lso pro ved by the s lig h t expansion of
dilatomet r ic curve in T A M750 during the holdin g
t ime a t 400 DC. The h igher expansion amoun t in
T AM800 co nfi r ms the fur ther bainit e transforma­
t ion , w hich m eans the m ore proportion of bain it ic
fer rite and accounts for the higher total fer rite fr ac­
t ion than T A M750.

T he phenomen on abo ut wi dt h difference of bainitic
ferri te laths can also be explained by th e dilato me tric
curves. As shown in Fig. 5 ( b), th ere is sing le expansion
site in the dilatometric curve of TAM 800 at th e austern­
pering temperature of 400 DC. In co n t rast , a co n t in u­
ous ly dynam ic expansion p rocess occurs at a hig he r
te mperature about 573 DC of T A M850, T A M900 an d
T AM950 , w hic h m eans that the bain it e t ransforma­
tion begin s a t a higher tempera ture in these three
sa mples. T h us, the m icr ostructure exhi bi ts the dif­
feren t lath wi d t hs of bain it ic ferrit e. Bain it ic ferri te
formed a t the high er temp era ture has the wider width.
F or co nve ni ence , the ba in it ic ferrit es in TAM stee ls
are ar ti ficia lly divid ed in to tw o types, bain it ic ferri te
formed a t 400 DC and bain it ic ferrit e fo r m ed above
400 DC. Based on the dilat ometric curves , the frac ­
t ion of each bainiti c ferri te can be rou ghly ca lcu lated
b y the law of leve rage. O b viously, the bainiti c fer­
rites of T AM800 are all form ed at 400 DC with the
fine w idt h , wh ile no m ore tha n about 25 % bainiti c
fer rite form ed at 400 DC ex ists in both T A M850 an d
T A M 900. T he essent ia l reason of the diff eren t phe­
nomena is the co m position di ffe re nce in in tercriti cal
aus te n it e. That is , the rel ativel y higher aus teni te
stabi li ty in T AM800 than that in T AM8 50 an d
T AM900 in hi bi ts the bain it e t rans formation above
400 DC wi t h the coo ling rate of 15 DC/ S. Thus , a la rg e
number of fine ba in iti c fe rrite laths are formed dur­
ing holdi ng at 400 DC. W hen it co mes to the sample
T A M 950 , a few pol ygon al ferri tes for m ed along the
prio r austenite g rain bo und ari es d uri ng the coo ling
p rocess , co nfir med by both microstruct ure observa­
t ion and dil a tom et ri c cu rve. T hus , austenite stab ili­
ty is en hanced by the fu r ther enrich ment of carbon
and m anganese elements from the po lygonal ferrites.
More bainite tr ansformation (abo ut 65 %) of TAM 950
occurs a t low er temperature, so the bain it ic ferri te
laths a re ref in ed agai n.

3. 3. Fu rth er analysis [or reta ined austenite a nd m a r­
ten site

It is d iff icult to dist in guish the m artensit e and r e­
tained aus te nit e on ly by SE M observation. Du e to
the diff erence in crys ta llogra phic parameters be-
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tween m ar ten si te and retaine d austenite, the face­
centered cu bic retaine d a us te ni te is easily r ecognized
by m eans of EB SD, In addi tio n, the m arten sit e un ­
der EBSD obs ervation has a poor recogniti on rat e
due to the h igher disl ocation den sit y itself , and thus
it co m monly ap pears dark on the band co n trast m ap,
Further analysis has been perfor m ed on m icr ostruc­
ture of both T PF s teels and T A M st eels by fin e
E BSD obs erva tion , as sho w n in F igs, 6 and 7, The
re tai ned aus t eni te frac tio n and ca r bo n co n te n t a re a l­
so m easured by XRD, as shown in Fi g. 8.

The banded m ar ten si te of TPF800 can be clearly
seen a long the rolling di rection. The band ed struc -

ture becomes less pronounced as the hea ti ng te m per­
at ure inc reases. A t a higher t emperature of 950 °C,
no banded m arten sit e is obs erv ed. As the intercrit i­
ca l aus teni t e g rai ns grow due to the inc rease in heat­
ing t emperature, the large a us t eni te grains cover the
t in y segregat ion banding. T hus , th e banded mart ensite
islands a re sign ifican tl y reduced as sho w n in F ig. 6.
M icr ostructure homogen eity is grea tly improved.

A na lyzi ng the dat a of XRD in Fi g. 8 , the reta in ed
aus ten ite frac tion reaches a value of 8. 7% in T P F750 ,
while it decreases to the lowes t va lue of 5. 8 % in
TPF800. The higher in tercriti cal fe rri te fractio n in
TPF750 acc ounts for the hig her retained austenite frac-

IPF colouring 11I Iron fcc

( a) T PF800; ( b) TPF850; ( e) TPF900 ; (d ) T PF950 ; ( e) Par tially enla rged for (d ) .

Fig. 6. EBS D map s of TPF stee ls at diff er ent hea ting tempera tur es, com bined band-contrast map of BCC and ori entation map of
retain ed au steni te. In set sho ws inver se po le-fig ure ma p for austenite phase.

IPF colouring
II I

Iron fcc

( a) TAM800; ( b ) T A M8 50; (e) T A M900; (d) T A M950 ; ( e ) Par tially en larged for (d) .
M-Mart ensit e ; RA- Retained aust enite.

Fig. 7. EBSD m aps of T A M steels a t diff erent heat ing temperatures , com bined band-contras t map of BCC and ori entation m ap
of ret ained aus te nite . Inse t shows inv er se pole-figur e map for aus te ni te pha se.
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Fig. 8. XRD patterns and data (both ret a in ed au stenite fra ction a nd ca rbon con te n t ) of inves tiga te d s te els.

tion than that in TPF800. Then, it develops with the
rising temperature in TPF steels. The EBSD results
in Fig. 6 show the same regularities. The retained
austenite fraction is remarkably improved as th e heat­
ing tem pera t ure increases. At the low temperature
of 800 °C, there is alm os t no retained austenite,
while the retained austeni te con ten t basically m ain ­
tains a t a high level w ith the heating temperature
over 850 °c . Besides, the morphology evolution of
re tained austen ite in TPF s teels is a lso significant.
The proportion of b locky r etained austenite de­
clines, while the proportion of la t h-l ike retained
austenite between the bainitic ferrite increases sig­
nificantly, especially the retained austenite in TPF950.
Furthermore, the av erage carbon content of the re­
tained austenite is lifted from 0.9 3 % in TPF800 to
1. 14 % in TPF950. The sufficient bainite transfor­
m ation during the cooling cont rib ut es to the high av­
erage ca rbon conten t in re tained aus tenite.

Different from the TPF steels, the ret ained aus­
ten ite fr action in TAM steel a lwa ys maintains a high
con ten t from the low tempera ture of 800 °C to the
high temperature of 950 'C. In addition, the av erage
carbon content of retained aust enite in each sample
a lso maintains a high level except for TAM750 from
XRD data. No martensite is observed in the TAM
steels exce pt for TAM9 50 . The phenomenon that
the large martensite islands only appear at the high
temperature of 950 °C can be understood from two
aspects. On one hand, the intercritical austenite
la t hs are partially m erged at the prior austenite grain
boundaries of the pre-quenching m artensite from

1 100 °c , and thus the large blocky austenite form ed.
On the other hand, the polygonal ferrite precipitated
along the prior austenite grain boundary during the
cooling process leads to the loca l en r ich men t of the
ca rbon and m anganese elemen ts in the vicinity of the
aus ten ite interface. Thus, the forma tion of bainite
transforma tion is inhibi ted in these areas during aus­
tempering process, and it is easy to generate large
fresh m artensite during the subsequent quenching
process as shown in Fig. 7 (e). In addit ion , the phe­
nomenon abo u t width difference of bainitic ferri te
la ths can al so be proved by XRD data, as show n by
the inset in Fig. 8 . The average grain size of ferrite
can be roughly compared by comparing fu ll widths
at half-maximum of the ferrite peak (211) in XRD
on ubiquitous Scherrer forrnula ' P". T AM800 has the
fin est ferrite lath as it has the biggest full width at
half-maximum, while ferrit e la th of T AM900 is wi­
der than the other two be cause of its small es t full
width a t half-maximum.

3. 4 . M echanical pro perties

The m echanical properties and engineer ing stress­
strain curves are lis t ed in Fig. 9. It has been con­
firm ed that different annealing temperatures affect
the partial austenitization and subsequent phase
transformation process through the microstructural
observation and dilatometric analysis. Thus, the
m echanical properties are affected by the final mi ­
crostructure. The yield strength in thes e steels is
gen erally influenced by the soft phas es, such as in ­
tercr it ica l ferrite, polygonal ferri te, bainitic ferri te and
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Fig. 9. Mech ani cal properti es ( a) and engi nee ring st ress-s train curves (b) of both TPF and TAM s tee ls.

so on, while the tensile strength is mainly det er­
mined by hard phases both the bainite and martens­
ite. The elongation is aff ected by a vari ety of fac ­
tors, including sof t and hard phases. In addition , the
microstructural morphology, homogeneity, amounts
of retained austenite and its carbon content in vari ­
ous heat treatment conditions also play the key roles.

3. 4.1. M echanical properties of TPF stee ls
Yield s trength of TPF s teels genera lly in creases

with the rising heating temperature, as the propor­
tion of in tercritical ferrit e de creases. However, the
precipitation of polygonal ferrite during the cooling
process with the cooling rate of 15 eCl s complicates
the evolut ion of m echanical properties, proved by
both dilatometric curves (Fig. 5 ) and microstructure
observations (Figs. 3 and 6). For ex ample, com ­
pared with TPF800 (406 MPa), the yield stren gth
of TPF850 ( 362 MPa) slightly decreases. The yield
s t rengt h is togethe r aff ect ed by tw o com pet ing
mech anisms. On one hand, the yield s trength value
is en ha nced with the decreas e in the proportion of
intercritical ferrite. On the other hand, the forma ­
t ion of polygonal ferrite during cooling in TPF850
reduces the yield strength of the material. As shown
in Fi g. 9, it is obvious that the decrease caused by
the precipitation of polygonal ferrite in TPF850
coun teract s the in cr ease affecte d by ch ange of inter­
critical ferrite fraction. With the further ri se of tem­
perature, the reduction of intercritical ferrite once again

dominates the yield strength, leading to a further in ­
cr eas e in yield strength.

According to the dilatometric curves and EBSD
m ap s of the TPF7 50 and TPF800 samples, the re is
no polygonal ferrite formation during the cooling
proces s and little bainite transformation happened in
the austempering. T ensile strength is s ign ificantl y
increased from 87 5 to 1135 MPa, as the m icros truc­
ture is basically det ermined by the marten site frac­
t ion in TPF7 50 and TPF800. A lthough the propor­
tion of intercritical austenite increases with the fur­
ther increa se of heat in g tem pera t ure , the ov erall
tensile stren gth of the TPF steel is reduced (from
1005 MPa of TPF8 50 to 956 MPa of TPF9 50) and
the elongat ion is improved (from 17.0 % of TPF850
to 20. 1% of TPF950) by four possible reasons.
Firstly, the presence of po lygonal ferrite de creases
the strength and en ha nce s the ductility of the mate­
ri al. Secondly, the microstructural homogeneity is
improved by we akening the banded mi cros tructure
and contributing to the in creas e of the elongation.
Thirdly, the am oun t of bainite increases while the
proportion of fr esh martensite is lands decreases in
TPF850, TPF900 and TPF9 50. Thus, the blocky
retained aus tenite transformed into la th-like mor­
phology, and sufficient bainite transformation con­
tributes to the high av erag e carbon content of r e­
ta ined aus ten ite. Both of them m ake higher stabili ty
of ret ained aust enite promoting su st ained TRIP effect
and high elongation[18-23] . At las t , banded m artensite
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islands a re reduced, as the large intercritical austen­
it e grains cover the tiny segregation banding in TPF
steel at a high heating t emperature. The improved
microstructure homogeneity is also beneficial to the
compreh ensive m echanical properties.

3. 4. 2 . M echanical pro perties of TAM steel s
Unlike the TPF steels, the microstructure homo­

g en eity is significantly improved by the pres ence of
the pre-quenching process in the TAM steels.
Therefore, in the subsequent in tercriti cal aus tenit iz­
ing process, there is no band-like feature of the mi­
cros tructure. The yield strength is mainly de cided by
the lath-like ferrite. In the TAM steels, the lath-like
ferrite is mainly composed of two different types.
The first is the ferrite form ed during the intercritical
austenitizing process, and the second is the ferrite
form ed during the cooling both polygonal ferrit e and
bainitic ferrite. The yield strength of T AM750 is on­
ly dominated by intercritical ferrite, which ha s a low
dislocation density. Therefore, the sample T AM750
exhibits very low yield strength of 397 MPa. The
proportion of intercritical ferrite in TPF800 decrea ­
ses, while the bainitic ferrite dominates the yield
strength. Then, the yield stren gth of TPF800 is sig­
nificantly eleva te d with the value of 573 MPa. With
the further increa se of heating temperature, the
homogenization of intercritical austenite internal
composition reduces its stability. Thus, the baini te
dynamic transformation begins a t the higher te m pe r­
at ure above 400°C , that is, the width of baini ti c fer­
rit e la th in higher tempera ture becomes wider. The
yield strength of TAM900 is reduced again with the
value of 520 MPa. Besides, a few polygonal ferrit es
formed in T AM900 also cont r ib ute to the low yield
strength. Although the width of bainitic ferrite laths
is refined aga in in sample TAM950, the ferrite pre­
cipitated during the cooling process once again domi ­
nates the yield stren gth of the material, and the
yield strength re aches the value of 495 MPa.

The tensile s trength of the TAM steels is m ainly
affe cted by the interaction of hard-phase and the re­
ta ined austeni te. Obviously, the bainite transforma­
t ion in T AM750 as shown in Fig. 5 is slight, and the
mar tensite transformation a t the low tem perat ure
( about 90°C ) indicates the little ret ained a us te nite
fraction of 4.4 % in TAM750. As a consequence, it
is hard for T AM750 to provide a TRIP effe ct to sus­
tain the high strength and elongation, a lt houg h the
sample TAM7 50 ha s the highest proportion of mar­
tensite. According to the dilatometric curves and XRD
data, bainite transformation happens at the lower
temperature, contributing to the fin er bainitic ferrite
laths in TAM 800 than in TAM 850. This is also reflect ed
on the strength difference. Considering the similar
ret ained austenite fraction and carbon content in

bo th T AM800 and TAM850, it ca n be concl uded
that the width difference of bainitic ferrite laths is
more important rather than the difference from r e­
tained austenite. That is, wider bainitic ferrite laths
of T AM8 50 are more conducive to a better elonga­
tion. The sample T AM850 exh ibit s good m echanical
properties with the tensile strength of 810 MPa and
elongation of 34. 5 %. The observed decline in tensile
strength of TAM900 and T AM9 50 can be under­
stood in terms of the polygonal ferrite fraction. It
should also be no ted that the large mar tensi te
islands in T AM950 ( as shown in Fig. 7 ( e ) a re
harmful to the elongat ion.

In addition, compared with the TPF st eels, th e yield
strength and elonga t ion of the TAM steels are much
higher, while the tensile stren gth is lower than that
in TPF steels. It comes mainly from the microstruc­
t ural differences between the TPF steels and TAM
steels. Significant m artensi te isl ands can be observed
in all of the TPF steels. In contrast, the microstruc­
ture in TAM steels esse n t iall y consists of bainite
and ferrite. Moreover, the higher retained austenite
fraction and av erage carbon content are also condu­
civ e to good ov erall properties in TAM steels.

It is noteworthy that the m echanical property
differences between TPF7 50 and T AM7 50 are negli ­
g ible . Similar microstructure of fr esh m artensite and
little retained austenite with low stability leads to
the close tensile s trength and poor elongat ion. A c­
cording to the dil atometric curves, no bainite phase
transforma tion happens in both of them at th is tem­
pera ture. That is, the in tercri ti cal ferrit e is domi­
nant in te rm s of the yield strength. While th e yield
strength under the TAM process is slightly higher,
and two po ssible causes can account for this phe­
nomenon. Firstly, it is difficult to grow nuclei of the
intercrit ical aus teni t e in the barren region in
TPF750, due to the pres ence of elemental segreg a­
tion banding, while more austenite nucleation posi­
tions can be easily provided in TAM750 because of
its m ar tensi te matrix even in the barren region.
Therefore, in tercri t ica l austeni te fr action is obvious­
ly differen t at the same he ating temperature between
TPF steels and TAM steels. As shown in Figs. 4 (a )
and 5 ( a), the proportion of intercri tical ferri te in
TPF750 is notably lower than that in T AM750. The
less propor tion of intercritical ferri te in T AM750
contributes to the higher yield strength. Secondly,
the massive ferrite grains gather in the barren region
of carbon and manganes e, allowing the easy deform­
ation in TPF750. While the ferrite laths will be ge o­
m etrically constrained by the surrounding m artens­
it e in T AM750 with the improved microstructure
homogen eity' <" . In terms of TPF9 50 and T AM9 50,
similar microstructural morphologies account for the
close properties, both of which are composed of po -
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lygonal fer rite along the prior austenite grain bo und­
ary , lath-l ik e bain it ic ferri t e , retai ned aus t eni te and
fres h m arten sit e is la nds . The diff eren ce in m ech ani­
ca l propert ies is m ainly due to the diff erent propor ­
t ions of each phase.

4. Conclusions

The F e-O. 21C-2 . 2M n-0 . 49Si-1. 77 A l T R IP-a ided
s teel w as heat treat ed a t var ious aus teni ti zing tem­
peratures un der both T P F and T AM proc ess. The
par ti al a us tenit iza t ion and the subsequent austenite
decomposi tion were detected tho ug h the mi cr os t ruc­
ture observation and dila tom et ric analysis. T he in­
fluen ces of aus teni ti zing temperature on m echanical
proper ti es we r e syste matica lly inves tigat ed by analy­
zing m icrostructure evolut ion , incl udi ng in tercri tical
ferri te , bainit e, fr esh m artens it e and reta ined aus ­
te n ite. Diffe ren t hea ti n g te m perat ure lead s to the
diff eren ce of in tercri t ical aus ten ite composition ,
w hic h affects the s u bs eq uen t po lygona l ferri te for ­
m ation process and the bainite phase trans formation
process. In addi tio n , m icrostructural m orphol ogy
and homogen eity also pl ay the key ro le in propert ies.
T he specific co ncl usions of the s t udy are as follows.

(1 ) In TPF s t eels , banded m artens it e is lands are
red uc ed , wi t h the tem perature va ryin g fr om 750 to
950 °C, as the large aus teni te grai ns cover the t in y
seg r ega tion bandin g. Bes ides , s uffici ent bain it e
transform at ion results in both stab le retai ned aus­
te n ite wit h high avera ge carbon content and im­
p roved mi cros t ruct ure homogen ei ty , wh ich cont rib ­
utes to the overa ll m ech ani cal p rop erty.

( 2) In TA M steels, hi gh average a lloy composi­
tion of the in tercri tical aus ten ite in T AM7 50 su p­
presses the forma tion of pol ygonal ferri te and the
t ransformat ion of ba in it e. With the r is in g heatin g
temperature, dynam ic ba in it e t rans format ion ha p­
pens in T A M8 50, T A M900 and T A M9 50. It results
in the wi der ba in it ic ferri te laths and lower tensile
s t re ngt h than that in T AM 8 0 O. In addi tion , so me
pol yg onal fe rri te gra ins in T A M 9 5 0 m ay res u lt in
the en rich ment of ele ments at pa r ti al austenite
g rai n bou nda ries , w hich is no t co nd ucive to the
su bsequent ba ini te transfor m ation and det rimen tal
to elongation.

( 3) Compared with the m echani cal prope r ti es of
the TPF s teels , the yield strength an d elongat ion of
the TAM st eels a re much higher, w hi le the t ensile
s t rengt h is lower than that in T P F s teels. The mar­
ten sit e matrix in T AM steels lead s to lath-l ik e mi-

crostructural morphology, im proving the microstruct ur ­
al homogeneit y. The un iform m icrost ructure wi t h
lath-l ik e m or phol ogy and ret ain ed aus te ni te wi t h
high average carbo n con ten t ens ure s a good m ech an­
ica l proper ty in T AM8 50 w ith the prod uct of
strengt h and elonga tion of a bo ut 28 GPa . %.
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