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Abstract. Advance high strength steel with minimum UTS of 780 MPa is industrially developed utilizing continuous annealing line (CAL) and Gleeble
thermo mechanical simulation. An outline of superior elongation, improved strain hardenability, enhanced strength of developed Fe—C—Mn—Si
TRIP assisted steel is described. Correlation amid Simulated result and industrially annealed steel are stabilized for microstructure and mechanical
property. Annealing condition is optimized for best combination of strength and formability accordingly. CCT diagram for the selected composition
from JMatPro is utilized to optimize rapid cooling rate and over aging section temperature. Final microstructure of developed steel comprises
tempered martensite, granular bainite with retained austenite distributed in polygonal ferrite matrix. An evaluation of developed TRIP steel is carried
out with the help of microstructure and XRD analysis. It was concluded that strain hardening coefficient of new steel is comparable to that of drawing

grades attributable to about 13 % retained austenite in microstructure.
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- INTRODUCTION

Lately TRIP assisted steel are in extensive demand for
automotive application owing to their excellent strength
ductility combination. The concern of strict global environ-
ment regulation to reduce tail pipe emission and improved
fuel efficiency by BIW weigh reduction has further pushed
the use of AHSS steels in automotive [1]. Since TRIP steel
offer better combination of enhanced fatigue resistance and
drawability, they are considered for novel highly formable
cold-rolled steel sheet for automobile body application [2].
The strength deformation combination is attributed to TRIP
phenomenon where strain-induced phase transformation of
retained austenite (RA) renders excellent strain hardenabi-
lity (n-value) [3]. While evaluating TRIP assisted steel with
Ferrite-Martensite Dual phase grade of same strength, the
former shows improved strain hardenability and elongation
due to TRIP effect. Additionally, improved formability of

TRIP-steel can be attributed to their composite like defor-
mation behaviour where retained austenite transformation
assists in strain distribution in the softer bainite and ferrite
constituents [4 — 6]. The improved fatigue life is attributed
to relaxation of high stressed field during fatigue by trans-
formation of retained austenite to Martensite [7 — 10]. With
said advantages, this study outlines the industrial develop-
ment of next generation TRIP assisted steel with a tensile
strength of atleast 780 MPa.

- EXPERIMENTAL

Steel slab of 220 mm thickness with chemical composi-
tion (Table 1) as per DIN EN 10338 — HCT780T) grade is
industrially produced though basic oxygen furnace (BOF) —
RH degasser route in steel melting shop (SMS) and con-
tinuously casted subsequently at industrial slab casting ma-
chine. Slabs are hot rolled to 2.4 mm at 7-strand hot strip

Table 1

Chemical Composition of HCT780T- TRIP steel

Tabmnna 1. Xumuueckuii cocras [IHII-cranu HCT780T

Grad C Mn Si P S Cr+Mo | Nb+Ti A%
ade Max) | (Max) | (Max) | (Max) | (Max) | (Max) | (Max) | (Max)
HCT780T | 0.220 2.000 2.000 0.020 0.005 0.300 0.150 0.050
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mill (HSM) keeping the hot finish temperature above A3
and coiling in the range from 550 — 600 °C. Acid pickling
and cold rolling (1.2 mm) is carried out at pickling line tan-
dem with cold rolling mill (PLTCM). Cold rolled samples
are simulated at Gleeble 3800 thermo mechanical simula-
tor and processed at industrial Continuous annealing line
(CAL) respectively. JMatPro simulation software is uti-
lized to generate composition based CCT curves. Tensile
tests are carried out as per ISO 6892-1:2009(E) standard in
Zwick Roell-100KN tensile testing machine. Microstruc-
ture examination is carried in Carl Zeiss Optical microscope
at and Hitachi Scanning Electron microscope utilizing SE
mode. XRD analysis is done at PANalytical — Empyrean
X-ray difractometer with Cu-Ka Source.

[ RESULT AND DISCUSSIONS

Hot Rolled and Cold Rolled Microstructure
and Properties

As given in Fig. 1a, Ferrite-pearlite microstructure at hot
rolled (HR) stage is broken down to elongated ferrite and
pearlite microstructure with small precipitates of cementite
(Fig 1b.) post 50 % cold rolling. Pearlitic microstructure at
HR stage is due to high coiling temperature (>550 °C) du-
ring hot rolling which is above the bainite start temperature
as given in CCT diagram of sleeted steel composition.

CCT Curve and Annealing cycle

Fig. 2a and Fig. 2b demonstrate TTT and CCT curves
respectively acquired from JMatPro Thermo-Physical
simulation software to calculate various critical tempera-
ture for given TRIP steel composition. As seen in Fig. 2a
and Fig. 2b, Bainite start temperature (B ) is close to
480 °C where as M_temperature is close to 380 °C. Based
on the CCT curve, Gleeble and in line CAL trials are
carried out to optimize the annealing condition for bet-
ter strength — ductility combination. Fig. 3 depicts typi-
cal CAL/Gleeble annealing cycle with different over ag-
ing temperature tryouts for Cold rolled Closed Annealed
(CRCA) steel sheet.

Microstructure Post Continuous Annealing

Typical mechanical property of Continuous Annealed
and Gleeble simulated samples are listed in Table 3.
As given in Table 3, excellent combination if Strength
(UTS > 850 MPa) with superior elongation and strain
hardenability could be achieved post annealing. Anneal-
ing with Soaking temperature of 800 °C with cooling rate
<25°C/s and over aging temperature of 450 °C lead to
above listed mechanical properties.

Fig. 4a and Fig. 4b shows the SEM and Optical mi-
crograph of CAL annealed sample annealed at A3-20 °C.
Rapid cooling end and Overaging section temperatures
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Fig. 1. SEM Micrograph of TRIP Steel, x2000:
a — hot-rolled; b — cold rolled

Puc. 1. COM-mukporpadus [THIT-cTamu, x2000:
a — ropsiaeKaTaHas; b — XoIoJHOKaTaHas

Table 2

Mechanical properties Hot rolled
and Cold Rolled Samples HCT780T steel

Tabnuya 2. MexaHn4eckHe cCBOIiCTBa ropsiue-
H X0JI0HOKATaHbIX 00pa3uoB ctaau HCT780T

Grade YS (MPa) | UTS(MPa) | El %, 50 gl
Hot Rolled 660+ 15 | 778 £ 12 18+1
Cold Rolled (Full Hard) | 1050+ 10 | 1170 £ 15 5+1

are kept at B—40 °C and B -30 °C respectively, where as
B_ is Bainite start temperature for given composition cal-
culated from JmatPro. Optical micrograph shows island of
Bainite, Retained Austenite (RA) along with small fraction
of Martensite (M) distributed in Recrystallized ferrite mat-
rix. Fig. 4c shows distribution of different microstructural
constituents where Ferrite is shown as Green, Bainite as
Blue and Retained Austenite/Martensite as brown color.
XRD diffraction pattern given in Fig. 4d suggested about
13 % of RA in the microstructure where as 25 % Bainite
and 55 % Ferrite are calculated from Optical micrograph.
Martensite fraction (~7 %) is calculated from deducting
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Fig. 2. TRIP Steel of selected Composition:
a—TTT diagram; b — CCT diagram

Puc. 2. [THII-cTans BeIOpaHHOTO cOCTaBa:
a — uarpaMma BpeMsi — TeMIepaTypa — BblJeJIeHHE; b — TEPMOKHHETHYECKAs! AuarpaMma

RA fraction from RA + M fraction which is about 20 % for
given sample.

Annealing Parameters vs. Mechanical Properties

Cold rolled coils and full hard samples are processed
at CAL and Gleeble Thermo mechanical simulator res-
pectively at different Soaking (Annealing) and Overaging
Temperatures. Mechanical properties are evaluated for
optimum strength—ductility balance. Soaking temperature
(SS) is varied from A3-100 °C to A3+10 °C, where A3 is
upper critical temperature calculated in JMatPro. To study
the effect of soaking temperature, rapid cooling (RCS)
and Overaging (OAS) temperatures were kept constant
as B—40 °C and B -30 °C respectively. As evident from
Fig. 5a, superior strength and elongation combination can
be achieved at soaking temperature of A3-20 °C having
UTS of atleast 850 MPa and Elongation more than 25 %.
It is also observed that increasing SS over A3 doesn’t have

A3 Soaking
Slow Cooling

>

< B.-140°C

Temperature, °C

400 600 800
Time, s

Fig. 3. Typical CAL annealing Cycle

Puc. 3. CranpmaprHas cxema orxura Ha JIHO

any significant impact on strength or elongation as keep-
ing soaking temperature above A3 result in larger auste-
nite grain size degrading the final strength. Keeping SS to
A3-100 °C (Fig. 5a) resulted in poor elongation as at such
a low temperature of intercritical annealing, the amount of
retained austenite in final microstructure is not sufficient to
give sufficient TRIP effect.

To analyze the impact of Overaging temperature as given
in typical annealing cycle (Fig. 3), OAS in CAL is varied
from B ~130 to B +140 °C while keeping the Soaking tem-
perature constant at A3—20 °C. Similar cycle is simulated in
Gleeble as well. Rapid cooling end temperature is always
kept OAS+10 °C for each trial. As evident from Fig. 65 an
optimum combination of Strength (855 MPa), Elongation
(25 %) and excellent strain hardenability (n-value) of 0.22
is achieved at OAS temperature of B ~40 °C at CAL. The
result is attributed to 13 % RA along with 55 % ferrite and
25 % Bainite in microstructure (Fig. 4b to Fig. 4d). Keep-
ing OAS temperature down to B —~130 °C (Fig. 6a) results
in elevated strength of 903 MPa due to increased Marten-
site phase fraction; however the resultant elongation drops
significantly due to lower retained austenite (<2 %) in mi-
crostructure.

Table 3

Typical Mechanical properties of Trip 780 steel
post Annealing

Tabnuya 3. CTanaapTHbIe MeXaHUYeCKHE CBOiiCTBa
ITHII-cTanu 780 nmocJie oTxkura

Grade | YS (MPa) | UTS (MPa) | El1%,50 gl n-value
CAL 480+ 9 854+12 | 250+1.0 | 0.23+0.01
Gleeble | 468+ 13 843+ 15 | 245+1.5] 0.22+0.01
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Fig. 4. Continuous annealed microstructures of 780 TRIP steel:
a — SEM micrograph; b — optical micrograph; ¢ — color map of distribution of different phases; d — XRD diffraction pattern

Puc. 4. HenpepbiBHO-0TOMOKeHHBIE MUKpOCTPYKTYpbI [THIT-cTanu 780:
a — COM-mukpodotorpadus; b — ontudeckas MUKpodoTorpadus; ¢ — BETHAsI KapTa pachpeIe/ieHus pa3HbixX (as;
d — nudpakOHHast pEHTIeHOrpaMMa
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Fig. 5. Dependences for CAL and Gleeble Simulation:
a — soaking temperature vs. UTS/El %; b — overaging section temperature vs. UTS/EI %;
1 - UTS - CAL; 2 - UTS — Gleeble; 3 — El1 % — CAL; 4 — El % — Gleeble

Puc. 5. 3aBucumoctn st mozpenuposanust JIHO u Gleeble:
@ — TeMIeparypsbl BBIICPIKKH OT Ipezena mpouHocTy Ha paspeis/El %; b — reMnepaTypbl cTapeHus CeKLUH OT Hpezena npoyHocTr Ha paspbis/El %;
1 - UTS - CAL; 2 - UTS — Gleeble; 3 — El1 % — CAL; 4 — El % — Gleeble

[ ConcLusion B ~140 °C and Soaking A3-100 °C resulted in poor elon-
gation.

With selective combination of chemical composition

and annealing parameters, HCT 780T Trip steel has been REFERENCES
11 1 industrially and validated through
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Gleeble simu atl_o_n' Resu t_ant. stee . confirm 1mprov§ bility of retained austenite on formability ina 0.1C—1.5Si—1.5Mn—
strength—drawability combination with excellent strain —0.5Cu TRIP-aided cold-rolled steel sheet. Mater. Sci. Eng. A. 2004,
hardenability. It is also concluded that Keeping SS tem- vol. 371, no. 1-2, pp. 16 -23. . .
perature of A3-30 °C and OAS temperature of Bs _40°C 2 Tao. Fu-Yong, :Ilng qu etc. Effects of .cold rolhng1 reduct19n on
gives optimum result with 13 % retained austenite for given retained austenite fraction and mechanical properties of high-Si

o ; TRIP steel. Journal of Iron and Steel Research International. 2013,
composition. However, keeping OAS at reduced level of vol. 20, no. 5, pp. 50-56.
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Fig. 6. XRD pattern of the sample processed at:
a—OAS B — 140 °C; b~ OAS B - 40 °C

Puc. 6. Pentrenorpamma obpasna rocie BbIICpKKU B Macie IpH:
a—140°C; b—40°C
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Annomayusa. IlepenoBasi BBICOKONPOYHAs CTajlb C MHHUMAJIbHBIM
mpenenoM MpovYHOCTH Ha pas3peiB 780 Mlla Opura paspaborana
MPOMBIIUIEHHBIM CIIOCOOOM C HCIIONb30BaHUEM JIMHHU HeIpe-
poiBHOTO OTXNHra (JIHO) 1 TepMOMEXaHHYECKOTO MOJEIHPOBAHMUS
Gleeble. Paspaborannas Fe—C—-Mn-Si [IHII-crans oGmamaer
MOBBIIICHHON JIe()OPMALHOHHON TPOKATHBAEMOCTBIO, IPOYHOCTHIO
U OTHOCHUTEIBbHBIM yuIMHeHHeM. Koppensuus mexy mozpenupye-
MBIM PE3yJIbTaTOM M IPOMBIILICHHO OTOXIKEHHOH CTalbio BHIHA
0 MHKPOCTPYKTYPE M MEXaHHYECKHM CBOWMCTBaM. YCIOBHS OT-
JKUTa ONTHMHU3UPOBAHBI JUISI HAWIIYYIIETO COYCTAHHS MPOYHOCTH
u popmyemoct. TepMOKHHETHYECKAs AMarpamMMa Julsi BBIOpaHHOI
JMatPro KOMIO3HIMH HCIIOIB3YETCS Al ONTUMH3AIMNA CKOPOCTH
OXJIAJK/ICHUSI M TEMIIEPATYPHBIX PEIKHUMOB cTapeHus. Koneunas mu-
KPOCTPYKTypa pa3paboTaHHO CTaIN COCTOUT U3 3aKaJICHHOTO Map-
TEHCHUTA U CHEPOUITU3UPOBAHHOTO OCHHUTA C OCTATOYHBIM ayCTe-
HUTOM, PAaCIpeIe/ICHHBIM B IIOJIUTOHAIBHOM (hepPUTOBOI MaTpHIIE.
Omnenka paspaborannoit [IHII-ctanu mpoBoauiaace ¢ MOMOIIBIO
ONTHYECKOTO M PEHTTCHOCTPYKTYPHOTO aHanu3a. B pesyibrare uc-

CJIeZIOBAaHUN YCTAHOBJICHO, 4TO KO((GUIMEHT IehOpMalHOHHOTO
YIIPOYHEHHS HOBOI CTalll CPaBHUM € KO3()HUIMEHTOM yIIPOYHCHHS
MapoK, coAepKamux NpuoIu3uTeabHo 13 % ocTaToyHOro aycTeHu-
Ta B MUKPOCTPYKTYpe.
Knrwouesvie cnosa: ITHII-cTanb, ocTaTouHbIi ayCTEHUT, HENIPEPBIBHBIHM OT-
JKUT, PEHTTEHOCTPYKTYPHBIH aHaIU3, TpaHC(hOpMaIlHsl, aBTOMOOHIIb-
Hasl CTaJlb, TepMOOOPabOTKA.
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