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Abstract

Aim of the current study is to analyze the fracttmeghness values along with other mechanical
properties and correlating the microstructures Ibfafine grained (UFG) microalloyed and
interstitial free (IF) steels produced through awed 3-steps control multiphase rolling. The
analysis of fracture toughness was carried oututitocomputingKq (conditional fracture
toughness)J-integral (crack initiation energy) ange (equivalent energy fracture toughness)
values from 3-point bend test data of rolled specisn Microstructural analysis was performed
through transmission electron microscopy (TEM) glanith selected area electron diffraction
(SAED) and Electron backscatter diffraction (EBSDie quantitative measurement of low and
high angle grain boundaries and their distributiothe deformed state were determined through
EBSD analysis. The good combinations of fracturgghmess, yield strength (YS) and percent
elongation (%ELl) (i.e. ductility) were achievedrdhgh innovative 3-phase control rolling
(microalloyed steel: Ke=68.9MPa/lm, J=81.4kJ/M, YS=923MPa, %El.=13.6; IF steel:
Kee=72MPalm, J=87.7kJ/mM, YS=623Mpa and %EI.=19). This is ascribed to teeetopment of
homogeneously distributed submicron size (0.69umyitic+martensitic structure in the
microalloyed steel and submicron size (0.83um)itferrgrains along with high density
dislocation substructure in the IF steel. Thesdodaion cells and substructures could
effectively block the crack initiation and propagat The development of UFG microstructure
has been analyzed in the light of deformation irdii@rrite transformation (DIFT) and dynamic
recrystallization (DRX) mechanisms. Superior fraettoughness of the UFG steels along with
better combination of mechanical properties is vdgmanding for high strength structural
applications.
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1. Introduction

Demand of enhancement of the surviving strengtthn@fmicroalloyed/interstitial free (IF) steels
is raised steadily to improve the performance @& $tructural components. Improving yield
strength of the steels without much sacrificingirtiteughness and ductility is a challenge
practically. Grain refinement is one of the mogirpising techniques by which the strength and
toughness can be improved simultaneously [1,2].ribenechanical control rolling (TMCR)
methods are extensively carried out due to thegabaity to refine the grain size of metals and
its alloys without much deteriorating its toughng®g]. The maximum grain refinement (grain
size 1-3um) during rolling at intercritical regidor the microalloyed steel is attributed to both
deformation induced ferrite transformation (DIFTJ austenite into ferrite and dynamic
recrystallization (DRX) of the ferrite [2]. Moreoyevarm-rolling of the IF steel in ferritic region
could also produce a fine ferritic structure (graipe 2-5um) through DRX [5]. Overall, DIFT
and DRX are two key mechanisms to achieve finetéegrains in the steels, which could
provide a good combination of yield strength, ditgtand toughness [5,6]. But, unfortunately,
through conventional rolling method, the ferriteaigr refinement has reached its limitation
within several micrometers (2-4um) even after ewiplp high strain deformation [7,8].
Although, some authors [9,10] reported to achieeey\ine ferrite grains (1-2pum) through
conventional DIFT mechanism through applicatiorextremely high-strain deformation (~80%
deformation in a single pass), this would exceeddéypability of most of the industrial TMCR
facilities. Recently, some authors [11,12] recomdssh that DRX could occur in the
deformation induce transformed ferrite, which maing about further refinement of ferrite
grains to <im and the materials could exhibit good combinattbrmechanical properties by
means of microstructural refinement.

Furthermore, ultrafine grained (UFG) materials piaetl through advanced TMCR techniques
although offer exceptional mechanical propertid®e tleformation characteristics may be
deteriorated due to the reduced strain hardenisgorese. Thus, investigation of fracture

toughness is extremely crucial prior to any desigplications, as this would provide more detail



information about the deformation features and ténac activities of such ultrafine grained
(UFG) materials [13]. The fracture toughness tgstih the UFG steels is challenging; hence,
hardly any data is available about the vafid (plane strain fracture toughness) of the UFG
materials due to the limited specimen dimensiopdeislly thickness) obtained through advance
thermomechanical control processing. Recently, BbBhet al. [14], Joshi et al. [15] and
Toulfatzis et al. [16] made an effort to evaludte fracture toughness values by 3-point bend
tests and reported that the grain size refinemasntdignificant effect on the improvement of
conditional fracture toughness of nonferrous UFG temas developed through
cryorolling/cryoforging techniques. Recently, thees of microalloyed and IF steels have been
expanded in several sectors, such as, ship bujldmigmotive, line pipe and several structural
applications. Thus, the materials must have higittéire toughness properties to use these
materials with enhanced performance for such agipdins. Therefore, aim of the current study
is to design advanced TMCR schedules in order toeae microalloyed and IF steels with
submicron sized grains (<1pum), which could providgh fracture toughness values along with
good combination of yield strength and ductilityerite, in the present study, single and 3-steps
multiphase control thermomechanical processingdidese have been designed with an aim to
achieve UFF grains <lum. Furthermore, the analgtifracture toughness was carried out
through computind(q, KeeandJ-integral values obtained through analysing theB+pbend test
results of control rolled specimens (UFG sampl@s) eorrelated with microstructure and other

mechanical properties.
2. Materials and detail experimental methods

Detail chemical compositions (wt.%) acquired throwgtical emission spectroscopy analysis of
the IF and microalloyed (MA) steels are shown ibl&l.
Table 1: Chemical compositions (wt.%) of the IF amdroalloyed steels.

Elements C Mn | Al Si Nb Ti P S N Fe
(wt.%)
IF steel | 0.003| 0.140.052|0.007|0.012| 0.042| 0.031| 0.008| 0.002| 99.7

MA steel| 0.11 1.44{ 0.01 | 0.344 0.044| 0.028| 0.016| 0.003| 0.01 | 97.92

Single and multiphase control rolling have beendcmted using a 4-high rolling mill with the

aim to obtain UFG microalloyed/IF steels havingng#igant amount of formability and good



fracture toughness. The specimens with dimensiob5045x30mm were machined from the as
received steels. In order to achieve a uniform asicucture and dissolve all the microalloying
elements, i.e. Nb and Ti, all the specimens west fiomogenized at 1200°C for 1h; afterwards
the samples were compressed at the chosen temmesta®rior to design the deformation
schedules, AfAr; temperatures were evaluated through dilatometnalyais using Gleeble-
3800 thermomechanical simulator. In this case sgiecimen (6mm diameter and 80mm length)
was first heated up to austenitization temperati?©0°C) at a rate of 5°Csand then holding
for 2min at 1200°C followed by cooling to room teenature at a rate of 1°CsAr; and Af are
estimated to be 750 & 685°C, respectively, for theroalloyed steel, and 880 & 820°C,
respectively, for the IF steel. Firstly, single paacontrol rolling was conducted at intercritical
(a+y) and pure ferriticd) phase regime at ~700°C and ~650°C for microatloged IF steels,
respectively, followed by water quenched (WQ) tomotemperature (as shown schematically in
Fig. 1a and b). Total 4 and 8 numbers of hits vggren to attain total reduction in area (RA) 50

and 80% (equivalent true strain 0.7 and 1.6) i boé steels, respectively at a strain rate 0.1/s.
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Fig. 1: (a,b) Schematic presentation of the sipglese controlled and (c,d) multi-phase controltaking
schedules for microalloyed and IF steels, respelstiv

Secondly, multiphase control 3-steps rolling romese designed (Figs. 1c and d) for obtaining

submicron sized ferrite+martensite in the microadl steel and submicron sized ferrite grains in



the IF steel samples. As per the design scheddlesifawn schematically in Fig. 1c), the
microalloyed steel specimen was first austenitaeti200°C for 1h. Then the sample was cooled
down to 760°C (~AJ) at a rate of ~2°CS$ through normal air cooling. In the first step, the
sample was deformed by 45%RA (equivalent straif.8f in single pass at a strain rate of'1s
In the next pass, the same sample was deforme@¥RA (equivalent strain of 0.4) at 670°C
(~Ary) at a strain rate of 0.1s(after cooling the specimen at same rate fromt@6870°C); and
finally in the last pass, the sample was deformed36RA (equivalent strain of 0.6) at 710°C
(after reheating the sample to 710°C) a strain wfted.1s* followed by WQ at room
temperature.

Almost similar kind of TMCP schedule has been dasiyfor the IF steel samples (as shown in
Fig. 1d). As per the designed schedule, the austedi(at 1200°C for 1hr.) IF steel specimen
was deformed by 45 (equivalent strain of 0.6), 8Qqu{valent strain of 0.4) and 45%RA
(equivalent strain of 0.6), respectively, at 85¢2@r3) at a strain rate of 15 600°C (~Af) at a
strain rate of 0.I5and at 660°C at a strain rate of 0'1after the final hot working step, the

sample was WQ at room temperature.

Samples for tensile test were prepared as per AHB/sub-size standard having a uniform
gauge length of 20mm and the test was performed bynius Olsen universal tensile testing
machine (Model No: S-Series, H25K-S) having 25kNpamdty at a steady strain rate of
2x10%s™. Fracture toughness of the homogenized, single mudtiphase control rolled
specimens was investigated by performing 3-poimdbests at room temperature. The 3-point
bend tests were executed on same Tinius Olsen nea¢@bkN capacity) with 3-point bend test
fixture, operated at a same strain rate (Z%I#. The specimens for these above mentioned test
prepared through the plane parallel to the rollingection according to the ASTM standard
E399-05 (as shown schematically in Fig. 2a andPopr to start the 3-point bend test, all the
samples were fatigue pre-cracked by EDM wire cgtiimd maintained a crack length to the
width ratio of 0.5 &W=3.75/7.5). The thicknes8) of 3-point bend sample is 3.75mm, while
unbroken ligamenb (W-a=b) =3.75mm maintained for all samples (Figs. 2a andAget of 3

specimens were tested and averaged for each tygargfles.
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Fig. 2: (a) Schematic presentat}dn of a 3—pdindmmecimen, (b) photograph of 3-point bend specimen

Microstructural analysis of control rolled sampleas investigated through optical microscopy,
transmission electron microscopy (TEM), scanningctbn microscopy (SEM) and EBSD
studies. Leica DMI5S000M microscope was used forcaptmicroscopy. Samples prepared for
optical microscopy was subsequently polished usdiffgrent emery papers and cloth followed
by chemical etching using 2% Nital solution. Theantitative measurement of low and high
angle grain boundaries present and their distwouiin deformed state were examined through
EBSD analysis. All the selected samples for the BB®alysis were first cloth polished using
alumina powder and then using colloidal solutionstica+methanol. Finally, the specimens
were electropolished for 50s using an electrolyt®808 methanol+20% perchloric acid at -20°C
at an applied voltage of 21V. The EBSD analysis wasied out using HKL channel-5 system
software attached with SEM (Model No: ZEISS, 51-AMI48). The surface which is parallel to
the compression axis of the deformed specimen walyzed. The step size (@uh) was kept
low to track the misorientation and the frame sizs about 150mmx150mm.TEM analysis was
performed using FEI Technai 20 G2S-Twin electrorcrogcope, operated at 200 kV. The
specimen for TEM study were first thinned down op0tO&um through mechanical polishing
using SiC abrasive papers starting from 800 to 2§fiGsize sequentially. After that 3 mm disk
specimens were punched out using a Gatan diskr érdtae this thin foil (<80um). In final stage,
twin jet electro-polishing was carried out usingadution of 10% perchloric acid+90% methanol
at -20°C using 40V potential difference. Failurealgneis of all the fractured surfaces after 3-

point bend test were studied under SEM.



3. Results and discussion

3.1 Microstructural characterization

The optical micrographs of the homogenized anne@l¢dN) microalloyed and IF steel
specimens are shown in Figs. 3a and b, respectiVely microstructure of the microalloyed H-
AN specimen exhibits equiaxed pro-eutectoid feratel lamellar pearlite (alternate plates of
ferrite and cementite) with an average grain size56um. On the other hand, the IF H-AN
sample exhibits larger size equiaxed pro-eutedtidte grains (average grain size was assessed
to be 110um). Pearlite is not found to be presanthe microstructure of IF steel due to
extremely low C content (0.0026%).

The optical micrograph is shown in Fig. 4a for #iegle phase controlled (atry region) 50%
reduction in area (RA) microalloyed steel sampléodeed at a strain rate 0:1followed by
WQ. The micrograph is consisted two types of fergtains (fine subgrains with average grain

size Jum and larger size grains with average grain sizer®2and martensite.

ol
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Fig. 3: Optical mlcrostructure of homogenlzed arimdeéa) mlcroalloyed and (b) IF steel speC|men

Fine subgrain formation occurred mainly throughodefation induced ferrite transformation
(DIFT) mechanism. After WQ the remaining austepigusibly transformed into martensite and

the deformed ferrites retained their morphologyhaitt any subsequence growth.



10 20 30 40 50 60
; Misorientation Angle (degree)

Fig. 4: (a) ptical microtructre, (b) EBSD n\ﬁerpole figure map, (c) grain boundary maposf
region control rolled (50%RA) microalloyed steelesjmen, (d) misorientation profile of the
corresponding microstructure.

Figs. 4b and c represents the EBSD inverse paledignd grain boundary maps, respectively, of
this specimen. Fine ferrite subgrains are foundned within the larger size elongated ferrite
and martensite regions. It can clearly be idemtifrem the EBSD grain boundary map (Fig. 4c)
that new the grains formed on the grain boundaoieshe preexisting grains. In the grain
boundary map (Fig. 4c), the grain boundaries apars¢ed by two different colors based on the
misorientation angle. Blue lines indicate the mmaiation angle >15i.e. high angle grain
boundaries (HAGBS); whereas, red lines refer toonmestation angles <15°, i.e. low angle grain
boundaries (LAGBSs) or sub-grain boundaries (SGBsgan clearly be observed that several
LAGBs are introduced within the elongated ferritaigs, which indicate that the original grains
were partitioned by formation of LAGBs through dyma transformation. Fig. 4d represents the
misorientation profile of corresponding microsturet Misorientation angle distribution of the
ferrite grain boundaries exhibited (Fig. 4c) thamerous LAGBs were introduced within the
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ferrite grains bounded by HAGBs. Moreover, certaactions of fine ferrite grain bounded by

HAGBSs are existed within the large ferrite grains.

Furthermore, it can be observed that with furtmereasing the %RA (i.e. after 80%RA) the
fraction of the fine ferrite grains increased amVeloped a bimodal ferrite grain structure (1-
3um+10-12um) along with martensite (av. sizeptb(Figs. 5a and b). This is attributed to the
formation of more substructures within the ferrigeains with increasing the amount of
deformation. When the amount of deformation eneattgined equivalent to the recrystallization
activation energy, fine equiaxed recrystallizatierrite grains are developed. It can also be seen
from Figs. 5¢ and d that the fraction of LAGBs telely decreased and HAGBs fraction
increased after 80% RA as compared to that of #8é lled specimen.

Generally, in case of high stacking fault energytemals, dynamic recovery (DRV) is
contemplated as the only governing mechanism dudei@rmation. However, the dynamic
recrystallization (DRX) of ferrite was noticed teaur in low C steel deformed m+y phase
region [17,18]. Recently, Sakai et al. [9] and Zletoal. [11] reported that the continuous
dynamic recrystallization (CDRX) of ferrite couldcaur in ferrite during deformation [9,11].
During CDRX process the misorientation between salbgboundaries of ferrite constantly
increases with raising the amount of strain uh#l $ubgrain boundaries change to HAGBSs.
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Fig. 5: (a) Optical microstructure, (b) EBSD invengole figure map, (c) grain boundary maposf
region control rolled (80% RA) microalloyed stegbesimen, (d) misorientation profile of the
corresponding microstructure.

The EBSD grain boundary map (Fig. 4c) presented feha fraction of equiaxed fine ferrite
grains formed in the deformed ferrite grains afi®f6 deformation. Moreover, it can be seen
from Fig. 5c that the fraction of equiaxed fineriier grains increased with increase in the
amount of deformation (80%RA). The misorientati@ivizeen subgrain boundaries of ferrite also
increases (Fig. 5d). Thus, high amount of deforoma(80% RA) in thex+y region (e.g., 700°C)
resulted in the CDRX of the deformed ferrite.

On the other hand, in the IF steel sample 50% dalepure ferritic region at ~650°C, major
fraction of the ferrite grains is found to elongatehe rolling direction. Moreover, formation of
deformation bands along with a few fractions ofrystallized grains within the deformed bands

can be seen from the micrograph of the specimen @&). The microstructure of the IF steel
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sample revealed two types of ferrite grains: ~80Réhe elongated grains and ~20% of the
subgrains with an average size of +i¥8(Fig. 6a). Moreover, formation of relatively larg
fraction of subgrains along with the micro-sheandsacan be seen after 80% rolling of the IF

steel (Fig. 6b).

micro band
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Fig. 6: (a,b) Optical microstructures, (c,d) EBSi¥arse pole figure map ef region control rolled 50
and 80%RA IF steel specimens, respectively, (ej§orientation profile of corresponding specimens,

respectively.

Figs. 6¢c and d represents the EBSD inverse poledignap ofa-region control rolled 50and
80%RA IF steel specimens, respectively. Regiorfinefgrained ferrite grains embedded within

the larger size ferrite are clearly manifest froothbthe EBSD images (Figs. 6¢,d). In case of

11



80% rolled specimen (Fig. 6d), a large number dafatfine ferrite grains can be seen as
compared to than that of 50% rolled specimen (6@. In both cases the EBSD images (Figs.
6c¢,d) clearly reveal the appearance of various feewte grains along the grain boundaries of the
pre-existing larger ferrite grains. The grain boamydmisorientation distribution map of 50%
rolled specimen (Fig. 6e) showed that several LA@Bge generated in individual ferrite grains
along with relatively low fraction of HAGBs. Buttaf 80%RA (Fig. 6f), more HAGBs were
introduced into the ferrite grains, and the sizéhefsubgrains and the fraction of LAGBs further
decreased (Figs. 6f) which indicated the occurre@fid@RX.

The coarse-grained ferrite becomes strain hardameldthe density of dislocation gradually
increases through repeated deformation. Consegueatllarge number of subgrains or
dislocation cells are originated within the defodnmierrite grains and at the ferrite grain
boundaries. These subgrains finally recovered aog/stallized to generate new equiaxed strain-
free grains [8,19,20]. Moreover, it is well knowmat decreasing the deformation temperature
can endorse dynamic strain induced ferritic trams&gion (DIFT) phenomena [20] and
subsequently, reduces the ferrite grain size. Eumibre, formation of micro-shear bands during
deformation generated new dislocations, and witheiase in the deformation accumulation of
dislocations gradually increased and reorganizadiden them [21]. It also raises the grain
boundary misorientation through transformation &iABs to HAGBs and finally leads to the

creation of ultrafine ferrite grains [21].

Overall, it can be observed that the DIFT and DRX t&vo important mechanisms to develop
fine ferrite grains during the single phase contnalilti-pass rolling of both the IF and
microalloyed steels. But unfortunately, through camtional DRX/DIFT mechanism the ferrite
grain refinement has reached the limitation wittie range of 2-4um [7,10] which is also
observed in the present study (Figs. 5b and 6dys,Thdvanced 3-steps multiphase control
thermomechanical processing schedule has beemeésigth an aim to achieve ultrafine ferrite
grains, i.e., <lum. Details rolling schedules drewm in experimental details section (Figs. 1c
and d). It can be observed from Fig. 7a that theafihe ferrite (UFF) grains along with fine
martensite are obtained after 3-steps multi-phasér@ rolling of the microalloyed steel as per
designed schedule as shown in Fig. 1c. The avegagie size of UFF is estimated to be
~0.69um (as shown in the EBSD image, Fig. 8a and BEght field image, Fig. 10a). On the
other hand, UFF structure is estimated to be ~08@s shown in the EBSD image, Fig. 9a and

12



TEM bright field image, Fig. 10b) after 3-steps tipllase control rolling of the IF steel as per

designed schedule.
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Fig. 8: (a) EBSD inverse pole figure and (b) graoundary maps of 3-steps multi-phase control rolled
microalloyed steel as per designed schedule; (djddrientation profile and grain size distributiof
corresponding specimen, respectively.
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Figs. 8a,b and 9a,b represent the EBSD inverse figlee and grain boundary map,
respectively, for the 3-steps multi-phase contted microalloyed and IF steels as per designed

rolling schedules. It can be observed from Figs.a8d 9b that the large fractions of ferrite

subgrains are present within the coarse ferritengrarhus, LAGBs are observed within the

coarse ferrite grains, indicating that a deformadcsure is introduced. Moreover, equiaxed

ultrafine ferrite (UFF) grains surrounded by HAG#&art to form along the grain boundaries of

coarse ferrite.
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Fig. 9: (a) EBSD inverse pole figure and (b) giagrundary maps of 3-steps multi-phase control rdied
steel as per designed schedule; (c,d) Misoriemtgirofile and grain size distribution of correspioigd

specimen, respectively.

The misorientation profile and grain size distribntprofile of the corresponding specimens are
shown in Figs. 8c,d and 9c,d respectively. Averggain sizes (0.69um and 0.83um,

14



respectively, for microalloyed and IF steel sample§ the corresponding specimens are
estimated from the grain size distribution proéikeshown in Figs. 8d and 9d.

10 1/nm

Ultrafine

) Ultrafine
ferrites

ferrites

Fig. 10: TEM bright field image of 3-steps multigge control rolled (a) microalloyed and (b) IF btz

per innovative designed schedule.

The mechanism of ferrite grain refinement can lerpreted as follows: when deformation is
carried out at around ~Aregion, fine ferrite is dynamically transformed rfrcaustenite grains.
Further deformation at around rAegion, the ferrite grains are refined furtheotigh subgrain
formation. After & pass of the rolling (Fig. 1c) at relatively hightemperature (compared t82
pass), the ferrite grains are further refined tgfodynamic recrystallization of the transformed
ferrite grains and developed an equiaxed UFF gsaimcture. The first pass deformation was
selected (equivalent strain=0.6) at 760°C @femperature region) to accelerate the strain
induced ferrite transformation. The lattice defestre introduced within the austenite grains
through deformation at 760°C (~Ar These defects could provide more sites of ntickedor

the ferrite transformation and thereby acceleratirgDIFT. Subsequently, the grain size of the
deformation induce transformed ferrite was fountie¢overy fine due to the enhanced nucleation.
It is believed that the reduction in the grain stan decrease the critical strain required for
initiating DRX and thereafter accelerates the koseof DRX [22-24]. It should be further

highlighted that the total deformation is mostlyfpemed within thea+y region. Ferrite phase is

softer than the austenite at high temperatureHyregion [17,25] so that the introduced plastic
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strain would concentrate more on the ferrite gramsich could also boost the DRX of ferrite
grains. Similarly, UFF structure is obtained aflesteps multiphase control rolling of the IF steel
as per designed schedule as shown in Fig. 1d.isnctse, average grain size of the UFF is
estimated to be ~0.83um (as shown in the EBSD imiaige 9a and TEM bright field image,
Fig. 10b). The mechanism of formation of the UFEIdde explained in the same direction, i.e.,
DRX of deformation induce transformed ferrite, &saibed above for the microalloyed steel

samples.

3.2 Mechanical Properties

The engineering stresgs. strain plots of the thermomechanical control llIErMCRed)
microalloyed and IF steel specimens are presemedrigs. 1la and b, respectively and
summarized in Table 2 for better convenience. Tieddystrength (YS) of the homogenized
annealed (H-AN) specimen is estimated to be ~2%il 111 MPa along with a good amount of
tensile ductility of 33 and 46%, respectively, forcroalloyed and IF steel samples. The high
ductility is endorsed to the formation of largeesierrite and lamellar pearlite with an average
grain size of ~56m in case of microalloyed steel and comparativalgér size ferrite grains
(~11Qum) in case of IF steel specimens. The YS and ulénensile strength (UTS) of the-y
phase control rolled (80%RA) microalloyed steel pk® are found to enhance to 811 and
937MPa, respectively. It can be seen that the ingatdr'S (811MPa) of the+y phase control
rolled sample is 3 times higher than that of thenbgenized annealed specimen (251MPa). It
can also be observed from Fig. 11a that the YSWiRE of the selected phase control rolled
specimens increased significantly having reasondliiyn amount of retained ductility. The
tensile ductility of the H-AN sample was found te b-38% and the corresponding
microstructure showed an average grain size ofirb@ig. 3a). The specimen deformeday
phase region exhibited a tensile ductility of ~19¢has been already described earlier that the
microstructure of the specimens deformed atothgphase region consisted of 3 different types
of grain structure (Fig. 5a); large size ferrité®-02um), fine ferrite grains (148n size) and
martensite structure (~bn). It was observed that the YS of the specimelssagnificantly
enhanced without much sacrificing the ductility whieformed iro+y phase region followed by
water quench. This is attributed to the extensivaingrefinement attained through CDRX

mechanism. It is well established that the grafimeenent is a very effective way to improve the
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strength of metallic materials without much losthgir %elongation [26]. Hence, development
of fine ferrite grains is responsible to enhane 1%, whereas relatively larger size ferrite grains
retaining its ductility.

Table 2: The Mechanical properties of tHemogenized annealeH4AN) and TMCRed microalloyed
and IF steel specimens.

Rolling conditions YS UTS % Elongation
(MPa) (MPa)

H-AN sample 251+4 44045 33+1.7

Microalloyed TMCRed at 700C sample 811+8 93749 19+1

steel 3-steps control TMCRed sample 9234 | 1101+3 | 13.6+15

H-AN sample 14143 25615 46+1.7

IF steel TMCRed at 650C sample 421+5 47943 2712
3-steps control TMCRed sample 623+4 651+3 19+1.5

Similarly, the IF steel specimen deformed (80%RA)purea region exhibits the maximum
enhancement in the YS (421MPa) and UTS (479MPas3. i be noted that the improved YS
(421MPa) is about 3 times higher than that of th@NHspecimen (141MPa). Furthermore, it can
be found (Fig. 11b) that the YS and UTS of the piemitic phase control rolled specimen
enhance with a slight loss of ductility (27%) asnpared to that of the H-AN specimen (46%). It
is attributed to the development of a dual sizengs&ructure, where fine ferrite grains (Fig. 6d)
are responsible for the improvement of YS and inedft larger size ferrite grains retain the
ductility. Godha et al. [20] also observed the fation of dual size ferrite grains in plain C-Mn
steel deformed in the inter-critical regime (at 873) which yielded a good combination of YS
and ductility.
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Fig. 11: Tensile stress-strain curves of TMCRed{&yoalloyed and (b) IF steel specimens.
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Furthermore, it can be noted that the multiphasatrob rolled sample as per the designed
schedule (Fig. 1c) shows a significant improvemainthe YS (923MPa) corresponding to a
ultrafine grain size of 0.68n (Figs. 8a and d) for the microalloyed steel (Hiba); whereas, the
IF steel sample shows an improved YS of 623MPa. (Eldp) corresponding to a grain size of
0.83um (Figs. 9a and d). As per the reported literattine, YS in the present study are much
superior for the ultrafine grained microalloyed alfdsteel specimens achieved through the
innovative control rolling schedules. The primes@aof such improvement is the refinement of
the ferrite grains to sub-micron level (). It should be emphasized that in the present
processing route, the equivalent strain given @esps relatively smaller than those previously
reported literature [10,27] though the total immbséain is same (i.e. 80%RA as in the present
study). Furthermore, it is known that ultrafinerfier grains usually show limited amount of
ductility due to excessive strain hardening [28]suich context, it is highly encouraging that the
present ultrafine ferrite (UFF) structure (develdpgérough combination of DIFT and DRX
mechanisms) maintains a significant amount of teraictility, i.e. 13.5 and 19%, respectively,
for the microalloyed and IF steels as shown in Fids,b and Table 2. This is mainly due to the
formation of dynamically recrystallized UFF equidxeicrostructure. It is well known that
free/mobile dislocations always exist in the dynzaily recrystallized microstructure, which
could accommodate more amount of plastic deformatlaring tensile deformation. In the
ultrafine microstructure with submicron size graitise existence of mobile dislocations may
contribute to an improved ductility in the metallioaterials [29], which is an interesting

phenomenon and requires further investigation.

3.3 Investigation of fracturetoughness of ultrafine grained steels

Generally, the formability as well as ductility thie UFG metallic materials is found to
deteriorate due to their reduced strain hardenéisganse. Analysis of fracture toughness could
provide more detail information about the deformatcharacteristics and fracture activities of
such UFG materials [13]. Evaluate the fracture tm&gs of the UFG materials is challenging
because of size limitation of the processed mellidgs. Hence, hardly any data is available
about the validKc (plane strain fracture toughness) of the UFG steeling to the limited
specimen dimensions, especially the thickness,irdatathrough advanced thermomechanical

control rolling. Recently, some researchers [14i6}l to evaluate the fracture toughness values
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by 3-point bend tests of nonferrous UFG materiats r@ported that the grain size refinement has
significant effect on the improvement of conditibnfracture toughness. Recently, the
microalloyed and IF steels have been extendedviarakstructural applications (ship building,
automotive, line pipe etc.), where knowledge ofctiuge toughness is extremely vital. Thus,
though the UFG steels in the present study shovemiamal improvement of mechanical
properties, investigation of fracture toughnesseiremely important for any structural
applications. Some samples (which showed good amatibn of YS and %El.) were selected to
study the fracture toughness values to enlightendiéformation characteristics of the UFG
steels. Due to limitation of the sample thicknesgestigation of fracture toughness of the UFG
steels has been performed through computing conditifracture toughnes¥¢), equivalent
energy fracture toughneskc.f) andJ-integral (crack initiation energy) from 3-pointrzk test
data and correlated with other mechanical properii@e specimens for 3-point bend test were
prepared as per the ASTM standard E399-05. Dethdample preparation have been discussed

in materials and experimental procedure sectiotti(se?2).

The requirement of minimum thickness for accomjtighplane strain situations i.e. for valid

Kic calculation could be estimated using Eq. 1 [30].

2
B=25 (KI%YS) ()

where, oy is the yield strength (0.2% offset). In order tcakesate linear elastic plane strain
fracture toughness, the maximum recorded Id2gl, could be estimated from the load.
extension curve as presented in Fig. 12a. The valu®, could be substituted in Eq. 2 for

evaluating the apparent fracture toughness v&lyg¢30].
1 3 5 7 9
_Pg s a\z a\z a\z a)\z a\z
Kq = m[zg (W) 4.6 (W) +21.8 (W) 37.6 (W) +38.7 (W) ] )
where,a is the length of the crack.

Furthermore, the applicability of the test is jfist using Eq. 3 as follows:
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2
B =25 (KQ/GYS>

Kq can be recognized as plain strain fracture tousgifgc), only if the value oB is less than
both the crack length and thickness of the samp®d nd then Eq. 1 is valid; eld&; is
considered as conditional fracture toughness.

@)

The load-extension curves for the thermomechawicahtrol rolled microalloyed and IF steel

samples are presented in Figs. 12b and c. It wasrebd from the Fig. 12a that the maximum

load Pg), at which pre-existing crack grows to a critisedle, comes out to be 24¥8or thea+y

phase control rolled microalloyed steel sample.sTlimiting load is switched in Eq. 2 for
determining the apparent fracture toughness vaKigsOn replacing the values 85, W, B and

a in Eq. 2, the value oKq is calculated to be 46.8MFa for the a+y phase control rolled
microalloyed steel sample.
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extension curves of microalloyed and IF steel speos rolled in different processing conditions,
respectively.

The same method was monitored to evaluate condlticalues of fracture toughness;, for the
other selected specimens and the values are supatian Table 3. In order to verify the
applicability of the 3-point bend test, the expeastally obtained value of Y&nd Kq, were
substituted in Eq. 3 and it was found that the @slafB for all the specimens are greater than
the crack length and actual thickness of the cpoeding specimen.As the value kK obtained
from 3 point bend test using linear elastic fragtmnechanics (LEFM) could not fulfill the
validity requirement. Thus in the present study heve considered another approach to
determine the equivalent energy fracture tough(l€ss as per ASTM standard E 992 using the
following equations (Eq. 4 and 5) [15,31]. In tmeethod, the equivalent loa&e has to be
evaluated instead of provisional lod, as per ASTM standard E 992 [32]. In this methodaa
A_ under loadss. extension curve up to linear p&it needs to be determined first; then, the area
At up to maximum load is being calculated. Furtheemdrintegral values also have been
determined to enlighten the comparative improventdrthe fracture toughness and correlate

with the other mechanical properties as well agosicuctural features [32].

2
1 a4 —393% 4272
a)E [1.99 W(l W(2.15 3.93W+2.7W2)>]

o8] ?

P S
Kee = -E£
ee B w3/2 w

PE=PL\/2:£ (5)

Fig. 12a shows the representative load extension plot for thex+y phase control rolled
microalloyed steel sample to calculate the equitdl®ad,Ps used to assess equivalent fracture
toughnessKee (Fig. 12a). In this caséyr = 1213N-mm,Pr = 2478N,A. = 813N-mm,P_ =
2161N. The equivalent loa® is estimated to be 2639.6N. This valud’gfs substituted in Eq.

4 and theKee for the multiphase control rolled microalloyed $teample was calculated to be
68.9MPa/m . In similar way,Kee has been evaluated for all the other specimensemdsented

in Table 3 along with values & andJ-integral of the corresponding specimen.

It should be noted that fracture toughness of sirat materials strongly depends on initiation
and propagation of crack. There are 2 approachasncmly used to evaluate fracture toughness

i.e. (i) linear elastic fracture mechanics (LEFM)da(ii) elastic plastic fracture mechanics
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(EPFM). LEFM approach is used to examine crackiaitnin (Kg), while EPFM approach
interprets crack propagatiod-itegral). Hence, fracture toughness of UFG malercould be
enhanced through hindered crack initiation. In sk, conditional value of fracture toughness
(Kg) has been computed through LEFM approachK@as(plane strain fracture toughness),
illustrates the crack initiation in linear elastiacture mechanics. On the other hakhdtegral is
another important fracture toughness parametastitites the crack propagation in elastic plastic
fracture mechanics [33]. The valuesJahtegral for the elastic plastic and linear elastiaterial,
respectively, would give the crack propagation amitiation energy according to elastic plastic
fracture mechanics [34]. The value§ J-integral were evaluated as per the ASTM standard
1820-15a [35, 36] through 3-point bend test dataguthe following Eq.:

N
>

] = (6)

(o]
Sy

where,B is the sample thicknesB%3.75 mm) b is the unbroken ligamenb<£ 3.75) andA is the
area under the loads. displacement curve up to the maximum loddntegral Value was
calculated through the Eq. 6 and summarized in él'&l For exampleJ-integral value is

calculated to be 63.9kJfrfor the multiphase controlled rolled microalloysteel sample.

Table 3:Kq, Kee andJ-integral values for the microalloyed steel samplatsiected to multiphase control
rolling.

Processing condition Ko Kee(MPaym) | J-integral Dimple
(MPaVm) (kd/Im?) | size (um)
Microalloyed | H-AN sample 27.7 32.7 48.78 22
steel a+y phase control 46.8 53.4 63.9 12
rolled sample
Multiphase control 53.7 68.9 81.4 6
rolled sample
IF steel H-AN sample 33.2 36.0 55.6 29
a-phase control rolled 49.3 57.7 69.6 19
sample
Multiphase control 63.5 72.0 87.7 9
rolled sample

It is to be noted that the valueskd, Kee andJ-integral of the IF and microalloyed steel samples
are found to improve after the control rolling asnpared to that of the annealed specimens.
However, the multiphase control rolled samples sdtbwetter improvement in all type of
fracture toughness valuelsd, Kee andJ-integral) as compared to that of the other specsod
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the same composition. The improvement of g Kee and J-integral is attributed to the
formation of submicron size ferrite+martensite stuse in the microalloyed steel and ultrafine
equiaxed ferrite grains along with high densitydiglocation substructures in the IF steel (as

shown in Figs. 13a-d). These dislocation cells/fsubtires could obstruct the initiation and

propagation of the crack effectively [32].
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Fig. 13: TEM micrographs of multiphase controledl(a,b) microalloyed and (c,d) IF steel specimens

Moreover, a uniformly distributed nanosize niobiwarbide (NbC) precipitates (Fig. 13b) is
found to form in the microalloyed steel, which abwdlso improve the fracture toughness.
Furthermore, Complex cubic shaped Ti-Nb carborésid(Ti,Nb)(C,N)} precipitates are also
found to present along with NbC (Fig. 13b). TEMd&&h&DS analysis confirms the existence of
cubic shaped (Ti,Nb)(C,N). These carbonitride pitaies may act as heterogeneous nucleation

cites for the NbC [37]. Hong et al. [38] observéa formation of NbC precipitates on the
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undissolved (Ti,Nb)(C,N) in Nb-Ti microalloyed HSL#teel during double hit deformation at
850-975C. Baker [37] also observed NbC or Nb(C,N) preeitgis nucleation on the (Ti,Nb)N
core particles during controlled rolling of 0.1%teed containing of Nb, Ti and N. He also stated
that the presence of Ti and N in the microalloytblsimproved the toughness through pinning
of austenite grains by TiN particles during hotatefation.

In the calculation oK. andJ-integral values, both the load as well as area witidecurve are
considered. On the other hand, only the maximurd Isataken care in the calculation €.
Therefore, as compared to the apparent fracturghtiess Kg) value, the value of fracture
toughness parameters iléee and J-integral are more relevant and valid. Hence, it ban
concluded that the multiphase control rolled mitoy&d and IF steel specimens exhibited better
fracture toughness values than that of the othmpkes. Similar type of fracture behaviour was
also reported by Dashrath et al. [14] and Joshale{15] in the UFG nonferrous materials
processed by cryorolling/cryoforging techniquesh&mcement of the fracture toughness in other
materials were also investigated by several reeessd39-41] and they have reported that the
extensive grain refinement through different SPDthods is the key factor of such
improvement. In the present study, the enhancemethie conditional fracture toughness value
is ascribed to the development of submicron sizgitdée grain, formation of dislocation

substructures and precipitation of ultrafine caebid
3.4 Fractography analysis

Figs. 14a-d show fractographs after the 3-pointdbesting of the H-AN, 3-steps multiphase
control rolled microalloyed and IF steel specimdhgan be noticed from Figs. 14a and c that
the H-AN specimens of both the steels fractureddbygtile manner through exposing well-
developed larger size dimples (avg. sizeur22n microalloyed steel and ~gf in the IF steel)
over the entire surface. After the 3-steps multgghaontrol rolling, the average dimple size
decreased to ~6 andqu®, respectively, in the case of microalloyed andtéel samples (Figs.
14b and d). The average size of dimples can becia$sd with the apparent fracture toughness

values (Table 3) and the % elongation of the cpording specimen (Table 2).

Diminishing the size of dimple during multiphasedling is endorsed to the development of

submicron sized ferrite and formation of dislocatsub-cells/substructures. Furthermore, in case
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of the microalloyed steel, the presence of clea¥agets can be seen in the fractured surface of
the multiphase controlled rolled specimen (Fig.)14this is attributed to the presence of hard
phase, i.e. martensite (as shown in Fig. 7a) witténsoft ferrite matrix. Also, TiN phase may be
act as nucleating points for the cleavage in theraailoyed steel. On the other hand, in the IF
steel sample, no such hard phase (i.e. martensitégrmed. Furthermore, hardly any TiN
precipitates found to be present in the IF steehdd, it showed ductile failure. In case of the IF
steel, the Nb to Ti stoichiometric ratio is only28. Hence, there may be less possibility of
formation TiN precipitates. Moreover, it is alsgoeted that the quantity of Ti (wt.%) essential
to tie up with N is 3.42 times (i.e. Ti/N=3.42) [42n the analyzed IF steel, N content present
around 0.01wt.% only. Thus, the maximum amount iofefuired to tie up with N is 0.0342
wt.%. In the analyzed IF steel, the Ti content .84Q wt.% only. Hence, because of the low
stoichiometric ratio, there may be little possiigilof formation of trace amount of TiN in the IF

steel. Many other researchers also [13-15] repabeabst similar kinds of fracture behavior for
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Fig. 14: Fractured surface morphology (a and c) M-#@nd (b and d) 3-point bend tested multiphase
control rolled microalloyed and IF steel specimeaspectively.

4. Conclusions

Fracture toughness values of the submicron graiffednd microalloyed steel specimens

achieved through innovative thermomechanical cbrrocessing have been investigated in

details and correlated with other mechanical prger Following conclusions could be the

important outcomes of this study.

() Innovative 3-steps multiphase rolling has exhibiggerior combination of YS and

(ii)

ductility for both the steels i.e. microalloyed 82Pa, 13.5%) as well as IF steel sample
(623MPa, 19%) due to evolution of ultrafine graimedrostructure (i.e. <1um). The key
mechanism for obtaining such ultrafine grained pstiucture (ferrite+martensite with
an avg. grain size ~0.660 in microalloyed and 0.88n grain size ferritic structure in IF
steel) is identified to be the dynamic recrystaliian within the deformation induced
transformed ferrite under controlled multiphasdimgl On the other hand, single phase
control multipass rolling up to 80%RA developed a@ndwdal grain structures
(microalloyed steel: 1-3um size smaller grain+l@dtZmartensite; IF steel: 1-
3um+elongated ferrite grains with large aspectoyatind still the maximum grain
refinement achieved wad.um.

The 3-steps multiphase control rolled microalloyaad IF steel specimens showed
superior improvement of the fracture toughne$&68.9, 72MPdm; J=81.4,
87.7kJ/mM) along with its high YS (923and 623MPa) and sigaifit ductility (13.6 and
19%) as compared to their coarse grained countsrfiés=32.7, 36MPam; J=48.78,
55.67kJ/m). The equivalent energy fracture toughné&s) (value is highly acceptable as
it includes the maximum load as well as area ugh#&linear extension under 3-point
bend test to evaluate its value. On the other HaREBM approach is also suitable to
predict the fracture toughness values as it induilhe total area under the load vs.
extension curve generated in 3-point bend test. HREM concept Jintegral) could
interpret crack propagation mechanisms. Both thgragehes could predict the realistic
fracture toughness values when it is difficult ttetmine valiKc of the samples. The

improved fracture toughness is attributed to them#dgion of submicron size
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ferrite+martensite structure (avg. size 89 in the microalloyed steel and ultrafine
equiaxed ferrite grains (avg. size Qu@3 along with high density of dislocation
substructures in the IF steel. These dislocatidis/sabstructures could obstruct the

initiation and propagation of the crack effectively

Overall, the present processing methods, especi&byeps multiphase control rolling technique
could be highly attractive and novel, which canused as one of the advanced techniques to
produce UFG bulk steels having superior mecharpoaperties and better fracture toughness.
Hence, the processing method could be scale-uhéindustrial applications to produce UFG
steels for its great technological interest.
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Figure captions

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1:

(a,b) Schematic illustration of the singlease controlled and (c,d) multi-phase contraitaling

schedules for microalloyed and IF steels, respelstiv

(a) Schematic presentation of a 3-poimtcbgpecimen, (b) photograph of 3-point bend spetime

Optical microstructure of homogenized aieé (a) microalloyed and (b) IF steel specimen.

(a) Optical microstructure, (b) EBSD inwengole figure map, (c) grain boundary mapoéf
region control rolled (50% RA) microalloyed ste@lesimen, (d) misorientation profile of the
corresponding microstructure.

(a) Optical microstructure, (b) EBSD invengole figure map, (c) grain boundary mapoéf
region control rolled (80% RA) microalloyed steg@lesimen, (d) misorientation profile of the
corresponding microstructure.

(a,b) Optical microstructures, (c,d) EBSdrse pole figure map of region control rolled 50
and 80%RA IF steel specimens, respectively, (eBorentation profile of corresponding
specimens, respectively.

Optical microstructures of 3-steps multepe control rolled (a) microalloyed and (b) IFebias

per designed schedule, respectively.

(a) EBSD inverse pole figure and (b) gaoundary maps of 3-steps multi-phase control dolle

microalloyed steel as per designed schedule; (Mdjorientation profile and grain size
distribution of corresponding specimen, respecjivel
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Fig. 9: (a) EBSD inverse pole figure and (b) gragundary maps of 3-steps multi-phase control dolle
IF steel as per designed schedule; (c,d) Misorientgprofile and grain size distribution of
corresponding specimen, respectively.

Fig. 10: TEM bright field image of 3-steps multigde control rolled (a) microalloyed and (b) IF bt

per innovative designed schedule.

Fig. 11: Tensile stress-strain curves of TMCRed{&yoalloyed and (b) IF steel specimens.

Fig. 12: (a) Representative loasl extension plot for the+y phase control microalloyed steel sample to
calculate the equivalent loaE; used to evaluate equivalent fracture toughrn€ggb,c) Loadvs.
extension curves of microalloyed and IF steel speos rolled in different processing conditions,
respectively.

Fig. 13: TEM micrographs of multiphase control edll(a,b) microalloyed and (c,d) IF steel specimens.

Fig. 14: Fractured surface morphology (a and ANHand (b and d) 3-point bend tested multiphase
control rolled microalloyed and IF steel specimeaspectively.

Table captions
Table 1: Chemical composition (wt. %) of the lowniroalloyed and IF steels.

Table 2: The Mechanical properties of the Homogathannealed (H-AN) and TMCRed microalloyed
and IF steel specimens.

Table 3:Kq, Kee andJ-integral values for the microalloyed steel samplatsiected to multiphase control
rolling.
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Resear ch Highlights

* UFG microaloyed and IF steels have been produced through innovative multiphase
control rolling.

* Formation of UFG microstructure has been analyzed in the light of deformation
DIFT/DRX mechanisms.

* Analyzed the fracture toughness through computing K, Jintegral and Kee values from 3-
point bend test.

* Quantitative measurements of low/high angle grain boundaries were determined through
EBSD/TEM analysis.

* High fraction of dislocation cells/substructures could effectively block the crack

initiation/propagation.
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