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Abstract

Objective of the current study is to enhance theharical properties, with a special emphasis
on fracture toughness, of Ti+Nb stabilized intéiatifree and microalloyed steels through
microstructural modification by single-phase colé multiaxial forging at large cumulative
strains. Analysis of fracture toughness was exectit®ugh calculating{q (conditional fracture
toughness)Kee (equivalent energy fracture toughness) dndtegral (crack initiation energy)
values from single-edge bend test data of the tbggeecimens. The effect of strain hardening
rate and strain hardening exponent on deformatsbrawor were examined to correlate the yield
strength (YS) and uniform elongation. Also, theimadty calculated YS (obtained from analysis
of strengthening mechanisms) was correlated weh Wie experimentally obtained results. The
guantitative measurement of grain size, low- anghi@ngle grain boundaries and their
distribution in the deformed state were investigaterough EBSD/TEM analysis. Superior
combinations of the YS, ductility (%El) and frasutoughness were obtained through
intercritical (@+y) phase regime (~A control 15 cycles multiaxially forged (MAFed)
microalloyed steel (YS=1027MPa, %EIl.=8.3% afg=90MPa/m) and pureu-ferritic region
(<An) control 18 cycles MAFed IF steel (YS=881MPa, %HEL.2% andK.=97MPa/m)
specimens. Enhancement of the fracture toughnesscertained to the formation of uniformly
distributed nanosize fragmented cementite;Qlrgarticles (~35nm size) within the submicron
size (~280nm size) ferritic microstructure in th&malloyed steel; whereas in case of the IF
steel, this is attributed to the formation of uitma ferrite grain (~320nm) along with dense

dislocation substructures. These dislocation @it fine substructures as well as nanosiz€ Fe



could effectively block the crack initiation andopagation and thereby enhance the fracture

toughness.

Keywords: Ti+Nb stabilized IF/microalloyed steels; Multiaxifrging; Submicron size ferrite;
nanosize fragmented cementite; Fracture toughi€3d/EBSD analysis.

1. Introduction

High yield strength and toughness combination isegaktractive for any structural applications
in order to improve both performance and safetwel as weight reduction. Hence, demand of
improvement of the mechanical strength of the stial free (IF)/microalloyed steels is
increased day by day. However, enhancement ofidie strength (YS) without much reducing
their ductility and fracture/impact toughness ichallenge. Moreover, grain size refinement
through advance processing techniques is one ofetfestive way by which the fracture
toughness as well as strength can be improved winadusly [1,2]. Among different processing
techniques, severe plastic deformation (SPD) teglmiis the most promising technique to
develop bulk size ultrafine grained (UFG) materialbere, the majority of the grain boundaries
exhibits high angles of misorientation [3,4]. SeleBPD techniques have been extensively
exploited to develop UFG materials through différpawerful straining methods such as high
pressure torsion, equal channel angular extrusidnaacumulative roll bonding [5,6]. Till now,
as per the available literature, the maximum gs&e refinement of IF and low carbon (C) steel
is reported to be ~0.3 and 0.2um, respectivelycgased by ECAP technique at large equivalent
strain of 24 and 17. The maximum improvement ofi¥ &ported to be 895 and 913MPa along
with a ductility of 11 and 10.6%, respectively, férand low C steels [5,7]. However, expensive
tooling are required for most of these techniquesd there is a design difficulties also.
Moreover, for some of these techniques, it is totgylobtain bulk size samples with uniform

UFG microstructures [8,9].

Among the other SPD techniques, multiaxial forgidAF) is a unique industrial reliable
technique, wherein there is a change in forgindp pratall three direction (X,Y,Z) alternatively
after each pass. Moreover, it can be performedguaity conventional forging machine for a
broad range of temperatures and strain rates. Nwsemechanisms are anticipated for the

manifestation of grain refinement during SPD preessbased on the processing conditions and



materials. Lim et al. [10] executed room tempethMtAF studies on ferritic Fe-C alloy and
achieved fine-grained ferritic structure. The metsia of grain refinement during multiaxial
forging is enlightened through the intersectiomoatroshear bands, which are formed owing to
strain localization; and bring about the evolutiohsubgrains. On further straining, as the
subgrain boundaries absorb dislocations, the suisyteansform into grains by rotation, instead
of growth [5,10]. Growth process generally occuisew deformation carried out at elevated
temperatures, which allows dislocations to bothdegliand climb [1,2]. However, during
multiaxial forging at low temperatures and highastrrate, dislocation movement is more
difficult as the subgrains are less mobile [8-18&nce, with increase of straining, subgrain
boundaries absorb dislocations and subsequenthgftian into ultrafine grains by rotation,
instead of growth [10]. Moreover, deformation iodd grain growth in FCC nanocrystalline
materials (i.e. Cu, Ni-Fe alloys etc.) at both anbiand cryogenic temperatures have been
reported in several literature [11,12]. Wang et[HL] have observed grain growth during high
pressure torsion of Ni-Fe alloy and stated thatrttation of nanosize grains within the shear
bands and grain boundary migration are the mairham@sms of grain growth. They have also
reported that the grain boundary migration velotstyery sensitive in presence of impurities. Li
[12] has observed mechanical grain growth of naystalline Cu at liquid nitrogen temperature,
and reported that a high purity and non-equilibristmuctures are necessary conditions for the
mechanical grain growth. He has demonstrated beattaterial should be pure enough so that
free dislocations are available to move out of hbendary. However, hardly anyone observed
the grain coalescence during SPD of BCC matefsepa et al. [5] performed ECAP of IF steel
at large equivalent strain and observed the foonatif deformation bands at low equivalent
strain, and with further increase in the strairg tteformation bands split into ribbon-shaped
features and finally to the near equiaxed graimcstre with subgrains along with high
dislocation density. Bhowmik et al. [13] demonstrhtthat formation of UFG through room
temperature MAF of IF steel led to the remarkablerease in the tensile strength with little
expense of the ductility. Han et al. [14] conduatedltiaxial forging (at 550°C) of austenitic Fe-
32 Ni alloy and reported that formation of UFG rogtructure is attributed to the continuous
dynamic recrystallization. Belyakov et al. [15] dited severe deformation of austenitic stainless
steel at 500°C and reported that considerable emfamt of initial microstructure occurred

through DRX due to decrease in deformation tempegadnd increase in the strain rate.



To the best of our knowledge, hardly any reseaschirdied critical phase regime control MAF
in order to obtain better combination of mechanjmalperties of IF and microalloyed steels.
Furthermore, bulk ultrafine grained materials mawtired through MAF techniques although
exhibits excellent mechanical properties. But taodmnation characteristics might be weakened
due to the decrease in strain hardening rate Tl6)s, examination of fracture toughness is vital
prior to any design applications, as this wouldvpte adequate information about the fracture
activities and deformation features of such subomaize grain materials [17]. But, due to the
limited sample dimension of the ultrafine grainé$FG) steels obtained through most of the
SPD techniques, the fracture toughness testinigabenging; Therefore, limited data is available
about the valid plane strain fracture toughnessKig of the submicron size grained materials.
Recently, some researchers [18-20] made an effodstimate the fracture toughness values
through single edge bend tests and they have fdbad there is significant effect on the
enhancement of conditional fracture toughness tiir@rain size refinement of nonferrous UFG
materials developed through cryoforging/cryorollt@ghniques. Recently, the application of IF
and microalloyed steels have been spread in sesectbrs, such as, line pipe, automotive, ship
building and several structural applications. Thbg, materials should have high yield strength
along with good fracture toughness to use theseermalg for better performance for those
applications. Hence, aim of the present investgais to design multiaxial forging schedules in
order to achieve submicron sized grains (<1um) gaitwyed and IF steels, which could offer
superior mechanical property along with good freettoughness values. In the current study,
investigation of fracture toughness has been pmedrthrough calculatindlq (conditional
fracture toughnessKee (equivalent energy fracture toughness) dndtegral (crack initiation
energy) values from single-edge bend test datheotilirafine grained samples and these fracture
toughness values have been correlated with othehanécal properties and corresponding
microstructural features evolved . Furthermore, dlceumulated dislocation densities, lattice
strain and crystallite size of the multiaxially d@d specimens have been estimated through X-
ray diffraction line profile analysis to explainettdifferent strengthening mechanisms involved.
Moreover, the value of yield strength has beenutaled theoretically using Taylor's equation
and correlated with the experimentally obtainedugal Accordingly, effect of strain hardening
rate and strain hardening exponent on the defoomdttehavior has also been investigated, and



correlated with the yield strength and uniform gation. A quantitative fractography analysis

was also execute to relate the ductility of theesponding specimens.

2. Materials and experimental procedure

The materials used for the present study are Tistibilized low carbon (C) microalloyed (MA)
and interstitial free (IF) steels. The MA steel waanufactured and supplied by Steel Authority
of India Limited (SAIL) and the IF steel used wa®guced and supplied by TATA Steel,
Jamshedpur, India. The chemical compositions (wofhose steels were examined by optical
emission spectroscopy analysis and the analyzetisese presented in Table 1.

Table 1. Chemical composition (wt. %) of the lowrroalloyed and IF steels.

Elements C Si Mn | Al Ti Nb S P N Fe
(wt. %)
IF steel | 0.0026 0.007| 0.14| 0.052| 0.042| 0.012| 0.008| 0.031| 0.002| 99.7

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

Multiaxial forging (MAF) was conducted using a serepress forging machine (Birson
Industries) at ~A phase region (at ~650°C for both microalloyed Hnhdteel specimens). The
specimens were initially homogenized at 1200°Clfiorinside the inert gas atmosphere control
furnace and afterwards the samples were multigdaitbed (MAFed) at the desired temperature
~650°C at normal atmosphere. After each pass, peeimens were kept inside the muffle
furnace at selected deformation temperature and foel 2-3 minutes to attain that particular
temperature. A mixture of acetone and graphite mowehs used as a lubricant during the MAF
for homogeneous deformation [18,19]. Actually, driégis miscible in acetone. Hence, acetone
is used to make homogeneous mixture, which couldris®rmly applied on the sample. Here,
the graphite powder acts as a lubricant and helpgserforming homogeneous deformation at
high temperatures. The rectangular samples werdinett out from the annealed samples to
obtain the required dimension of 30mm x 24.5mm m&0through maintaining the ratio of
1.5:1.22:1.0. Several researchers [21,22] havertegbdhe estimation of the equivalent strains
using well established von Mises criteria duringgéa strain deformation in a channel die.
Although, Onaka [23] has claimed that Hencky ladpic strain criterion is more appropriate
than the von Mises criteria to calculate the edemastrain during SPD process. Moreover,
Shrivastava et al. [22] confirmed that the effeetshear stress associated with other stresses

could provide an adequate description of von Misgsivalent strains, whereas, the Hencky



logarithmic strains are invalid. Furthermore, Sef@d] studied the applicability of both the
approaches (i.e., von Mises and Hencky) to findtbatequivalent strains during SPD process,
and finally concluded that von Mises criterion weik both, simple shear and pure shear cases;
while the Hencky logarithmic strain criterion isrgect only for pure shear. Hence, in the present
study we have used von Mises criteria in the esiomaf the equivalent strains. After each pass
of forging, the height of the specimen decreasas f80 to 20mm, which corresponds to a true
strain componengy = -0.4. As in the present study, forging has besmied out in a channel
die, which resemble to a plane strain conditionemel, = -e, ande, = 0. Hence, the equivalent

strain geg) can be estimated using von Mises criteria as'a|[21,22].
en=2lle -2, f +le, e f + e~V Yol + 1+ 1)l (1)

Where,yyy, vyz, Yz, fepresents the shear strain component. As teame shear strain applied in

the present study, thus the sumygf vy, v.x =0. As per this equation, the equivalent strain is
calculated to be 0.5 for each pressing in the obladie. In the MAF method, after each pass, the
sample was rotated by 90° followed by applicatibisame equivalent true strain of ~0.5 to the

longest side at each MAF pass (Fig. 1).
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Fig. 1: Representation of multiaxial forging schiedior one cycle.

Fig. 1 represents the principle of MAF techniqueu€l strain per pass is maintained a constant
value for all the forging cycles and it &= 0.5 (where i’ number of forging passes). The
cumulative true strain after 1 cycle of the forgiagestimated to bEAen=; = (Ae1+ Acps Aeg)=1.5
(where ' is number of forging cycles). The multiaxial fang was performed in a closed die at

a strain rate of 105 Forging die has been prepared using water hardplad carbon tool
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steels. The microalloyed steel samples were suitdigstrged up to 15 cycles (an equivalent
total true strains of 22.5 i.e. 0.5x45; 45 paseed b cycles), whereas, the IF steel samples were
possible to forge up to 18 cycles (an equivaletatl toue strains of 27 (0.5x54; 54 passes for 18
cycles) without revealing any surface crack. Inecatthe microalloyed steel, when MAF was
carried out beyond 15 cycles at 650°C, the bothrangmd macro-cracks were initiated at the
surface. Similarly, in case of the IF steel speasyenitiation of crack were observed after 18
cycles MAF at 650°C. Thus, in the present studg, rttaximum forging cycles has been limited
to 15 cycles in case of the microalloyed steel @antl8 cycles in case of the IF steel. In order to
study the microstructural evolution and mechanmaiperties after MAF, the samples were
sectioned along the highest dimension, i.e., froenglane perpendicular to the last forging axis.
Samples for tensile test was performed using aeusal testing machine (Tinius Olsen, S-Series,
H25K-S) at a constant strain rate of 2%1{}. Specimens for tensile testing were prepared as pe
sub-size standard ASTM: E8. Fracture toughnesshef homogenized annealed, 5cycles,
15/18cycles multiaxially forged microalloyed and steel samples were studied by conducting
single edge bend tests at room temperature. Tigéestnige bend tests were performed on same
Tinius Olsen machine (25 kN capacity) with singtige bend test fixture, operated at a same
strain rate (2x10s). For single edge bend test, all the forged spesahave been machined as
per the ASTM E399-05 standard, along the planellpata the forging direction (as represented
in Fig. 2a and b). All the specimens for single eetbgnd test were fatigue pre-cracked through
EDM wire cutting and maintained a crack lengthtie width ratio of 0.5g/W=3.75/7.5). The
thickness B) of 3-point bend sample is 3.75mm, while unbrokgamentb (W-a=b)=3.75mm
maintained for all samples (Figs. 2a and b). Th#iusa of the crack is 0.125mm. Three
specimens in each conditions were tested and télkenaverage value for each type of

specimens.
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a=3.75mm
B=3.75mm
W=7.50mm
S=30.00mm

Fig. 2: (a) Schematic presehfétion of a single duyed specimen, (b) micrograph of single edge bend
specimen.

Microstructural investigation of multiaxially forgdespecimens was carried out through optical
microscopy, scanning electron microscopy (SEM)gnaission electron microscopy (TEM) and
EBSD studies. In order to study optical microstuwet(using Leica DMI5000M microscope), all
the forged specimens were polished using diffeesnery papers and cloth and subsequently
etched by 2% Nital solution. In order to analyighhand low angle grain boundaries present
and their distribution, EBSD analysis has beeni@arout. In this regard the selected specimens
were initially polished using alumina powder folled by using colloidal silica. Finally, the
specimens were electropolished for 50s using antrelgte of 20% perchloric acid+80%
methanol at -20°C and 21V. EBSD detector was atthetith SEM (ZEISS, 51-ADD0048). The
step size and frame size was keptuthland 150pmx150um, respectively. Analysis of EBSD
image was carried out using HKL channel-5 systeftwsoe. The surface which is parallel to the
forging axis of the deformed specimen was analyZdéiM study was performed using a
transmission electron microscope (FEI Technai 20S-G®&in) operated at 200 kV. The
specimens for TEM study were initially thinned dowp to 0.08im by mechanical polishing.
After that 3 mm disk specimens were punched ounftiee thin foil (using a Gatan disk cutter)
followed by electro-polishing through a twin jeeetro-polisher (FEI) using a solution of 10%
perchloric acid+90% methanol at -20°C using 40Vakmis of fracture surfaces and mode of

failure after single edge bend test were examimettuSEM.



3. Results and discussion

3.1 Microstructural characterization

Optical microstructure of the homogenized anneéte@N) microalloyed and IF steel samples
are presented in Figs. 3a and b, respectively. Fagexhibits the presence of equiaxed pro-
eutectoid ferrite along with lamellar pearlite wdh average grain size of ~56pum whereas, Fig.
3b exhibits the presence of only equiaxed pro-e¢gigtderrite grains with an average grain size
~ 110um). The existence of Pearlite is not idezdiin the microstructure of IF steel due to very
low C content (0. 0026%)
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Flg 3 Optlcal mlcrostructure of homogenlzed arlmdazéa) mlcroalloyed and (b) IF steel spemmens

Fig. 4a represents EBSD inverse pole figure mag+gfphase regime control 5 cycles MAFed
microalloyed steel specimen. Fig. 4b representsitagnified image of the selected location as
indicated using dotted line in Fig. 4a. Formatidrulbrafine substructures (possibly g size)
along with fine ferrite grains of 2uBn size can be seen from Fig. 4b. Moreover, EBSOnhgra
boundary map along with grain average misoriematiap ofa+y phase regime control 5 cycles
MAFed microalloyed steel specimen are also analyretipresented in Fig. 4c. From Fig. 4c, it
can clearly be noticed that new grains formed engitain boundaries of the pre-existing grains.
Furthermore, it can clearly be observed from trergaverage misorientation map (Fig. 4c) that
several low angle grain boundaries are introducédinvthe equiaxed ferrite grains, which
clearly indicate that the original grains were dulaéd through formation of low angle grain
boundary by dynamic transformation. The ferriteigtaoundaries demonstrated (Fig. 4b) that
numerous low angle grain boundaries were introdwadtin the ferrite grains bounded by high
angle boundaries. In addition, EBSD grain averagmmnentation map of the 5 cycles MAFed

microalloyed steel specimen is also analyzed apietsents in Fig. 4d.
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The grain average misorientation map exhibits & Higction of deformed grains along with a
small fraction of recrystallized grains. This isedw the fact that ferrite grain refinement in each
pass during MAF is accomplished to the strain irdiu@rritic transformation of austenite grains,

which showed a lower amount recrystallized grains.

Moreover, after 15 cycles of the MAF in this regi@uniformly distributed ultrafine ferritic
subgrain structure was achieved (Figs. 5a,b). FBgsand b represent the EBSD inverse pole
figure image and grain boundary map of the 15 cydlAFed microalloyed steel specimen.
Uniform distribution of extremely fine ferrite gra are found to develop after 15 cycles of the
MAF (Figs. 5a and b). Thorough examination of thieanentation profile, it can also be seen
that the misorientation angle of the grain bouretadf the 15 cycles MAFed specimen (Fig. 5¢)
is comparatively higher than that of the 5 cycle8ARdd sample (Fig. 4b). This is attributed to
the extensive dynamic recovery of severely deforfeedte grains and/or strain induced ferritic
transformation during 15 cycles MAF atiAegion. The average grain size is estimated to be
~280nm from the EBSD grain size distribution pmfdf the corresponding specimen. These
sub-microstructural features are further analyzedletails through TEM analysis (discussed
later).

During initial stages of deformation, the dislooatigenerates and starts accumulating within the
material. The density of dislocation rises rapidigh further deformation, which initiates strain
hardening within the dynamic recovery stage. Thisampeted by annihilation of dislocations as
the dynamic restoration process is balanced byinsth@ardening. During this period, a
microstructure of low angle boundaries subgraingeligps. With further staining, the subgrain
misorientations gradually increase until they attaigh angle boundary (HAB) [8,9]. This type
of process is referred to as dynamic recrystaibrafDRX). In this process, the new grains form
as a result of the increase in sub-boundary mis@i®n brought about by continuous

accumulation of the dislocations introduced bydk&rmation [8,9].
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Fig. 5: (a) EBSD inverse pole figure map, (b) gladundary map of 15 cycles MAFed microalloyed steel
specimen, (c and d) misorientation profile and mraize distribution of corresponding specimen,

respectively.
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specimens.
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Furthermore, it can also noticed from the SEM nucaphs that the starting material (annealed
specimen) contains alternate plates of ferrite egmentite (F&C), i.e. lamellar pearlite (Figs.
6a,b). With increasing the number of MAF cyclegerasting deformation features could be
observed in the pearlite colonies as shown in SEMges in Figs. 6¢c and d. A small fraction
(15-20%) of distorted lamellar pearlite structues de seen in Fig. 6¢ after 5 cycles of MAF at
650°C. This indicates the beginning of fragmentatamd refining of cementite (k@) in the
pearlite colonies after 5 cycles. Moreover, aftBrcycles MAF, exciting deformation features
could be seen in the pearlite colonies as showrSHM image in Fig. 6d. Extensive
fragmentation of F€ phase into nanometer level particles (~35nm pasicles) could be
observed after 15 cycles of MAF at 650°C (Fig. éickan also be noticed from Fig. 6¢ that the
Fe,C particles were not only fragmented (avg. fractisn~12-15%) but also distributed
homogeneously within the ferrite matrix after 1xleg of MAF at 650°C. The EDAX point
analysis confirms the existence of;Eeatrticles through revealing the strong peakseoéird C

as shown in Fig. 6e.

Thus, the maximum grain refinement was achievednwtie microalloyed steel specimen
MAFed up to 15 cycles in thety region at 650°C (at ~4). Due to continuous application of
high strain in repeated direction the coarserteegrains gets strain hardened through continuous
buildup of large strain which yield the creationhoh density dislocation substructures, both at
the ferrite boundaries and inside the grains. Tkabstructures finally form a fine grained ferrite
[25-27] through strain induced ferritic transforimat to form ultrafine structures, which are
finally recovered to generate new equiaxed fergt@ins. Also, during multidirectional
deformation, the pearlitic structure is fragmenietd ultrafine size and distributed uniformly
along with the ultrafine ferritic grains. It is nowell recognized that the ferrite grain size can
effectively decrease through strain induced fertimnsformation (SIFT) and this process is
favorable at relatively lower deformation temperaty28]. During MAF in 3 different
directions, microshear bands can form in variowsatiions direction which endorses dislocations
activation, accumulation and rearrangement betwthem followed by alteration of the low
angle grain boundaries to high angle boundariesthekby increase in the grain boundaries

misorientation and finally leads to the developnwniltrafine ferrite grains [29].
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Fig. 7: (a) EBSD inverse pole figure map, (b) grdioundary map of 15 cycles MAFed+S-AN
microalloyed steel specimen, (¢ and d) misorieotagirofile and grain size distribution of corresgiomg
specimen, respectively.

Furthermore, after multiaxial forging at mAegion, the 15 cycles forged specimen was short-
time annealed at 700 for 180s in order to improve the ductility of thsteel. Grain
recrystallization and growth are greatly affecthwihe annealing time and temperature [30].
Hence, in the present study, optimum annealing 6iEB0s at 700°C was selected to avoid the
deterioration of mechanical properties. Figs. 7d hrsignifies the EBSD inverse pole figure
image and grain boundary map of the MAFed (15cy¢E®rt-annealed (S-AN) microalloyed
steel specimen. Bimodal distribution of ferriteigeare found to develop after short-annealing
treatment (Fig. 7a and b). The grain size distidvubf the corresponding specimen was carried
out through EBSD analysis (Fig. 7d) for better ityaof the microstructure. A bimodal grain size
distribution consisting of relatively larger size660nm) and finer size (340nm) grains could
clearly be observed from the EBSD image (Fig. 70he MAFed+S-AN sample. This is
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attributed to the partial recrystallization andaeery of the heavily deformed structure during
the S-AN treatment.

. 4

o -

Recovered

UFF

Fig. 8: TEM bright ‘field image of microalloyed stespecimens: (a) MA.IEed (15 cycles) at,r-fegion
and (b) MAFed (15 cycles)+S-AN.

TEM bright field micrographs of the 15 cycles MAF¢at A; region) and MAFed+S-AN
specimens are shown in Figs. 8a and b, respectiVély corresponding selected area electron
diffraction pattern (SAED) is shown in the insetFofis. 8a and b. Fig. 8a shows the presence of
high fraction of ferrite substructures (avg. si2m) with high density of dislocations. The
associated SAED shows circular ring like patternciisubstantiates the existence of nanosize
grains. On the other hand, a bimodal distributibequiaxed ultrafine ferrite structure consisting
of relatively larger size (~660nm) and finer si3d@nm) grains could be observed from Fig. 8b.
The associated SAED pattern shows spotty rings lwhitdstantiate the existence of relatively
larger size grains as compared to that of the MAS$@ecimen without annealing. The partial
recrystallization and dislocation annihilation dwgiS-AN treatment could allow to grow the

grains a bit.
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Fig. 9: (a,c) EBSD inverse pole figure map, (b,dpiy boundary map of 18cycles MAFed and
MAFed+S-AN |IF steel specimens, respectively, (c afjd misorientation profile and grain size
distribution of corresponding specimen, respecfivel

Similarly, in the case of IF steel, a uniformlytdisuted ultrafine ferritic grain structure with an
avg. grain size of ~320nm is achieved (Figs. 9a dndfter 18 cycles of MAF through strain
induced ferritic transformation and recovery of figadeformed ferrite grains. In this case also
after multiaxial forging at ~A region, the 18 cycles forged specimen was shokt-annealed at
85C°C for 100s in order to improve the ductility andnf@bility of the steel. The grain size
distribution of the MAFed (18 cycles)+short-annéa(&-AN) sample was carried out through
EBSD analysis (Fig. 10 a and d). A bimodal grareslistribution consisting of relatively larger
size (~535nm) and finer size (330nm) grains cou&hrty be observed (Fig. 10d) from the
EBSD grain size distribution profile of the MAFed#A8I sample.
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Fig. 10: (a,c) EBSD inverse pole figure map, (bgiain boundary map of 18cycles MAFed and
MAFed+S-AN |IF steel specimens, respectively, (c aijd misorientation profile and grain size
distribution of corresponding specimen, respecfivel

TEM bright field micrographs of the 18 cycles MAFéat A: region) and MAFed+S-AN
specimens are shown in Figs. 11a and b, respectiVee corresponding selected area electron
diffraction pattern (SAED) is shown in the insetFd§s. 11a and b. Fig. 11a shows the presence
of high fraction of ferritic substructure (avg. si320nm) with high density of dislocations. The
associated SAED shows circular ring like patterncWisubstantiates the existence of submicron
size grains. On the other hand, a bimodal distidbubf equiaxed ultrafine ferrite structure
consisting of relatively larger size (~535nm) aimkef size (345nm) grains could be observed
from Fig. 11b. Also, the bimodal grains contairatielely less amount of dislocation density. The
associated SAED pattern shows spotty rings whitistautiate the existence of relatively larger
size grains as compared to that of the MAFed spatiwithout annealing. The partial

recrystallization and dislocation annihilation dwgiS-AN treatment could allow to grow the

17



grains up to a certain level. The mechanism of &iom of the ultrafine ferrites, could be

described in the same way, as explained abové&éomicroalloyed steel samples.

& e
»

10 1/nm

Recovered
FF

Fig. 11: TEMbright field imageof IF steel specimens: (a) MAFed for 18 cyclesiaegion and (b)
MAFed (18 cycles)+S-AN.

3.2 Mechanical Properties

The engineering stresdrain curves of the homogenized anneal and MARegtisiens are
shown in Figs. 12a,b and summarized in Table 2. Yi& of the homogenized anneal
microalloyed and IF steel samples is found to bk &d 141MPa with a % elongation 33 and
46%, respectively. The high amount of % elongat®attributed to the presence of large size
equiaxed ferrite and lamellar pearlite (avg. grsire of ~5@m) in case of microalloyed steel
and comparatively larger size ferrite grains (agmain size of ~110m) in case of IF steel

specimens.
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Fig. 12: Tensile stress. strain plots of MAFed (a) microalloyed and (b) tEed specimens.

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

Forging conditions YS uTS %Elongation
(MPa) (MPa)

H-AN sample 251+4 44015 33+1.7
Microalloyed | 5 cycles MAFed at 65C 81148 | 9379 19+1
steel

15 cycles MAFed at 65C 1027+6| 117148 8.3t1.5

15 cycles MAFed at 65C+S-AN | 949+4 | 1097+3 12.60+1.5

H-AN sample 14143 25615 46+1.7
IF steel 5 cycles MAFed at 65C 601+6 | 62748 25.2+1

18 cycles MAFed at 65C 881+5 97843 11.242

18 cycles MAFed at 653C+S-AN | 81716 8494 15.6%1

The YS (Fig. 12a) of the 5 cycles MAFed microalldysteel specimen deformed at rAegion

is found to increase to a high value (811MPa) tie of the homogenized specimen (YS=251
MPa). Moreover, after 15 cycles MAFed at the saegon, the corresponding YS (1027MPa)
improved more than 4 times than that of the stgmiraterial (251MPa). Furthermore it can also
be observed that ductility of the 5cycles MAFed cspen decreased to ~19%, which
corresponds to ultrafine substructuresylsize) along with fine ferrite grains of 248 size
(Fig. 4a,b). Moreover, the microalloyed steel speni after 15 cycles MAFed at ~Aregion
showed a total elongation of ~8.3%. Earlier, idlieady demonstrated that the microstructure of
the corresponding specimen deformed at the pungtideregion is consist of uniformly

distributed ultrafine grain (280nm) ferrite alonglwnanosize (35nm) fragmentedsEeparticles.
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Therefore, it can be seen that the YS of the MABpecimen is considerably improved with
expense of their ductility, when forged in the (r-Aggion) ferritic phase regime. Furthermore, it
was found that the short annealing treatment dffecycles MAF significantly improved the
ductility (12.5%) without much altering their YS49MPa). This is mainly due to the partial
recrystallization and recovery of ferrite graingidg S-AN treatment and developed a bimodal
grain structure. Thus, the bimodal grain size distion could be obtained by MAF+S-AN
treatment, which recover a certain amount of ditictivithout much sacrificing its strength.
Bodin et al. [31] also reported the improvementhaf YS without much sacrifice of ductility due
to the formation of dual size grain distributionfefrite grains in C-Mn steel after dual phase

rolling within intercritical region i.e 825-775°C.

Similarly, the IF steel specimen MAFed in ferritic region (18 cycles) show the extreme
improvement of the YS, and the corresponding vaug81MPa (Fig. 12b). It can be seen that
the improved YS (881MPa) is more than 6 times higkee compared to the starting material
(141MPa). Moreover, from Fig. 12b, it can also leserved that the specimen MAFeddin
ferritic region exhibited a total elongation of 2%. This is attributed due to the formation of
uniformly distributed submicron size ferrite grai@®20nm). Verma et al. and Cizek et al. [5,32]
also reported the enhancement of mechanical piepat IF steel through grain size refinement
by performing high pressure torsion at room temjpeea They have demonstrated that grain size
refinement along with dislocation strengthening tiee key to enhancement of the YS.
Furthermore, in the present investigation, it wk® dound that the short annealing treatment
after 18 cycles MAF significantly improved the diitt (15.6%) without much altering its YS
(817MPa). This is ascribed to the partial recryizi@ion and recovery of ferrite grains during S-
AN treatment and developed a bimodal grain strectlihus, the bimodal grain size distribution
could be obtained by MAF+S-AN treatment, which canover a certain amount of ductility
without much sacrificing its strength. Effectivesesf short annealing treatment has also been
investigated by several researchers [5,7]. Ovetal, also to be noted that the enhancement of
the YS of the MAFed samples corroborated well wité hardness values of the corresponding

samples.
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3.3 Analysis of strengthening mechanisms

In order to study the effect strengthening duettairs hardening, the dislocation density of the
multiaxially forged specimens (both microalloyedddk steels) was estimated through X-ray
diffraction (XRD) analysis. The XRD patterns of tferged microalloyed and IF specimens
processed at different conditions are shown, résdy, in Figs. 13a and b. Width of the peaks
of both the steel specimens is found to be broatlevith increasing the number of forging
cycles (Figs. 13a,b). This is attributed to ther@iase in the dislocation lattice strain and the
refinement of the crystallite size [33]. Lattice amustrain and crystallite size have been
calculated as per Williamson-Hall technique throtigh analysis of average peak broadening of
3 peaks of each specimen using the plot betwe€on® vs. Sir®) [34]. Standard broadening data
of polycrystalline Aj}O3; has been used to exclude the instrumental peadbéring from the
total broadening as follows [34]:

Br =62 B9 (2)

Where,3, is the total broadening due to the lattice migastand crystallite siz€d; andops are
the integral breadth at the full width at half im¢y maxima (FWHM) of the standard&l; and
multiaxially forged specimens, respectively.
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Fig. 13: X-ray diffraction pattern of the (a) MAFedcroalloyed and (b) IF steels specimens at difier
processing conditions.

Finally, the density of dislocatiornpd) can be calculated from Eq. 3 [36] through inseytihe
value of the lattice microstraim)(and average crystallite size (D):
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py= 2\/?3(8 )2 . . 3)

where, b is the Burgers vector. For BCC fer[jt;e?f\/_%, where a=0.28664 nm [35]. The

calculated values of lattice microstrain, crystalkize and dislocation density of the multiaxially
forged IF and microalloyed steel specimens areléddiin Tables 3 and 4.

Table 3: Lattice microstrain, crystallite size amchount of dislocation density, predicted and
experimentally obtained YS for MAFed IF steel dfetent conditions.

Processing scheduleg  Crystallite s|zkattice microstrain Dislocation| orayior | 0y
(hm) (x10°%) (m?) (MPa) | (MPa)
MAF 5 cycles 46.22 4.33 1.31x10"° | 765 | 60146
MAF 18 cycles 29.59 5.57 3.90x10% | 1072 | 88145
MAF 18 cycles+S-AN 35.57 5.05 22210 | 985 | 817+6

Table 4: Lattice microstrain, crystallite size amchount of dislocation density, predicted and
experimentally obtained YS for MAFed microalloyaded at different conditions.

Processing schedules  Crystallite s|zkattice microstrain Dislocation| orayior gy
(nm) (x10%) (m?) (MPa) | (MPa)
MAF 5 cycles 39.57 5.17 2.03x10" | 945 | 81148
MAF 15 cycles 22.43 6.21 6.53x10"° | 1293 | 102746
MAF 15 cycles+S-AN 29.65 5.58 3.29x10"° | 1071 | 949+4

It can be seen that the average lattice microstraised from 1.3%210™ and 2.03x10",
respectively,for the 5 cycles forged IF and microalloyed stegécimens to 3.96L0"° and
6.53<10" corresponding to the 18 and 15 cycles forged (iff microalloyed steel) specimens.
Using the same technique, Sarkar et al. [37] evatlithe dislocation density of equal channel
angular processed IF steel at a strain of 1.1546dand reported the corresponding values
3.6x10" m? and 6.88x18 m? respectively. In the current study, the valuesdisfocation
density obtained for the multiaxially forged IF amitroalloyed steel specimens are found quite
higher as the forging was carried out at large\efjant strain (i.e. 22.5 and 27, respectively, for
15 and 18 cycles MAFed microalloyed and IF steelcspens). Accumulation of large amount
of lattice strain yields the formation of high deayglislocation substructures within the ferrite
grains [38]. Furthermore, in case of the short atetespecimens after 15 and 18 cycles forging,
the dislocation density found to decrease to BlPY¥ and 2.2%10", respectively. This is
accomplished to the partial recovery of highly dersuibstructures during very short time

annealing.
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Furthermore, the value of yield strength also reentestimated using Taylor’s equation [35] and
tabulated in Tables 3 and 4;

Oraor =T + aMGh p) 2 (5)

where,G is the shear modulus (value is 82 GRaJs the friction stress ( value is 30 MPaj)s a
constant ¢ is taken as 0.33M is the Taylor factor (value is 3 for un-texturedypoystalline
materials) andb is the Burgers vector (value is .26 nm) [37]. It can be observed that
theoretically estimated yield strength (Tables 8 dhusing Taylor's equation is higher than the
experimentally obtained YS for both microalloyedidR steel specimens. It can be remembered
that for the theoretical calculations, the mategalways assumed to be isotropic with respect to
all strengthening mechanisms. But practically, glsvaome defects are exist within the material
and it is anisotropic in nature in that sense. ldetize practically obtained yield strength value
always be lower than that of the theoretically chdted value. Therefore, it can be concluded
that the theoretical yield strength of the preseaterial correlates well with the experimentally

obtained values.

3.4 Strain hardening behavior

It is well-known that the strain hardening ra® and strain-hardening exponem) @re two
basic parameters, which mainly determines the thevavior of a material when it is deformed

[35]. In the present study, smooth true stress-situgin curves were employed to derivate the

strain hardening rate,&(= 5%5). This calculated data then has been plotted famction of

true stress. On the other hand, strain hardenipgreent () has been calculated from the slope

of the logarithmic plot of the equatien= Ke" (log 6 = log K +n loge) [35].
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Fig. 14: (a,b) strain hardening rate true stress curves of multiaxially forged microgéld and IF steels
at different processing conditions.
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Figs. 14a,b represent the work hardening rate fagcion of true stress of multiaxially forged
microalloyed and IF steels at different processiogditions. It is observed that both multiaxially
forged microalloyed and IF steels specimens shoavetbwer work hardening rate reduction
than that of the annealed specimens. It is alsaddbat the work hardening rate of the forged
specimen gradually decreased with increasing timebeu of forging cycles. This is attributed to
the fact that with increasing the amount of straiaterials gets strain harden as compared to the
annealed condition. Furthermore, the multiaxiagiiog at large equivalent strain could generate
high amount of dislocation substructure within feerite grains and thereby would hinder the
dislocation movement [37]. Moreover, the short aling treatment after multiaxial forging
showed noticeable improvement in the strain hardgrapacity when compared to as-forged
counterpart. This is attributed to the partial ey of the deformed grain structure, which could

provide more scope for further deformation undatisioading.

Furthermore, Figs. 15a,b represents the variatiaamorm elongation and yield strength as a
function of the strain hardening exponemi), (respectively, for the multiaxially forged

microalloyed and IF steel specimens as comparedh&ab of the homogenized annealed

counterparts.
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Fig. 15: Variation of Uniform elongation (UE) anikl strength (YS) and with strain hardening
exponentf).

In case of the annealed specimen, the valuei®talculated to be 0.221 and 0.254, respectively,
for microalloyed and IF steels. After multiaxialr§ing, the value oh is found to decrease
steadily with enhancement of the yield strengthe Tiinimum value oh reaches to 0.072 and

0.086 corresponding to the yield strength of 102 @01MPa, respectively, for 15 cycles forged
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microalloyed and 18 cycles forged IF steel specsn@onsequently, the uniform elongation is
found to be more for the sample having high value. ¢t can be observed from Figs. 15a,b that
the annealed specimens, which showed a large mni&ongation (i.e., 22 and 30%) have the
highest values ai (i.e. 0.211 and 0.254). The materials having langgrm elongation and low
yield strength are usually associated with largerkw@ardening capacity. Hence, uniform
elongation inversely related with the yield strénf9]. It can clearly be observed (Figs. 15a,b)
that the maximum yield strength of 15 cycles forgadroalloyed and 18 cycles forged IF steels
are 1027 and 601 MPa, , respectively, with corredp uniform elongation of only ~3.7
(n=0.072) and 4.9%nE0.086). On the other hand the maximum value ofaumifelongation
reaches to ~22n€0.211) and 30%nE0.254) corresponding to the yield strength of 26d a
141MPa for the annealed samples of both microatlayed IF steels. It was observed that the
extent of work hardening generally is very lesshe severely deformed (e.g. MAF-processed)
materials. This can be attributed to the increasestrain rate sensitivity with strain [1,3].
Moreover, it could be observed that the short aedetreatment after forging, there is an
increase in the uniform elongation (7.4 and 6.28spectively, for microalloyed and IF steels)
and strain hardening exponent (0.101 and 0.12eotisply, for microalloyed and IF steels)
without losing much of the strength. This is asedlio the partial recovery of the deformed

grain structure, which could provide more scopeftiother deformation under static loading.

3.3 Fracturetoughness analysis of submicron sized grained steels

Investigation of fracture toughness provides moaght about the deformation characteristics
of submicron sized grain materials [17]. But, doelte limited sample geometry of the ultrafine
grain steels obtained through most of the SPD iqadls, the fracture toughness testing is
challenging; Therefore, limited data is availab®uat the valid plane strain fracture toughness
i.e. Kic of the ultrafine grained materials. Recently, saesearchers [18-20] made an effort to
estimate the fracture toughness values througHesidge bend tests and they have found that
there is significant effect on the enhancementafddional fracture toughness through grain
size refinement of nonferrous UFG materials dewatbghrough cryoforging/cryorolling
technigues. Hence, in the present study, fractwrghiness analysis of MAFed microalloyed and
IF steel samples has been carried out through comgpaonditional fracture toughneskd),

equivalent energy fracture toughnégse andJ-integral (crack initiation energy) from single
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edge bend test data and correlated with other mézigoroperties. The single edge bend test
samples were prepared according to the ASTM E39%#&4dard. Figs. 16b and c represent load
vs. displacement curve of the MAFed microalloyed and sti€els specimens at different

conditions. The value of apparent fracture tougbmesild be estimated from Eq. 6 as follows:

Ko =5 [2'9 (%) - 46 (%) +21.8 (%)E ~37.6 (%) +38.7 (%)] )

where, R represent the maximum recorded load (at whichepisting crack grows to a critical
size and then comes out) aads the length of the crack. Estimation of the eatii Po from the
loadvs. extension curve of selected specimen is shownlfég. Furthermore, we can verify the
applicability of the test, as per minimum thicknesquirement for valiKc calculation under

plane strain conditions through using the Eq. tblsws [40]:

2
B =25 (KQ/YS> (7)

In this case, K can be accepted as plain strain fracture toughtkgsy if the value ofB is less
than both the thickness as well as crack length@sample [40]. Otherwid€,is considered as

conditional fracture toughness.

It can be seen from the Fig. 16a that the valuBpis ~2654 for the 5 cycle MAFed IF steel

sample. Hence, the value I6§ is estimated to be 69.7M¥m for the 5 cycles MAFed IF steel
sample through placing the valuesRgf W, B anda in Eq. 6.
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5cycles MAFed IF steel sampléy,c) Load-extension plots of MAFed microalloyeddal¥ steel
specimens, respectively, (d) Load-extension plétMAFed+short annealed microalloyed and IF steel

specimens, respectively.

Similar way, the value dfq for the other selected samples have been evalaatbthbulated in
Table 5. Now, in order to check the applicabilifitiee single edge bend test, the experimentally
obtained value oKqg and yield strength, were replaced in Eq. 7 anchg seen that the values of
B for all the specimens are higher than the acthigkmess as well as crack length of the
corresponding specimen. Hence, it can be concluaevialue ofKg obtained from single edge
bend test using linear elastic fracture mechanicBFM) could not fulfil the validity
requirement.

In this regard, further we have chosen another ogetb estimate the equivalent energy fracture
toughnessKee as per ASTM standard E 992, using the followiggaions (Eq. 8 and 9) as
follows [19, 41].
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1 [1.99—1<1—1(2.15—3.93l+2.7“—22)>]
Kee =3 3G oo ®)
2(1+2) (1)

Pg :PL\/Q:Z (9)

In this method, the equivalent loag feeds to be determined instead of provisional @ads
per ASTM standard E 992 [42]. In this regard, festa A ) and load ) up to linear part of
the loadvs. extension diagram has to be calculated; nextatea Ar) up to maximum loadRy)

is determined. Fig. 16a shows the representat@éus extension plot for the 5 cycles MAFed
IF steel sample to estimate the equivalent loR@gl,used to evaluate equivalent fracture
toughnessKee (Fig. 16a). In this caséyr = 717N-mm,Pr = 2659N,A. = 476N-mm,P_ =
2592N. The equivalent loaB is calculated to be 3181N. This valueRgfis introduced in Eq. 9
and theKee for the 5 cycles MAFed IF steel sample has beeimastd to be 83.2MRéan.
Similarly, for all other sample$sec has been determined and represented in Tablen§ alith
values ofKq and J-integral of the corresponding sample. It is to lo¢ed that generally, the
fracture toughness of materials is mainly affedigdhree factors (i) reduction of critical plastic
strain due to pre-strain, (ii) increase in the regth of material by work hardening and (iii)
change in the material resistance to fracture.@igh the yield strength of the materials could
be enhanced through introduction of a large plagtain by deformation, but it would decrease
the fracture toughness of the material due to remlu®f its strain hardening response [40].
Moreover, the value of fracture toughness of bulitenals is influenced by origination and
propagation of the crack. Hence, two different apphes usually are used to evaluate fracture
toughness, i.e., (i) linear elastic fracture meatgto examine crack initiation (i.&g) and (ii)
elastic plastic fracture mechanics to interpretknaropagation (i.eJ-integral). Hence, fracture
toughness property of sub-micron sized materialghtribe improved through delayed the crack
initiation as well as propagation. In this presstuidy, conditional fracture toughness valke)(
has been calculated by LEFM methodKas (plane strain fracture toughness), demonstrates th
crack initiation in linear elastic fracture mechami Alternatively, there is an approach to
elucidate the crack propagation in elastic plaBacture mechanics fracture toughness, J-e.
integral value [42]. Th&-integral values for the linear elastic and elaptastic material, would

provide the crack initiation and propagation energgpectively, as per elastic plastic fracture
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mechanics [44]. Hence, this parameter also has kgarmined to clarify the relative
enhancement of the fracture toughness and relateotfier mechanical properties as well as the
microstructural features of the corresponding nalte{43]. In the present study, tentegral
values were calculated through the single edge bestddata as per the ASTM standard 1820-
15a [45,46] using the following equation:

=24 (10)

" Bb

where, A is the area under the loag. extension curve up to the maximum loddjs the
unbroken ligamentbE 3.75) andB is the sample thicknesB£3.75 mm). Thel-integral Values
calculated using the Eq. 6 is tabulated in TablEds.exampleJ-integral value is calculated to

be 91.7kJ/rhfor the 5 cycles MAFed microalloyed steel sample.

Table 5:Kq, Kee andJ-integral values for the microalloyed steel samglasjected to single
phase control multiaxial forging.

Processing condition Ko Kee J-integral Dimple
(MPaym) | (MPaym) | (kJ/m?) | size (um)
H-AN sample 27.7 32.7 48.78 22
Microalloyed| 5 cycles MAFed at
steel 650°C 58.8 73.7 85.3 11
15 cycles MAFed at
650°C 78.5 90.0 97.2 1
15 cycles MAFed at
65CPC+S-AN 89.7 101.3 113.9 5
H-AN sample 49.3 57.7 69.6 19
5 cycles MAFed at
IF steel 650°C 69.7 83.2 91.7 9
18 cycles MAFed at
650°C 78.3 97.0 109.0 3
18 cycles MAFed at
65FC+S-AN 93.5 108.6 116.2 7

It is to be noted that the values K§, Kee and J-integral of the both microalloyed and IF steel
specimens arpoticed toincrease significantly after the multiaxial forgiag compared to H-AN
specimens. Remarkable improvement of fracture toegh values are observed in case of 15
cycles MAFed microalloyed and 18 cycles IF steehgas as compared to other specimens. The
enhancement of the fracture toughness Kig.Kee andJ-integral) is attributed to the formation

of ultrafine ferrite sub structure along with firegmented F£ particles in the microalloyed

29



steel and high density of dislocation substructstéscells in the IF steel (as shown in Figs. 8a
and 11a). The crack initiation/propagation couldeetfvely blocked by these dislocation

cells/substructures and thereby improve the fradiomghness [42].

‘N Dislocation ..
substructure

Sample
area

Dislocation Cells

and substructures
0 nm

Fig. 17: TEM micrographs of MAFed (a) microalloyétl5 cycles) and (b) IF steel (18 cycles)
specimens.

Furthermore, it was noticed that the fracture toegs values (i.&e andJ) are higher in case

of MAFed+S-AN samples than that of MAFed sampldgsEndorse further improvement of the
fracture toughness of MAFed samples due to the tsimmealing treatment. The TEM
micrographs near to fractured surface, as shovgs. 17a,b also corroborates well with ke
andJ values of the corresponding specimens. The fradimghness parameters kge andJ

are more relevant than that of the apparent fracmmghnesskq. This is due to the fact that
during the calculation dfee andJ, both the load and area under the curve (extehsi@taken
care; whereas, only the maximum load is used inctleulation ofKq. Hence, it can be
concluded that the 15/18 cycles MAFed followed bjI$ samples of the microalloyed and IF
steels showed better fracture toughness valuestti@rof the other samples. Similar type of
fracture behaviour was also observed in the nomfisrmaterials as reported in the literature
[19]. The improvement in the conditional fractuoeighness was ascribed to the development of
ultrafine sub structure and precipitation of ulinaf carbides. The enhanced fracture toughness
has also been stated in other works [7,15,47,48] tae enhancement was ascribed to the

development of the ultrafine grain size due toSR® process.
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3.5 Fractography analysis

Figs. 18a-f show fractographs of single edge be&stet! homogenized annealed, MAFed and
MAFed+S-AN microalloyed and IF steel samples. h && observed from Figs. 18a and b that
both the annealed microalloyed and IF steels spmwmexhibits ductile failure through
developing larger size dimples within the fractusaerface. The average dimple size of
microalloyed and IF steel specimens are calculeddie ~22m and ~28m, respectively (Figs.
19a,b)

Fig. 18: Fractured rfc morphology (a,b) -AN,,I Singl edge bend tested MAFed and (e,f)
MAFed+S-AN microalloyed and IF steel specimenspeesively.
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The average dimple size reduced to only ~1 amd,3espectively, as shown in Figs. 18c,e and
19a,b for the 15 cycles MAFed microalloyed and §@es MAFed IF steel samples. After the S-
AN, the average dimple size increased to ~5 amd, fespectively, in case microalloyed and IF
steel specimens (Figs. 18d,f and 19a,b). This atdgpartly restoring of the ductility due to the
S-AN treatment. The average size of dimples calinked with the apparent fracture toughness
values (Tables 5) of the corresponding specimehs. r€duction of the size of dimples during
MAF is endorsed to the development of subgrain itesr as well as dislocation

substructures/sub-cells within the ferrite graingiereas, formation of partially recrystallized

ultrafine grains during the S-AN treatment is actable for the rise in the dimple size of the S-

AN samples.
24 50 30 50
(a) -k-Average dimple diameter (b) * -¥%-Average dimple diameter
= L -m-% Elongation L E. | -m-% Elongation
20 r
2 I-40 5 40
) . B -
£16- (Microalloyed steel) 3 E20 (IF steel) S
= n 5 =
2 30
=12 22 30 .2
£ S E 5
S £s :
g"“ 8 *ZOE %10- % _ZDE
§ \ * i § *
< 47 /l < /.
o L e
0 T T T T T T 0 T T T T A0
H-AN MAF 5 MAF 15 MAF 15+S-AN H-AN MAF 5 MAF 18 MAF 18+S-AN
Processing conditions Processing conditions

Fig. 19: The average dimple size vs. %elongatiath@f(a) microalloyed and (b) IF steels samples,
respectively, processed at various conditions.

Moreover, the existence of cleavage facets canobadf within the fractured surface of both
MAFed and MAFed+S-AN microalloyed steel specimedSc(d). This is ascribed to the
occurrence of hard phase i.e. fragmentegCH@s shown in Fig. 6d) within the soft ferrite
matrix. Moreover, improvement of the fracture tongks (bothKeeand J-integral values) after
MAFed+S-AN could be attributed due to the preseot@artially recovered equiaxed susize
grains, formed through the partial recovery andysallization of the MAFed specimens during
short annealing treatment. Similar types of obd@wavere also stated by numerous researchers
in case of the severely deformed nonferrous allb9s18].
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4. Conclusions

Fracture toughness values of the UFG microalloyetl1& steel specimens have been studied in

detail to correlate with the other mechanical proge of the corresponding samples. In this

regard, the following points could be concludedhesimportant outcomes of this study.

()

(ii)

(iii)

(iv)

The maximum refinement of grains was accomplisheémthe multiaxial forging has
been carried out up to 15cycles @ty phase regime (~AY in microalloyed steel
specimen and up to 18cycles at pure ferritipljase) regime in IF steel specimens. This
is indorsed to the formation of micro-shear bandsmultiple directions through
alternating change in the accumulated strain paihendorse dislocation activity and
DIFT, and increase in the misorientation anglesg@in boundaries. This has been
confirmed by TEM and EBSD investigation.

More than 4-fold enhancement of the YS (1027MPahefMAFed (15 cycles at 650°C)
microalloyed steel as compared to that of theistagample (251MPa) is ascribed to the
development of submicron size (~280nm) ferrite rgai(obtained through grain
subdivision and recovery) and formation of nanos{2é6nm) fragmented cementite
(precipitated through repeated heating cycles) iwithe ultrafine ferrite matrix. On the
other hand almost 6 times enhancement of the YBSM®&&) of the MAFed (18 cycles at
650°C) IF steel as compared to that of the stadargple (141MPa) is attributed to the to
the formation of submicron size ferrite grain (~B2Q along with high density of
dislocation substructures.

In both cases the best combination of the YS arddilidy (YS=949MPa, %EIl.=12.6for
microalloyed and YS=817MPa, %E|.=15.6 for IF steél)he MAFed+S-AN specimen is
ascribed to the partial recovery of the subgraims dislocation annihilations during the
short-annealing treatment.

Fracture toughness analysis was made for the sdlasgtecimens through 3-point bend
test results. The 15 cycles MAFed microalloyedIsspecimen showed superior fracture
toughness Ke=90.0MPa/m) along with high YS (1027MPa) and significant ambof
ductility (%EI.=8.3); whereas, the best combinatioh YS (881 MPa), ductility
(%E|.=11.2) and fracture toughnes$.£97.0MPa/m) has been achieved for the 18

cycles MAFed IF steel samples. The improved medaduproperties are ascribed to the
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formation of ultrafine subgrains and nanosize (3priR&C particles (in case of
microalloyed steel), distributed homogeneously dlgfmut the microstructure in the
MAFed samples.

(v) Calculation of fracture toughness value through MR#Rethod {-integral) is acceptable
to estimate the fracture toughness values by sedfe bend test as it considers the total
area under the load vs. extension plot. Moreov@fNME concept might construe crack
propagation mechanisms. Furthermore, estimation fratture toughness through
equivalent energyKee approach is also suitable as it considers theimar load as
well as area up to the linear extension under sipgint edge test to estimate its value.
Both the methods could estimate the convincingt@ir@ctoughness values when it is

challenging to determine plain strain fracture tougss Kic) of the sample.
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Figure captions

Fig. 1: Representation of multiaxial forging schledfor one cycle.

Fig. 2: (a) Schematic presentation of a single dugy@d specimen, (b) micrograph of single edge bend
specimen.

Fig. 3: Optical microstructure of homogenized ate$a) microalloyed and (b) IF steel specimens.

Fig. 4: (a) EBSD inverse pole figure map, (b) méigdiimage of the selected location as indicatedgus
dotted line in Fig. 4a, (c) grain boundary mapddin average misorientation mapogfy region
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Fig.
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Fig.

Fig.

Fig.
Fig.

Fig.

control 5 cycles MAFed microalloyed steel specim@nand f) misorientation profile and grain
size distribution of corresponding specimen, respely.

. 5: (a) EBSD inverse pole figure map, (b) gladundary map of 15 cycles MAFed microalloyed steel
specimen, (¢ and d) misorientation profile andrysake distribution of corresponding specimen,
respectively.

6. SEM micrograph of (a) annealed, (b) maguifimage Fig. 6a, (c) 5cycles and (d) 15cycles
MAFed microalloyed steel (at ~Arl) and (e) EDAX bmsis on selected spot of the
corresponding specimens.

7: (&) EBSD inverse pole figure map, (b) gréoundary map of 15 cycles MAFed+S-AN
microalloyed steel specimen, (¢ and d) misorieotagprofile and grain size distribution of
corresponding specimen, respectively.

8: TEM bright field image of microalloyed stespecimens: (a) MAFed (15 cycles) at,r-fegion
and (b) MAFed (15 cycles)+S-AN.

9. (a,c) EBSD inverse pole figure map, (b,dniy boundary map of 18cycles MAFed and
MAFed+S-AN IF steel specimens, respectively, (¢ dhpdnisorientation profile and grain size
distribution of corresponding specimen, respedfivel

10: (a,c) EBSD inverse pole figure map, (bgaqin boundary map of 18cycles MAFed and
MAFed+S-AN IF steel specimens, respectively, (¢ dpdnisorientation profile and grain size
distribution of corresponding specimen, respedjivel

11: TEM bright field image of IF steel specime (a) MAFed for 18 cycles at region and (b)
MAFed (18 cycles)+S-AN.

12: Tensile stress-strain curves of MAFed&roalloyed and (b) IF steel specimens.

13: X-ray diffraction pattern of the (a) MAFedicroalloyed and (b) IF steels specimens at difier
processing conditions.

14: (a,b) strain hardening rat true stress curves of multiaxially forged microgétd and IF steels
at different processing conditions.

15: Variation of Uniform elongation (UE) andel strength (YS) and with strain hardening
exponentf).

16: (a) Estimation of the equivalent load (B@ PE) from the load-extension plot of selected th
5cycles MAFed IF steel sample, (b,c) Load-extengiots of MAFed microalloyed and IF steel
specimens, respectively, (d) Load-extension plotd AFed+short annealed microalloyed and IF
steel specimens, respectively.

17: TEM micrographs of MAFed (a) microalloydtl5 cycles) and (b) IF steel (18 cycles)
specimens.

18: Fractured surface morphology (a,b) H-AN,d) Single edge bend tested MAFed and (e,f)
MAFed+S-AN microalloyed and IF steel specimenspeetively.

19: The average dimple size. %elongation of the (a) microalloyed and (b) IFeldesamples,
respectively, processed at various conditions.

Table captions

Table 1: Chemical composition (wt. %) of the lownizroalloyed and IF steels.
Table 2: The Mechanical properties of the Homogmhiannealed (H-AN) and MAFed microalloyed and

IF steel specimens.

Table 3: Lattice microstrain, crystallite size amumount of dislocation density, predicted and

experimentally obtained YS for MAFed IF steel dfatient conditions.

Table 4: Lattice microstrain, crystallite size amumount of dislocation density, predicted and

experimentally obtained YS for MAFed microalloyaded at different conditions.

Table 5: Ky, Keeand J-integral values for the microalloyed steehgles subjected to single phase control

multiaxial forging.
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Resear ch Highlights

» UFG microaloyed and IF steels produced through phase control multiaxial forging.
* Mechanism of UFG formation analyzed in light of DIFT/DRX mechanisms.

» Analyzed the fracture toughness through computing Kq, J-integral and Kee values.

* Quantitative measurements grain size/distribution investigated through EBSD/TEM.

* Nano size Fe;C effectively block the crack initiation/propagation.
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