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Abstract

Experiments were conducted on an Fe-10Ni-7Mn (wtn8artensitic steel processed by
high-pressure torsion (HPT) after intercritical ealing in the dual phase+y) region at 600C
for 2 hours. Microstructural examination and phasgalysis using electron backscatter
diffraction (EBSD) confirmed that post-HPT processiled to a phase transformation of
austenite t@’'-martensite(—a' andy—e—a') such that after 20 turns of HPT the microstrustur
included multi-phases ai’'-martensite, austenite ardmartensite. The HPT processing also
produced a significant reduction in tlemartensite and austenite grain sizes from initzlies
of [B.8 and(B.9 um to ~225 and ~60 nm after 20 HPT turns, respdgtivehile thes-martensite
final grain size was ~44 nm. Micro-hardness measargs and tensile testing showed a
significant increase in hardness and in the ultrtansile strength to about 680 Hv and 2235
MPa after 20 turns, respectively. Finally, the fuae surfaces of samples after HPT processing
showed a combination of dimples, cracks and shead$ which confirmed a transition in
fracture behavior from ductile to a mixture of actlle and brittle mode.

Keywords: High-pressure torsion; Intercritical annealingaBé transformation; Microstructural
evolution; Mechanical properties
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1. Introduction

Processing bysevere plastic deformation (SPD) refers to migahing procedures in
which very high strains are applied to samplesntmduce significant grain refinement. These
procedures are typically applied at low temperatuvighout introducing any significant changes
in the overall dimensions of the processed sanigleHigh-pressure torsion (HPT) is an SPD
method in which a disk-shaped sample is subjectédrsional shear straining under an extreme
hydrostatic pressure [2]. A key advantage of thiscess is that it produces samples having
exceptionally high shear strains [3]. The equivalstrain can be calculated by using the

expression:

21N
Eeq = % (1)

where N, r and t are the number of turns of HPTcgssing, the distance from the center of the
sample and the thickness of the sample, respegtiveicording to Eq. (1), during HPT
processing a strain gradient is produced alonglitameter of the disk with the smallest strain in
the center and the highest strain at the outer efittee sample [4].

Processing by HPT has become attractive over stawa decades due to the ability to
produce a range of improved properties includirgrgrefinement even to the nanometer scale
[5, 6], high densities of lattice defects such asancies, dislocations and free volume-type
defects [7-9], high strength and hardness [10korable thermal stability [11, 12], superplastic
elongations [13, 14], shape memory effects [15proned hydrogen embrittlement resistance
[16], induced phase transformations [17-20] andessgturated solid solutions [21, 22]. In
addition, by comparison with other SPD techniqueshsas equal-channel angular pressing
(ECAP) [23], processing by HPT produces a highactfon of grain boundaries having high

angles of misorientation [24].



The Fe-10Ni-7Mn (wt. %) alloy is a representativghhstrength low carbon steel having
a fully lath martensitic microstructure in the dadn annealed (SA) condition. This steel may be
age-hardened by the formation of nanometer-sizégknretallic precipitates such as f.6:
NiMn, but it suffers from intergranular embrittlentedue to a discontinuous coarsening of the
grain boundary precipitates [25]. Recent studieseh&cused on applying various SPD
processes to this steel in order to improve itshaeical properties. Thus, the effects of ECAP
[26], severe cold rolling [27-29], repetitive cogation and straightening by rolling (RCSR) [30]
and HPT [31] have been investigated. Several ssudéve examined intercritical annealing of
this martensitic steel in the dual phagey] region at temperatures between 570 and®3hd
focused on the reversed austenite formation aradetlmechanisms. It appears that when the
heating rate is 20C/s and the annealing temperature is below &34 reverse transformation of
martensite to austenite occurs through a mixedusidh-controlled mechanism due to a
combination of bulk diffusion and diffusion aloniget interface. However, if the temperature is
above 588C, a reverse transformation takes place througtgaential combination of both non-
diffusional and diffusional mechanisms [32]. It walso reported that intercritical annealing at
600 °C for 2 hours gave the highest amount of retainestemite in the microstructure [33]
whereas longer holding times led to the growth ighér volume fractions of non-diffusional
austenite grains which ultimately transformed taterssite during cooling and thereby reduced
the amount of retained austenite.

The present steel with a martensitic microstructwas recently subjected to HPT
processing and the subsequent microstructure, meethgroperties and thermal features were
investigated [31]. However, the effect of interical annealing, which transforms the single

phase of martensite to the dual phases of austandemartensite, has not been studied in



samples subjected to HPT processing althoughréasonable to anticipate that the combination
of intercritical annealing and HPT processing magdl to the microstructural evolution of the
refined grains and this will have a significant Bpon the mechanical properties of the alloy.
Accordingly, the present study was initiated inerdo examine the effect of combining an
intercritical annealing at 600 for 2 hours with post-HPT processing throughedéht numbers
of turns at room temperature. The overall objectines to provide a comprehensive overview of

the microstructures, phase evolution and mechaprcglerties of the processed samples.

2. Material and experimental methods

The chemical composition of the Fe-10Ni-7Mn (wt. #fgrtensitic steel is given in Table
1. Samples were prepared using a vacuum inducteting (VIM) furnace and a vacuum arc
remelting (VAR) furnace. Then hot forging was penfied at 1150C for 50% following by
homogenization in a vacuum furnace at 1200or 24 hours. Afterwards, the ingot was solution
annealed at 95 for 1 hour and ultimately the samples were queddh cold water to obtain a

fully martensitic microstructure.

Table 1. Chemical composition of the investigateels

Element Fe Ni Mn C S P N Al

wt. % Bal. 10.05 6.97 0.005  0.006 0.005 0.005 0.003

All samples were intercritically annealed (IA) imautralized salt bath in the dual phase
(a+y) region at 600 °C for 2 hours since this holdimgget leads to the largest amount of austenite
phase in the microstructure [33] and then they wggrenched in cold water in order to form a
dual phase microstructure af-martensite and austenite. Samples were preparéd 2vimm
thickness so that a required heating rate of(28 was achieved to give austenite formation as

reported previously [32]. In order to apply HPT geesing, disk-shape samples were cut with
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diameters of 10 mm and thicknesses of 0.8 mm. Alksdwere processed by HPT at room
temperature with an applied pressure of 6.0 GPaaawthtion rate of 1 rpm for 1, 3, 6, 10 or 20

turns under quasi-constrained conditions [34].

Field emission scanning electron microscopy (FESEBIhg an electron backscatter
diffraction (EBSD) detector was used for microstmal and phase analysis. Samples were
mechanically polished and then electrolyticallyhete in a 900 ml CH3COOH + 100 ml HCIO4
solution at approximately 11 °C with a voltage 6f 2. The EBSD images were taken with a
step size of 0.2um and evaluated using TSL-orientation imaging nscopy (OIM) analysis

software. The observation region is shown in theeseatic illustration in Fig. 1.

The Vickers micro-hardness was measured with a dddd0 gf and dwell times of 10 s
across the diameters of the disks at separatioisnoh as shown in Fig. 1. Tensile test samples
were cut from off-center positions at a distanc& & mm from the centers of the disks with
gauge lengths of 1.8 mm, widths of 0.8 mm and tieskes of 0.5 mm. The tensile tests were
performed using a SANTAM tensile testing machinecaim temperature with initial strain rates
of 5.0 x 10* s*. Additionally, the fracture surfaces of tensilsttsamples were examined using a

scanning electron microscope (SEM).
3. Experimental results

3.1. Microstructure and phase evolution

Fig. 2 displays grain boundary images superimposeBBSD phase maps for (a) the SA
sample, (b) the IA sample at 600 °C and (c-e) HRIGgssed samples after 1, 6 and 20 turns in
which the pink, green and yellow colors denote dhenartensite, austenite amrdmartensite

phases, respectively. The superimposed black addimes correspond to high-angle grain
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boundaries (HAGBs) and low-angle grain boundarigg3Bs), respectively. The EBSD images
show that the SA sample is fully lath martensitithwa large fraction of LAGBs whereas
intercritical annealing at 600C leads to a dual phase microstructure of austemido’'-

martensite with grain sizes of about 3.9 andu38 respectively.

After one turn of HPT processing in Fig. 2(c) thesean elongated microstructure along
the shear direction including a mixture of idemartensite, austenite amemartensite phases.
By increasing the HPT straining, the microstructevelves to a combination of equiaxed and
elongated grains and ultimately, after 6 turns ig. R2(d), forms a fully equiaxed and
homogenous microstructure. The volume fractionsaabtenite ande-martensite decrease
drastically by further straining and after 20 tumm$-ig. 2(e) the microstructure is nearly fudly
martensitic with very few nano-grains of austerdted e-martensite. The average grain size

values were measured using the linear intercephadethich is shown in Table 2.

Table 2. Average grain sizes of the different phad®ained from EBSD images.

a'-martensite austenite g-martensite
SA 1 5.5um - -
IA at 600°C 1 3.8um 1 3.9um -
IA at 600°C + HPT (N=1) 1 546 nm 1 385 nm 1435 nm
IA at 600°C + HPT (N=6) 1 524 nm 1 107 nm (1221 nm
IA at 600°C + HPT (N=20) 1 223 nm ] 62 nm [ 44 nm

The volume fractions of the different phases oladifrom the EBSD data are presented
in Fig. 3 for various experimental conditions.dtclear that the Fe-10Ni-7Mn (wt. %) alloy has a
fully martensitic microstructure in the SA conditibut after intercritical annealing at 6@0for

2 hours the microstructure consists of austenitto&martensite phases with volume fractions

of (48 and[(52%, respectively. A phase analysis of the 1-tuRTHample shows austenite;



martensite and about 31% @fmartensite but gradually, by increasing the numlmérturns, the
amounts of austenite amemartensite decrease and finally the microstrudbae more than 90%

of o'-martensite after 20 turns.

3.2. Mechanical properties

Fig. 4(a) shows the micro-hardness distributionshef IA and HPT-processed samples
for different numbers of turns with the centerlod disk located at the ordinate: the lower dashed
line at ~288 Hv denotes the measured micro-hardmetize 1A sample. The hardness values
after 1 turn of HPT processing display a sharpdase in hardness with values upE80 Hv at
the periphery and ~400 Hv in the central region. fBsther straining, the measured values
increase both in the center and the periphery &mdately reach a maximum value of about 680
Hv at the edge. The hardness distribution tendsutdsy but does not fully attain, homogeneity
across the disk diameter after 20 turns of HPT gBsing. The distribution of micro-hardness
values as a function of equivalent strain is shawrrig. 4(b). These results show an initial
increase at low equivalent strains but a reasonsdtigration in hardness at equivalent strains

above about 110.

The engineering stress-strain curves are showiginbHor samples in the SA condition,
in the 1A condition at 60@ and after HPT-processing through 3, 10 and 2@sturhe measured
values of the ultimate tensile strength (UTS), diigfrength (YS) and fracture strain for different
samples are summarized in Table 3 together withegateported earlier for the SA sample after
HPT processing through the same numbers of tuis [f3the SA sample the values of the UTS
and fracture strain werf@830 MPa and116.5%, respectively, but after 1A at 6@0for 2 hours,

the UTS was reduced to ~795 MPa and the fractuassncreased to ~27.8%. Finally, after 20



turns the UTS and elongation values readh2235 MPa andPR.4%, respectively. These values
are reasonably similar to the SA sample HPT-pramksrough 20 turns where the UTS and

elongation were ~2230 MPa and ~3.1%, respectivadly. [

Table 3. Values of ultimate tensile strength, yi®ngth and fracture strain for the samples.

UTS (MPa) YS (MPa) Fracture Strain (%) Ref.

SA 830 790 16.5 [31]
IA at 600°C 795 510 27.8 Present
IA at 600°C+ HPT (N=3) 1055 1040 20.3 Present
IA at 600°C+ HPT (N=10) 1600 1440 7.3 Present
IA at 600°C+ HPT (N=20) 2235 2150 2.4 Present
SA+ HPT (N=3) 1840 1800 10.2 [31]
SA+ HPT (N=10) 2115 1995 6.4 [31]
SA+ HPT (N=20) 2230 2040 3.1 [31]

The fracture surfaces of samples after tensilenggsh the SA and IA conditions are
shown at different magnifications in Fig. 6 (a,d)d (c, d), respectively. Additionally, SEM
images of the fracture surfaces after 20 turnsT lgrocessing are given in Fig. 7. It is readily
apparent that there are significant differencethénfracture morphologies of samples before and
after HPT processing. In the SA (Fig. 6(a, b)) &damples (Fig. 6(c, d)), the surfaces show
well-defined dimples with different sizes and depthich confirm the occurrence of a ductile
facture mode. After HPT processing (Fig. 7), SEMages show combinations of ultrafine
dimples and cracks and with shear bands in theuicurfaces which demonstrate that the
application of HPT processing leads to a transitiofiacture behavior from ductile to a mixture

of a ductile and brittle mode.

4. Discussion

4.1. Microstructure and phase evolution



It is concluded from the EBSD images in Fig. 2 #mel data summarized in Fig. 3 that
the austenite phase appears after intercriticabaimg at 600C for 2 hours. Reports confirm
that during continuous heating and isothermal aimgeat 600C with a heating rate of 20/s
the austenite is reversed from the martensite Bgcuential combination of two mechanisms
including both diffusionless and diffusional mecisams [32, 35]. The transition temperature
from the diffusional to non-diffusional transfornwat was measured as close to 85

During processing by SPD, the retained austenitas@hcan transform to the'-
martensite directlyy(— o') and/or indirectly with the sequenceef ¢— o' [5, 18, 36]. Thus,
processing by HPT can provide the necessary drivorge for both of the above phase
transformations in the present steel. Phase asakysults show that after one turn of HPT, a part
of the austenite phase[%) transforms directly too'-martensite and the other part,
corresponding t6B1%, formse-martensite.

The development of-martensite with a hexagonal close-packed (hcpicsire as an
intermediate phase is explained due to the lowksigdault energy (SFE) of the present alloy
[29]. Thus,e-martensite can form on every secdid 1} plane of the fcc lattice and hence the
ABCABC sequence in the fcc planes transforms imtdvep sequence of ABABAB. As a result
of this transformation, the gliding of Shockley fpardislocations may lead to the appearance of
e-martensite under deformation [36, 37]. Based ahegaeports [33, 38], the SFE of the present
steel is calculated as about 10 nfl/8ince an SFE below 12 mJ/im required for the austenite
to e-martensite transformation by deformation, thisylls accordingly susceptible to exhibiting
this phase transformation during straining [38].tAs SFE becomes even lower, the formation
of stacking faults becomes easier and hence thmatoyn of an hcp structure from the fcc-

austenite phase is further facilitated. Based ogpart of the application of HPT processing to a



high manganese austenitic steel, thmartensite can be transformed from an austenigseh
even under hydrostatic compression without anyidoad strain and its volume fraction thereby
increases in the early stages by adding a torsgiraih [18].

Thee-martensite eventually transformsdemartensite at higher strains by a mechanism
in which thea'-martensite forms within the-martensite plates. Th&-martensite embryos can
nucleate at microscopic shear band (faults, twimbeamartensite) intersections [39]. Since the
number of these intersections increases with aplieain, the volume fraction of-martensite
reaches a maximum value by further straining [4O}similar trend in phase transformations
during HPT processing was observed in a 316L aiigtestainless steel in which a totally
austenitic microstructure transformed graduallg-toartensite and’-martensite, and eventually
after 20 turns the main phase becarmmartensite [36].

In this research, the EBSD images reveal that dunmercritical annealing the high
density of LAGBs, which were present in the initialh martensitic steel (Fig. 2(a)), declines
sharply because of the reduction in the amount'e@hartensite and its annealing (Fig. 2(b))
[33]. After the first turn of HPT processing (Fyc)), the fraction of these boundaries increases
again and in the next turns they transform into HB8GIn the 20-turn HPT-processed sample
(Fig. 2(e)), a high fraction of HAGBs is observetigh is one of the important characteristics of
HPT processing [41].

Table 2 demonstrates the capability of HPT proogssn producing very significant
grain refinement that is consistent with many earlieports [10, 31]. As anticipated, HPT
processing has a great effect on grain size andupes a reduction frofi3.8 um to (223 nm in
theo'-martensite phase an@®.9 um to 062 nm in the austenite phase after 20 turns. diitiad,

the grain size of the-martensite phase was measured as ~44 nm afterr) The high density
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of dislocations together with the phase transfolonatoccurring during HPT processing6 ¢,
e — o' andy — a') may contribute to these very significant redutsian grain sizes.
4.2. Mechanical properties

It follows from Fig. 4(a) that the observed diffece in the measured micro-hardness
values in the center and periphery regions of Hrapdes is due to the high concentration of
dislocations and the associated grain refinemamazhby the higher imposed strain in the outer
region. This micro-hardness distribution is corsistwith the predictions of Eq. (1) and it is
similar to results reported for many other matsriptocessed by HPT [42, 43]. Thus, the
observed difference decreases by increasing thesetpstrain and, as is apparent in Fig. 4(a),
after 20 turns a homogeneity is almost reachedth@dsamples have two reasonably separate
homogenous regions in the central and outer pdrtthe disks. The ability for achieving
excellent homogeneity throughout HPT samples diigin torsional straining is well established
for other materials such as high-purity Al [44] aselective laser melted 316L stainless steel
[45].

The nearly equal measured hardness values in #mel @ 0-turn HPT-processed samples
(Fig. 4(a)) may indicate that applying HPT procegdior these turns leads to similar structural
features such as the density of dislocations aauh gefinement in these samples. This may be a
reasonable assumption since the reported valuatdograin sizes after 6 and 20 turns of HPT
processing (Table 2) are not significantly diffdrteHowever, the hardness distribution with
equivalent strain (Fig. 4(b)) shows a saturationhardness which implies that the yielded
structure reaches an almost saturated level scatha¢ving greater grain refinement by further
straining may be difficult. Moreover, at the centdrthe samples there is theoretically no

imposed strain based on Eq. (1) but the measursthéss is not zero and even increases by
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increasing the numbers of turns. This is consisketiit the behavior anticipated in the centers of
HPT samples based on strain gradient plasticityetiod [46]. It is also possible that there was
some small misalignment between the upper and laneils during the HPT processing and
this may produce an additional shear strain incérgral region of the samples and cause strain
hardening [47-51].

After solution annealing, due to the high densitgislocations in the lath'-martensite
microstructure (Fig. 2(a)), there was insignificattain hardening but, due to the ductile nature
of the matrix, there was an earlier report of akbkffo non-uniform elongation [31]. It appears
that intercritical annealing causes an improvenietihe total ductility and this is evidently due
to the higher amount of austenite phase in theasiarcture (Fig. 2(b)). In the 3-turn HPT-
processed sample an increase in UTS and YS widldaction in ductility is achieved but it is
noteworthy that the sample has a higher elongdtyocomparison with the SA condition. This is
explained by the multiphase microstructure inclgdductile austenite which is visible in the
EBSD images (Fig. 2(c, d)) in the 1 and 6-turn Hi?deessed samples. Since the austenite
phase is observed in the microstructure of the szsmgfiter 1 and 6 turns, it is reasonable to
expect that the 3-turns HPT sample also obeystthisd and has at least a few percent of
austenite. Therefore, the combination of intercaitannealing and HPT processing after 3 turns
produces a special microstructure with grain refiaet that consequently leads to a suitable
mixture of strength and ductility. By increasingthumbers of turns, different factors such as
the ultrafine grains, higher density of dislocai@nd the presence of shear bands, together with
the multiphase microstructure, lead to an enhanoemethe UTS and YS and a reduction in

ductility [36].
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It is interesting to note that after 20 turns ofTHBrocessing about a 130% enhancement
in hardness values occurs whereas the tensilesiests about a 320% increase in yield strength.
This non-proportional trend is in agreement witineaeports on steels after HPT processing [5,
10, 51]. It was suggested that conversion of a asmopically isotropic into an anisotropic
nanostructure may cause this non-proportional eéwwoiwf hardness and yield strength during
the HPT processing. Also, it was explained thahandness measurements the complex stress
state under the Vickers indenter implies a com@egraging over all orientations, whereas
tensile strength is measured in the strongest tred10]. Although these explanations
rationalize, at least to some extent, the diffeesnbetween the hardness and tensile strength
increments after HPT processing, it seems that istoicies are required.

Tensile tests reported earlier are also displagetha three bottom rows of Table 3. It is
important to note that the 1A samples processeHBY show lower ultimate and yield strengths
and higher ductility by comparison with the SA H®8mples for low numbers of HPT through 3
and 10 turns. The lower values for the IA samplesadtributed to the phase transformations and
the presence of austenite amhartensite in the microstructure. In practice fedént crystal
structures will have different responses with respe grain boundary strengthening effects and
it was reported that grain boundaries in bcc malerhinder slip dislocations more efficiently
than in fcc and hcp materials [41]. Thus, aftert@hs the microstructure is so distorted and
includes less than 10% of austenite andartensite phases (Fig. 2(e) and Fig. 3) so that t
values of the UTS, YS and ductility in the IA and Samples after HPT processing are
reasonably similar (Table 3). This confirms theeeff of the multiphase microstructure in

softening of this alloy.
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The SEM images of the fracture surfaces (Fig. 6 Ansupport the tensile tests results.
The ductile surface of the IA sample (Fig. 6(c, d)xonsistent with the recorded ductility of
about 28%. In addition, the fracture surface oflthesample (Fig. 6(c, d)) shows larger dimples
by comparison with the SA sample (Fig. 6(a, b)) @hid gives a higher elongation. After
applying HPT processing as reported elsewhereg3Jl there is a transition in the fracture mode
from necking to shearing and the fracture surfacdgate a combination of ductile and brittle
behavior.

The HPT-processed samples have fracture surfacbgiffierent features (Fig. 7). Thus,
some delamination is observed which is relatedhéoldth martensite in the microstructure (Fig.
7(b)) with a submicron and nano-dimple structurevieen the delamination (Fig. 7(c, d)). These
fine dimples can confirm the ductile fracture babawf the samples [52, 53]. Also, cave-like
shear bands, which are apparent in Fig. 7(d), améysed due to shear deformation. These shear
bands grow in length and merge together, therebingaa destructive impact on the measured
ductility [54].

5. Summary and conclusions

A combination of intercritical annealing in the tlyhase ¢+y) region at 600C for 2
hours and HPT processing was applied to an Fe-I0Mi-(wt. %) martensitic steel for 1 to 20
turns leading to the following results:
1. HPT processing caused the phase transformationstémite tax'-martensite — o and
vy — ¢ — o). Finally, after 20 turns more than 90% of the nostructure consisted af-
martensite.
2. Grain size measurements revealed a reduction in'th@artensite and austenite grain

sizes fromB.8 andB.9 um in the 1A sample to ~225 and ~60 nm after 20gwhHPT,
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respectively. Thes-martensite grain size was ~44 nm in the 20-turd®T Hsample.
Additionally, micro-hardness evolution demonstrated almost homogenous structure
with a maximum value dfb80 Hv after 20 turns.

3. Based on the tensile tests, HPT processing broughtovements in the ultimate and
yield strengths together with a decrease in dtilihis conclusion was confirmed by
SEM fracture surface images.

4. The equivalent strain applied by HPT on a sampléh van initial microstructure
consisting of’-martensite and austenite led to a lower YS and biiSa higher ductility

than in a fully martensitic sample.
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Table captions

Table 1. Chemical composition of the investigatieels

Table 2. Average grain sizes of the different phad®ained from EBSD images

Table 3. Values of ultimate tensile strength, yigength and fracture strain for the samples.
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Figure Captions

Fig. 1. Dimensions of disk samples including posisi for microstructure observation, micro-

hardness measurements and tensile test sample.

Fig. 2. EBSD phase maps for (a) SA sample includmgh density of low-angle grain
boundaries, (b) IA sample at 600 °C including anis¢e martensite network, and HPT-processed
samples after (c) 1 turn with fewer low-angle gragundaries than SA sample but elongated
martensite and fine austenite, (d) 6 turns witle imartensite, (e) 20 turns including mainfy

martensite with very fine and feswmartensite and austenite.

Fig. 3. EBSD results of volume fractions @fmartensite, austenite amemartensite phases in

SA, IA at 600°C and HPT-processed samples for 1, 6 and 20 turns.

Fig. 4. (a) Micro-hardness distribution recordedoas the diameter of the IA and HPT-
processed samples, and (b) Micro-hardness valwssag@quivalent strain after HPT processing

for different numbers of turns.

Fig. 5. Engineering stress-strain curves of theptasn HPT- processed sample after 3 turns

depicts optimum UTS and ductility.
Fig. 6. SEM images of fracture surfaces of thd}&A sample, and (c, d) IA sample.

Fig. 7. SEM images of fracture surfaces of the HPpfiecessed sample after 20 turns with

ductile- brittle mode.
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Table 1. Chemical composition of the investigatieels

Element Fe Ni Mn C S P N Al

wt. % Bal. 10.05 6.97 0.005 = 0.006 0.005 0.005 0.003




Table 2. Average grain sizes of the different pead®ained from EBSD images.

o'-martensite austenite e-martensite
SA 1 5.5um - -
IA at 600°C 1 3.8um 1 3.9um -
IA at 600°C + HPT (N=1) 1 546 nm 1 385 nm 1435 nm
IA at 600°C + HPT (N=6) 1 524 nm 1 107 nm 1221 nm
IA at 600°C + HPT (N=20) 1 223 nm 7 62 nm 7 44 nm




Table 3. Values of ultimate tensile strength, yiigength and fracture strain for the samples.

UTS (MPa) YS (MPa) Fracture Strain (%) Ref.
SA 830 790 16.5 [31]
IA at 600°C 795 510 27.8 Present
IA at 600°C+ HPT (N=3) 1055 1040 20.3 Present
IA at 600°C+ HPT (N=10) 1600 1440 7.3 Present
IA at 600°C+ HPT (N=20) 2235 2150 2.4 Present
SA+ HPT (N=3) 1840 1800 10.2 [31]
SA+ HPT (N=10) 2115 1995 6.4 [31]
SA+ HPT (N=20) 2230 2040 3.1 [31]
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Fig. 1. Dimensions of disk samplesincluding positions for microstructure observation, micro-hardness

measurements and tensile test sample.
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Fig. 2. EBSD phase mapsfor (a) SA sample including high density of low-angle grain boundaries, (b) 1A
sample at 600 °C including austenite- martensite network, and HPT-processed samples after (c) 1 turn with
fewer low-angle grain boundaries than SA sample but elongated e-martensite and fine austenite, (d) 6 turnswith

fine e-martensite, (e) 20 turnsincluding mainly o'-martensite with very fine and few e-martensite and austenite.
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Fig. 3. EBSD results of volume fractions of o' -martensite, austenite and e-martensite phasesin SA, |A at 600 °C

and HPT-processed samplesfor 1, 6 and 20 turns.
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Fig. 4. (a) Micro-hardness distribution recorded across the diameter of the |A and HPT-processed samples, and

(b) Micro-hardness values against equivalent strain after HPT processing for different numbers of turns.
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Fig. 5. Engineering stress-strain curves of the samples. HPT- processed sample after 3 turns depicts optimum

UTS and ductility.



Fig. 6. SEM images of fracture surfaces of the (a, b) SA sample, and (c, d) |A sample.



Fig. 7. SEM images of fracture surfaces of the HPT- processed sample after 20 turns with ductile- brittle mode.
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