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Microstructure and texture evolution during high-pressure torsion (HPT) of a novel Mn-added CoCrNi
medium entropy alloy (Co33Ni33CrigMn;s) is investigated for the first time. The alloy exhibited a rapid rise
in hardness at relatively low shear strains (y < 20). It is attributed to an extensive dislocation activity to
achieve saturation in dislocation density of ~10'® m™2, combined TWIP and TRIP effects and microstructural
refinement. At higher shear strain, hardness increased at much reduced rates owing to saturation of dis-
location density, twin fault probability and the TRIP effect, besides continued grain refinement for severe
nano-structuring led to subsequent strengthening. The FCC phase showed remarkable stability except a
small degree of initial deformation-induced HCP martensitic transformation in an early stage of HPT. The
ideal shear texture components were observed at low shear strain, and these continued to evolve up to 5
turns of HPT processing. For similar HPT processing conditions, the studied alloy showed superior hardness
(~650 Hv) compared to a wide spectrum of FCC materials, which is ascribed to a combination of the
strengthening mechanisms of Taylor hardening, the TRIP and TWIP effects and Hall-Petch strengthening
resulting from the nano-structured grains having an average size of ~35 nm.
© 2022 The Author(s). Published by Elsevier B.V.
CC_BY_4.0
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1. Introduction induced phase transformations [6-10]. In quest of improving me-

chanical and functional properties, researchers have started to in-

The introduction of multi-principal element alloys (MPEAs) has
widened the compositional space for alloy design many-folds com-
pared to conventional alloys consisting of only one principal element
[1-3]. In early 2004, an initial class of MPEAs with 5 or more prin-
cipal elements in an equiatomic ratio having entropy of mixing >
1.5 R was termed to be “high entropy alloys (HEAs)” [4,5]. The ob-
served single-phase structure in such alloys was attributed to an
entropy-driven reduction in the free energy helping in phase stabi-
lity. However, many recent studies suggested that these HEAs are
often metastable and are prone to deformation and/or thermally-
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vestigate the alloys with non-equiatomic compositions, such as
Alg(CoCrFeMnNi)g; [11], FeCoNiCrTig, [12], various non-equiatomic
FeMnCoCrNi alloys [13], FeqoMngCo1oCryg [14] etc. Indeed, with a
deviation from the classical definition of HEA, the alloys having non-
equiatomic compositions with suitable processing routes have de-
monstrated an excellent combination of strength and ductility [15]
and additional superior properties for a wide range of applications
[16-20]. For instance, Wang et al. showed that a bulk as-cast
AlCrq5TiNi, eutectic high entropy alloy (EHEA) has superior strength
at both room and high temperatures in comparison with some well-
known Ni and Ti based alloys [ 16]. Furthermore, a deviation from the
exact eutectic composition of EHEAs does not alter the castability,
the strength and the ductility significantly over a wide range of
temperature, and this finding is beneficial for the large-scale in-
dustrial production of EHEAs as well as their potential usage for
cryogenic applications [17]. Likewise, a non-equiatomic CoCrCuNiAl
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HEA was used for cladding and exhibited good bonding with the
substrate along with low dilution and higher micro-hardness com-
pared to conventional FCC alloys [18]. Recently, Liang et al. showed a
successful application of valence electron concentration and a new
PHACOMP method for designing corrosion resistant CrCoFeMoN:i
HEAs [19]. They found that the non-equimolar CrCoFeMoNi HEAs
with a single FCC phase without precipitates can have comparable
corrosion resistance with Hastelloy C276. Similarly, a non-equia-
tomic Ti,ZrHfVosMog, HEA exhibited an exceptional resistance
against helium ion irradiation compared to conventional alloys [20].

Although HEAs with non-equiatomic compositions can achieve
exceptional properties, further improvements are possible by ap-
plying suitable processing routes for microstructural refinement.
Conventional thermomechanical processes have a limitation in ob-
taining microstructure with micron length scale grains and therefore
many exotic structural and functional properties which are possible
with nano-structured grains are seldom achieved. To this end, the
severe plastic deformation techniques such as equal-channel angular
pressing (ECAP), accumulative roll bonding (ARB), friction stir pro-
cessing (FSP), high-pressure torsion (HPT) etc. are well established
for achieving extensive microstructural refinement and the asso-
ciated improvements in the properties [21-23].

HEAs with a face-centered cubic (FCC) crystal structure have
attracted significant attention for their superior mechanical prop-
erties owing to their large strain hardening ability resulting from the
presence of adequate slip systems and the possibility of transfor-
mation induced plasticity (TRIP) and/or twinning induced plasticity
(TWIP) effects [24-26]. The micro-mechanism of deformation in FCC
materials is strongly governed by the stacking fault energy (SFE)
[27]. Although, there is a reasonably good understanding of the
predominant mechanism(s) of plastic deformation in FCC metals and
alloys during conventional modes of loading such as uniaxial tensile
or compression states [28-30], it is debatable for severe plastic de-
formation by HPT processing owing to its involvement of very high
pressure, large shear strains and the intense microstructural re-
finement to ultrafine grains or nanostructure [31-33]. Recently, Sa-
thiyamoorthi et al. and Chandan et al. studied the microstructure
evolution during HPT in a non-equiatomic Fe4oMn4oCo19Crig TWIP
HEA [34,35] for which the SFE at room temperature was reported to
be 37.7mJ/m? [36]. In line with the conventional relationship be-
tween SFE and deformation behaviour, the occurrence of dislocation
slip and twinning was shown in this TWIP HEA during room tem-
perature tensile deformation owing to the medium SFE [36]. More-
over, these studies observed the occurrence of extensive FCC-to-HCP
transformation during HPT processing [34,35]. Furthermore, HPT
processing induced nano-scale chemical inhomogeneity in a (FeNi-
CoCu);—xTixAlx HEA, which is unlikely to occur during conventional
thermo-mechanical processing [37]. Recently, Edalati et al. studied
the deformation behavior of an AlFeCoNiCu dual-phase HEA during
HPT and reported different mechanisms of deformation in the FCC
and BCC phases [38]. It was observed that the FCC phase deformed
by the formation of twins and stacking faults, whereas the BCC
phase deformed via dislocation glide leading to high accumulation of
dislocations. By these accounts, it is evident that HPT processing can
alter the microstructure evolution of HEAs in an unexpected manner
and hence there is a scientific need to study the microstructural and
mechanical responses of HEAs after HPT processing.

In terms of efficacy of HPT processing for materials, the extent of
grain refinement and the achieved hardness are the two important
measures [22]. An earlier study showed that for an equiatomic
CoCrFeMnNi Cantor alloy processed under 6 GPa pressure for 5 turns
of HPT the hardness increased to ~455 Hv [39]. A deviation from this
composition has resulted in an enhanced hardness after HPT pro-
cessing. For instance, under the similar processing condition, (Fe-
NiCoCu)ggTizAl; showed the hardness value of ~525 Hv [37].
Moreover, a further enhancement in hardness to ~610 Hv was
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Fig. 1. Effect of a partial replacement of Cr by Mn on the free energy change AG?~¢ for
CoCrNi alloy.

achieved for a CoCrNi medium entropy alloy (MEA) under the similar
HPT processing condition [40]. In terms of microstructural refine-
ment, an average grain size of < 50 nm has been reported for the
CoCrNi alloy, while a reasonably small grain size of tens of nan-
ometers has been shown for the CoCrNiFeMn Cantor alloy after si-
milar processing [39,40]. Recently, Chandan et al. highlighted a
crucial role of Ni addition in altering the deformation mechanisms
from predominant slip to TRIP and the extent of nano-structuring in
non-equiatomic FeMnCoCr HEA processed by HPT [41]. These studies
showing differences in hardness and the extent of nano-structuring
highlight the significance of alloy chemistry in the evolution of the
microstructure during HPT processing. As manganese is one of the
vital elements in altering the SFE, the deformation mechanisms and
therefore, strengthening mechanisms in Fe-rich alloys [42,43], we
have fabricated a modified version of equiatomic CoCrNi alloy by
partially replacing Cr by Mn to achieve a nominal composition of
Co33Ni33CrigMnys (at%) and studied its HPT response in detail. From
our preliminary results using ThermoCalc software, Fig. 1 shows the
role of replacement of Cr by Mn in the well-studied CoCrNi medium
entropy alloy. Addition of Mn resulted in an increase in the free
energy change due to FCC-to-HCP phase transformation (AG?~¢)
towards a more positive value, thereby indicating the stabilization of
a single-phase FCC structure. Further, as SFE is directly proportional
to the free energy change, the modified alloy composition is ex-
pected to have an enhanced SFE compared to the CoCrNi alloy.

As HPT processing induces a gradient microstructure from the
sample center to periphery, in this paper, the evolution of micro-
structure and hardness is studied as a function of the examined lo-
cations and the number of HPT turns. We also present the evolution
of texture during HPT processing, as crystallographic texture can
shed insights into the plastic deformation mechanisms and can also
significantly influence the post-processing properties such as
formability, strength-ductility trade-off, corrosion resistance and
magnetic behaviour.

2. Experimental procedure
2.1. Processing of the samples

A vacuum induction melting route was used to produce a
medium entropy alloy (MEA) with nominal composition of
Cos3Ni33CrigMnys (at%). Each constituent element in the initial raw
material had a purity of at least 99.9%. The actual composition of the
studied MEA determined by X-ray fluorescence spectroscopy and



K. Kishore, A.K. Chandan, P.T. Hung et al.

Table 1

Chemical composition of the studied alloy.
Elements Co Cr Ni Mn Fe
Atomic % 33.13 19.04 32.87 14.91 0.05

validated using bulk energy dispersive X-ray spectroscopy is shown
in Table 1.

A cast ingot of the alloy with dimension 50 x 50 x 70 mm> was
subjected to homogenization heat treatment at 1200 °C for 1.5h
followed by sectioning to dimension 25 x 50 x 70 mm?>. Hot forging
was conducted at ~1100 °C to obtain a plate with the thickness of
12.0 mm. Thereafter, hot rolling was carried out at a finished rolling
temperature of 1000°C to reduce the thickness to 6.0 mm. The
thickness was further reduced to 2.0 mm via cold rolling operation. A
solution annealing treatment at 900 °C for 25 min followed by water
quenching was applied to the cold rolled sheet. A set of disc samples
having a diameter of 10.0 mm and a thickness of 0.9 mm were ma-
chined for HPT processing. These discs surfaces were prepared using
a silicon carbide emery paper with a grit size of 600 to obtain a
similar surface roughness to avoid any variation in friction between
the disc material and the anvils during HPT processing.

A quasi-constrained set-up of HPT processing was employed,
whose details can be found in earlier works [35,44]. The schematic
of the process is shown in Fig. 2(a-b). The quasi-constrained set-up
allows a small flow of the material out between the upper and the
lower anvils during processing, which results in a back-pressure,
thereby minimizing the probability of slippage between the sample
and the anvils. In the present work, 6 GPa pressure and 1rpm ro-
tation speed were used as HPT processing parameters for all the
samples. The disc samples were subjected to %3, 1, 2 and 5 rotational
turns at room temperature. It is established that the strain during
HPT processing varies both as a function of the distance from the
disc center as well as on the number of turns. Assuming pure torsion,
shear strain, y, during HPT processing can be expressed as [45]:

_ 2@

t (1)

where r is the distance from the center of the disc, t is the thickness
of the HPT-processed specimen and n is the number of rotations. Eq.
(1) is subsequently used to evaluate the variation of micro-hardness
within the specimens as a function of shear strain.

(a) (b)

Pressure: 6 GPa
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2.2. Study of the microstructure

The locations of the microstructural investigations on the HPT-
processed discs are shown in Fig. 2(c). All microstructural in-
vestigations were carried out on the plane of the HPT-processed
discs, near the surface. Microstructure observations were conducted
at the centers and a distance of 4 mm from the center (referred as
edge from here onwards) of the HPT discs. The disc samples were
polished using different grits of silicon carbide emery papers starting
from 120 to 2000. The sample surfaces were further polished using
diamond pastes with 6, 3 and 1 um sizes and were electropolished in
a solution consisting of ethanol + perchloric acide with the ratio of
90:10 at -25 °C and 18 V. The microstructural investigations were
conducted by X-ray diffraction (XRD) and transmission electron
microscopy (TEM). These microstructural results were completed
with bulk texture analysis using XRD at both disc center and edge
locations. A monoclinic sample symmetry is used in the present
study for texture analysis. Similar sample symmetry was used for-
merly for texture investigation in an HPT-processed FCC HEA [46].

XRD investigation of the initial material was carried out in the
Bruker D8 Advance diffractometer. CuKa radiation was employed
and the measurements were performed in Bragg-Brentano geo-
metry over the angular range from 40° to 102° with a step size of
0.02° and a time per step of 2 s. The texture measurements for the
samples after HPT processing were performed by a PANalytical
Empyrean X-ray diffractometer. The spot size used for texture ana-
lysis was controlled by an opening of the incident beam aperture
(width: 1 mm and height: 1 mm) and in the present case, the illu-
minated area was ~2.18 mm? at both disc center and edge locations.
The XRD measurements were performed at the centers and edges of
the HPT-processed discs by employing a Smartlab diffractometer
(manufacturer: Rigaku, Japan) in 0-0 geometry with parallel beam
and CuKa, radiation. The 26 angle range for the XRD measurements
was 35-105° for all specimens. A beam with the following dimension
was utilized: length =2 mm and width =0.25 mm. A procedure of
convolutional multiple whole profile (CMWP) fitting was used to
perform X-ray diffraction line profile analysis (XLPA) in order to
discern the values of various microstructural parameters such as
crystallite (or diffraction domain) size, dislocation density, twin fault
probability etc. which evolve during HPT processing. This method
involves the fitting of the diffraction pattern by the sum of a back-
ground spline and the theoretical peak profiles. The theoretical peak

(c)

Upper Anvil J_L

Upper Anvil

Sample

Quasi-
Sampl &< constrained [ =
set up L] L]
Centre of the disc
4 mm

10 mm

Lower Anvil Lower Anvil

=

Rotation (N=1/2, 1, 2, 5)
rpm: 1

D Location of microstructural
investigations

Fig. 2. Schematic representation of the quasi-constrained high pressure torsion (HPT) processing set-up and the characterization locations within a disc sample: (a) after placing a
disc sample on the lower anvil, (b) the sample between the anvils during the processing, and (c) schematic showing the locations of microstructural investigations in the disc
specimen (Red line shows a representative diameter of the HPT-processed disc where the hardness measurements were performed).
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profiles are attained as the convolution of the calculated line profiles
(which are related to crystallite size, dislocations and twin faults)
and the instrumental peak. Since the massive plastic deformation
during HPT processing resulted in a much higher peak broadening
than the instrumental effect, the present study did not involve in-
strumental correction. The CMWP fitting yielded the dislocation
density (p) and the area-weighted mean crystallite size (<X > jrea)
where the later quantity was deduced from the log-normal variance
of the crystallite size distribution (¢) and the median (m) as
<X > grec=m-exp(2.5¢°). In addition, the twin fault probability (8) was
also obtained by CMWP fitting. The quantity gives the fraction of
{111} planes containing twin faults. A more detailed description of
the CMWP fitting method can be found elsewhere [47].

For TEM investigations, first the HPT-processed samples were
thinned down to 0.05-0.06 mm by mechanical polishing. Then, the
samples were further thinned by employing a Gatan’s dimple
grinder followed by ion milling using a Gatan’s PIPS Il equipment to
make the specimen electron transparent. It should be noted that a
number of precautions were applied to prevent the formation of any
artefact during the TEM sample preparation. For instance, a cold
sample stage was used during ion milling. In addition, low energy
milling was employed to avoid the formation of amorphous regions.
Post-milling plasma cleaning was used to remove the sputtered
particles from the surfaces of the TEM samples. JEOL's 200 kV JEM
2200FS was employed for the TEM and scanning transmission
electron microscopy (STEM) investigations of the HPT-processed
samples. The same facility was used for energy dispersive X-ray
spectroscopy (EDS) examinations to obtain elemental maps for the
HPT-processed specimens. The as-received specimen (prior to HPT
processing) was characterized using XRD, scanning electron micro-
scope (SEM)-EDS and electron backscattered diffraction (EBSD).
EBSD and EDS detectors were attached to a FEI Nova Nano-SEM 430
equipment.

2.3. Hardness testing

A Vickers hardness tester (EMCO) was used for the hardness
measurements under a load of 500 g with a dwell time of 30s. At
least five measurements were performed to compute an average
hardness value and standard deviation for each selected examina-
tion location.

3. Results
3.1. Characterization of material prior to HPT processing

An X-ray diffractogram of the unprocessed specimen is shown in
Fig. 3(a). The peak positions describe the structure of an FCC phase.
No second phase was present, thereby confirming that the alloy in
the initial state had a single-phase FCC structure. An inverse pole
figure (IPF) map taken on the disc surface gives indexing with re-
spect to FCC phase as shown in Fig. 3(b). The microstructure revealed
the presence of polygonal grains with broad annealing twins as
depicted in Fig. 3(b-c). An average grain size was measured to be
34 + 8um (excluding annealing twins). In order to ascertain the
chemical homogeneity of the alloy before HPT processing, elemental
mapping using energy dispersive X-ray spectroscopy (EDS) of the
constituent elements is shown in Fig. 3(d-g). Evidently, the dis-
tribution of the constituent elements in the alloy before nano-
structuring is homogenous without any segregation. The texture in
the rolling plane of the as-received sample was depicted using ¢,
=0° and ¢, =45° ODF sections as presented in Fig. 3(h). This analysis
indicates the presence of Goss, Brass and Copper texture compo-
nents.

Journal of Alloys and Compounds 904 (2022) 163941

3.2. Phase evolution during HPT processing

FCC-to-HCP phase transformation (TRIP effect) is one of the
possible strain accommodation mechanisms in FCC materials with
low stacking fault energy [48]. Furthermore, HEAs with medium SFE
can also undergo extensive deformation-induced phase transfor-
mation under HPT processing owing to very high pressure and large
strains [35,49]. Fig. 4 shows the XRD plots obtained at the center and
edge locations of the specimens subjected to different numbers of
turns by HPT processing. In all cases, diffraction occurred from (111),
(200), (220), (311) and (222) planes corresponds to an FCC crystal
structure. This indicates an absence of predominant TRIP effect in
this HEA despite severe straining by HPT processing up to 5 turns.
Hence, the predominant mechanism of deformation can be slip of
dislocations or twinning, which is investigated subsequently.

3.3. Dislocation density and substructure evolution during HPT

A detailed study on the XRD plots for the HPT-processed samples
revealed important findings. Deformation-induced phase transfor-
mation was not observed, while the extensive peak broadening
suggested an increase of micro-strain and/or a reduction in crys-
tallite size in the HPT-processed specimens (Fig. 5). In practice, the
full width at half maximum (FWHM) of the XRD peaks taken near
the disc edge was significantly higher compared to the disc center
for % turn, indicating a difference in the micro-strain and/or the
crystallite size as shown in Fig. 5(a). Thus, the result implies greater
micro-strain and/or finer crystallite size at the disc edge than in the
center. It is interesting to note that in comparison with the ¥ turn
specimen a significant increase in broadening was observed at the
center of the 1 turn specimen as depicted in Fig. 5(b), while the
width of the peak did not increase at the edge location. This resulted
in a much lesser difference between the FWHM values for the edge
and center locations after 1 turn. On further increasing numbers of
turns to 2 as shown in Fig. 5(c), the difference between the FWHM
values at the center and edge locations vanished and similar peak
breadths were maintained in the specimen through 5 turns as
shown in Fig. 5(d). The overlapping peaks indicate a marked re-
duction in microstrain gradient and/or saturation of crystallite size
between the disc centers and edges after high numbers of HPT turns.

It is worth noting that significant broadening was observed even
in the center of the disc, where theoretically there should be zero
shear strain (Eq. 1). Such an apparent paradox of significant accu-
mulation of defects at the center of the HPT-processed disc can be
resolved based on the findings of Estrin et al. [50]. They showed that
both the first and second order strain gradient models, coupling the
evolution of statistically stored dislocation and geometrically ne-
cessary dislocation densities can be successfully applied to HPT
processing, so that the strain gradient progressively decreases from
center to periphery of the discs with increasing numbers of HPT
turns. Furthermore, it can also be understood by the fact that the
non-zero strain in the adjacent locations can eventually impose
strain at the center of the disc to maintain the continuity of the
material. Moreover, introduction of non-zero strain at the center of
HPT discs can also be attributed to an inevitable minor misalignment
of the anvils as shown by Huang et al. [51,52]. Nonetheless, the spot
size of 2 mm of the X-ray beam means that the signals are recorded
not only from the center but from its vicinity as well where the area
experiences non-zero shear strain based on Eq. (1). In this context,
similar peak broadening near the disc center and edge is still an
important indication of the marked mobility of dislocations and
defect generation at both the locations and points towards the
minimization of strain gradient with increasing numbers of HPT
turns, which is in line with Estrin’s strain gradient models [50].

Fig. 5(e) shows the Williamson-Hall plots for the as-received
specimen and 2 turn HPT-processed specimen at its center and edge
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locations. The peak broadening in the as-received specimen was very processed sample at both the edge and center locations. Similar non-

low and almost constant with increasing the magnitude of the dif- monotonic trend in the peak broadening was observed for all the
fraction vector (K). On the other hand, the peak broadening in- HPT-processed samples (not shown separately) which suggests dis-
creased non-monotonically as a function of K for the 2 turns HPT- location-induced broadening of the XRD peaks. These observations
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indicate an absence of considerable amount of dislocations in the as-
received sample whereas in the HPT-processed samples significant
dislocation density must have been formed. XLPA employing CMWP
fitting method was carried out to quantify the evolution of the mi-
crostructure such as the dislocation density, the crystallite size and
the twin fault probability. An illustration of the CMWP fitting on an
XRD pattern is presented in Fig. 5(f). The difference between the
experimental and CMWP fitted diffractograms was near to zero for
each two-theta value which indicated a good fitting.

Fig. 6 shows the evolution of the microstructural parameters
determined by XLPA, namely, the dislocation density (o), the crys-
tallite size ( < X >qreq ) and the twin fault probability (8) as a function
of the number of turns and the examined location in the HPT-pro-
cessed specimens. A very high dislocation density of ~8 x 10'> m™
was observed even at the center of the specimen processed by V2
turn as shown in Fig. 6(a), indicating a rapid rate of generation and
multiplication of dislocations at a relatively early stage of HPT pro-
cessing. However, a two-fold higher dislocation density, i.e.,
~1.6x10'® m™2, was observed near the edge of this specimen high-
lighting a highly heterogenous deformation along the radial direc-
tion. With increasing numbers of HPT turns, the difference in the
dislocation density between the edge and the center decreased, in-
dicating the microstructural evolution towards homogeneity.
Nonetheless, the dislocation density at the edges is always greater
than that at the centers till 2 turns, but thereafter it became nearly
equal at both locations for 5 turns. Likewise, as shown in Fig. 6(b),
the crystallite size was finer at the edges compared to the centers up
to 1 turn of HPT processing. For the sample processed by 2 turns, the
crystallite size at the center and the edge became nearly equal,
which indicates attainment of the minimum possible crystallite size
within the disc homogeneously. This is consistent with the satura-
tion of these microstructural parameters for relatively low numbers
of HPT turns for CoCrFeNi HEA [53]. In addition to the dislocation
density and the crystallite size, the twin fault probability was also
evaluated for both center and edge parts of the HPT-processed
specimens and is presented in Fig. 6(c).

Table 2 summarizes the microstructural parameters obtained
using CMWP analysis. The saturation of the dislocation density and
the crystallite size with increasing the number of HPT turns is evi-
dent from the table. In addition, CMWP analysis indicated that the
contributions of the different mechanisms to deformation changed
with increasing strain. For instance, a very low value of twin fault
probability of 0.3 + 0.1% was observed at the center of the specimen
after ¥ turn of HPT. However, near the edge of the same specimen, it
was as high as 1.2 £ 0.2%. The difference in twin fault probability
indicates a greater propensity for deformation twinning at the edge

location where a higher torsional strain was imposed. Thus, similar
to dislocation density and crystallite size, twin fault probability also
showed a dependence on shear strain which changes with the
number of HPT turns and the location of investigation. With in-
creasing the number of turns from %2 to 5, the twin fault probability
increased from ~0.3 to ~1.6% at the centers of the discs, while there
was only a marginal increase from ~1.2 to ~1.7% at the edges. This
again suggests that the mechanisms of deformation and their extent
of activation varied from the center to the edge and also with in-
creasing numbers of turns. The features and mechanisms tend to
saturate at the edges faster than in the centers of the discs.

3.4. Hardness evolution during HPT

Variation of micro-hardness along the diameter of the disc as a
function of the number of HPT turns is depicted in Fig. 7(a). Hardness
of the disc in the as-received condition was measured to be 194 + 3
Hv that is depicted by a dotted line in the plot. For the % turn pro-
cessed specimen, a marked increase in hardness to 331 + 2 Hv was
observed at the center of the disc. This increase in hardness is cor-
roborated in part by a very high dislocation density of ~8 x 10" m™2,
and it indicates the center of the disc experienced substantial strain
leading to Taylor hardening. Furthermore, relatively fine crystallite
size would also have contributed to the strengthening/hardening at
the center of the disc. Compared to the hardness increase of nearly
65% at the disc center after ¥2 turn by HPT, greater than two-fold
increase in hardness was observed at the disc edge where a max-
imum hardness of 582 Hv was measured. This can be explained by
the two-fold higher dislocation density and finer crystallite size in
the edge region of the %4 turn specimen. A monotonic increase in
hardness was observed from the center to the edge in all specimens.
A symmetric hardness profile across the diameter of the discs with
respect to the center indicates the consistent gradations radially in
strain, associated work hardening and other strengthening me-
chanisms from the centers to the edges. At any given location of the
discs, higher the number of turns, higher is the micro-hardness. The
variation of hardness with shear strain is shown in Fig. 7(b). Initially,
there is a large increase in hardness with increasing shear strain,
thereafter the slope of the trend goes down at the later stages. It is
interesting to note that despite saturation of dislocation density,
crystallite size and twin fault probability between the center and the
edge in the specimen after HPT for 5 turns as shown in Table 1, a
significant difference in hardness of ~200 Hv was observed between
the disc center and edge. This suggests the significance of another
strengthening effect in addition to the contributions to hardening by
dislocations and twin faults. Since no significant TRIP effect is
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observed at any location based on XRD analysis, the possibility of
additional strengthening by TRIP mechanism is precluded. It should
be noted that the results of dislocation density, crystallite size and
twin fault probability obtained by XLPA are characterized by con-
sidering much larger sample volume than that probed by hardness
testing, where the length of the area examined by the X-ray beam
was about 2 mm. Therefore, the hardness values averaged for 1 mm
distances from the disc center should be compared with the mi-
crostructural parameters measured for the center by XLPA. In this
regard, for 5 turns, this average hardness is ~465 Hv around center
location (see Fig. 7(a)) which is still lower than ~640 Hv measured at
4 mm from the center (corresponding to the edge location studied by
XLPA). To understand this difference in hardness, in-depth TEM and
texture evolution investigations were carried out at the center and
edge locations and is presented in the subsequent sections.

3.5. Microstructural investigation using transmission electron
microscopy

Fig. 8(a) presents the bright field (BF) TEM micrograph at the
center of the %2 turn HPT-processed specimen. High dislocation
density is evident from dislocation forest even at such early stage of
HPT processing. Furthermore, parallel and relatively coarse de-
formation bands with a spacing of ~110-180 nm were observed. The
corresponding dark field (DF) micrograph is presented in the inset. A
selected area diffraction (SAD) pattern in Fig. 8(b) taken at the field
shown in Fig. 8(a) clearly indicates the formation of twins in the FCC
phase after % turn. The SAD pattern was indexed w.r.t. the [011] and
[101] zone axes corresponding to the FCC matrix (M) and twinned
FCC phase (T), respectively. Additional deformation feature at the
center of the %2 turn processed specimen is shown in Fig. 8(c)
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Table 2
Summary of the microstructural parameters obtained by CMWP analysis.
HPT turn/ Crystallite size Dislocation Twin fault
Location (<X > area) [nmM] density (o) [10™ probability
m?] (8) [%]
14 T, center 37+4 78+9 0.3+0.1
14 T, edge 28+3 148+ 16 12+£0.2
1T, center 35+4 121+13 1.2£01
1T, edge 29+3 14115 1.8+£0.2
2T, center 30+3 110+12 1.2+0.1
2T, edge 28+3 140+£15 1.7+0.2
5T, center 30%3 152+16 1.6+0.2
5T, edge 30+3 157 £16 1.7£0.2
(a)
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demonstrating the lamellar structure, where its SAD pattern in
Fig. 8(d) shows evidence of an HCP (¢) phase. It is worth recalling
that the present XRD pattern showed no evidence of any second
phase apart from FCC for the HPT-processed samples. This suggests
that the ¢ phase is present in very small amount which is below the
detection limit of XRD even in a very slow scan. The BF TEM mi-
crograph taken at the edge of the disc after HPT for ¥ turn is shown
in Fig. 8(e). Significant microstructural refinement compared to its
center location was observed. A major phase remained FCC which
indicates that further FCC-to-HCP transformation was limited at the
disc edge. Nevertheless, the onset of nano-structuring is evident by
the ring formation in the SAD pattern as shown in Fig. 8(f).
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Fig. 7. Variation of micro-hardness as a function of (a) distance from the disc center for different number of turns of HPT processing, and (b) shear strain.
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turn HPT-processed specimen; (g) corresponding indexed SAD pattern.

Fig. 9(a) shows the TEM BF micrograph taken at the center of the
5 turn HPT-processed specimen. Severely deformed structure was
observed along with nano-twins with ~5-15nm spacing. A corre-
sponding SAD pattern in Fig. 8(b) indicates a very limited presence of
the ¢ phase. However, FCC remained as the dominant phase.
Nevertheless, nano-structuring at the center after 5 turns is in
contrast to the relatively coarser structure at the center of the ¥ turn
HPT-processed specimen (Fig. 8(a)). A TEM BF micrograph taken at
the disc edge after 5 turns is shown in Fig. 9(c) and a corresponding

SAD pattern is shown in Fig. 9(d) for revealing the evidence of ex-
tensive nano-structuring. Scanning transmission electron micro-
scopy (STEM)-EDS analysis taken at the edge of the nano-structured
MEA produced after 5 turns of HPT processing at edge location is
shown in Fig. 10. It showed no evidence of precipitation or chemical
heterogeneity by demonstrating a homogenous distribution of all
the constituent elements.

Fig. 11 shows representative TEM DF micrographs for the samples
at (a) ¥ turn-center, (b) %2 turn-edge, (c) 5 turns-center and (d) 5
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Fig. 9. (a) TEM BF micrograph at the center of the 5 turn HPT processed specimen (b) corresponding indexed SAD pattern; (c) BF micrograph at edge of the 5 turn HPT processed

specimen; (d) corresponding indexed SAD pattern.

turns-edge, visualising the evolution of microstructural refinement
with HPT processing. The DF images were taken using a (111) type
reflection of the FCC phase, with the objective to estimate sequential
microstructural refinement. In case of the center in the %2 turn
processed specimen, no evidence of nano-structuring was observed.
In contrast, under the same HPT-processing condition, there was
definitive evidence of nano-structuring near the edge as shown in
Fig. 11 (b). In order to quantitatively determine the extent of mi-
crostructural refinement, average grain size was measured directly
from the DF micrographs for at least 100 grains at a given HPT-
processing condition and a specimen location. Nano-structuring was
on-going at the edge location of the ¥ turn processed specimen, so
that a grain size in some regions is as high as ~120nm and an
average grain size was ~76 nm. Clearly, a significant difference in the
extent of microstructural refinement was observed between the
center and the edge after ¥4 turn. Likewise, a prominent difference in
the extent of microstructural refinement was observed at the center
and edge even after 5 turns of HPT processing. Specifically, an
average grain size was ~92 nm at the disc center, while it was ~35 nm
at the edge of the 5 turn HPT-processed disc. This suggests an ab-
sence of the saturation stage in grain refinement despite nearly
equivalent dislocation density at these locations for 5 turns. Micro-
structural refinement to the tune of 30-60 nm grain sizes has also
been reported in certain FCC metals and alloys, especially those
having medium-to-low SFE [40,49,53].
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3.6. Texture evolution during HPT processing

Texture evolution during HPT processing of FCC alloys depends
upon the initial texture, grain size and stacking fault energy, and the
evolved texture signifies the occurrence of various deformation
mechanisms, such as slip, twinning or TRIP. HPT is believed to in-
volve simple shear mode of deformation [54,55], although there may
be some deviation owing to quasi-constrained nature of the process
and due to application of large compressive force. A monoclinic
sample symmetry is used in this study. The predominant simple
shear slip systems and their notations are shown in Table 3 [46,56].

The idealized simple shear texture components are provided in
Figs. 12 and 13 for the disc centres and edges, respectively, where the
measured orientation distribution function (ODF) sections are
shown at ¢, = 0° and 45°. Although texture evolution during HPT for
some other FCC alloys have been described using pole figures, ana-
lysis using ODF offers a distinct advantage of the ideal shear com-
ponents in orientation space without overlap. It is worth noting that
the ODF sections presented in Figs. 12 and 13 may not be sufficient to
quantify the actual volume fraction of shear texture components
since a particular ODF section may not map the overall volume
portion of a given texture component. To precisely understand the
evolution of different shear texture components, the volume frac-
tions of the shear texture components before HPT and after different
numbers of HPT turns is summarized in Table 4. Euler angles of the
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Fig. 10. STEM micrograph and elemental mapping of nano-structured MEA obtained at the edge of 5 turn HPT-processed specimen.

respective shear texture components with a tolerance angle of 15°
were used in MATLAB™ toolbox MTEX to calculate the volume
fractions of these components in the entire ODF space.

Prior to HPT processing, the disc sample had homogenous texture
at the center and edge as presented in Figs. 12 and 13, respectively.
The predominant shear texture components were C, B and B prior to
processing (Table 4). Non-shear texture components were also pre-
sent. As shown in Fig. 12, a remarkable change in the texture com-
ponents was observed at the center even after %4 turn. Important
shear texture components of A, A; *and A, * have all strengthened
with their individual volume fractions between 2.8% and 2.9%.
However, B and B components are relatively weaker. The evolution
of ideal shear texture components after % turn of HPT processing is
consistent with a Cu-Ni-Si alloy processed by HPT [57]. Despite a
zero theoretical strain at the disc center, evolution of shear texture
corroborates with the extensive dislocation activity as revealed by a
very high dislocation density of the order of 10> m™ (Table 2). After
1 turn, there was only slight strengthening of the shear texture
componenets except C component (rotated Cube), whose fraction
showed a considerable increase at the center from ~2.2% for %2 turn
to ~3.2% for 1 turn. Evolution of the shear texture components at the
center tends to be saturated at 1 turn, as no further change was
observed in the texture components through 2 and 5 turns.

The evolution of texture at the disc edges with increasing numbers
of HPT turns is presented in Fig. 13. Unlike the disc centers, texture at
the disc edges continued to evolve through 5 turns of HPT processing
as evidenced from the ODF sections at ¢, = 0° and 45°. Furthermore, at
any given turn, the texture components are similar but their intensities
and volume fractions differ considerably between the centers and
edges. The edge showed prominent shear texture components after %4
turn with marked differences from the unprocessed specimen. All
seven shear texture components were stronger at the edge compared

1

to the center. Additionally, the volume fractions of all the components
were comparable and in the range of 3.0-3.5%. With increasing
numbers of HPT turns to 1, significant changes in the B and C texture
components were observed at the disc edge. The intensified B com-
ponent indicates greater prevalence of twinning mechanism for de-
formation. In contrast, the C texture component weakened slightly
from 3.2% to 2.87%. The prevalence of the B and B texture components
corroborate with the activation of twinning as evidenced by relatively
high twin fault probability and the formation of nano-twins as con-
firmed by CMWP and TEM investigations respectively [58]. After 2
turns, the shear texture components A, A, A; *and A, * strengthened
further, while a slight decrease was shown in the volume fraction of
the C component. Increasing numbers of turns to 5 introduced a
prominent weakening of the B and B components compared to the
edge after 2 turn. Other important shear texture components have
nearly remained invariant. Weakening of the B and B components at
the disc edge between 2 and 5 turns can be understood on the basis of
extensive grain fragmentation [54-56]. It is also worth mentioning
that texture at the center and edge of 5 turn processed specimen have
identical nature, albeit having different intensities indicating a ten-
dency towards saturation of dislocation mobility at center and edge
after 5 HPT turns.

4. Discussion

HPT processing of the novel Co33Ni33CrigMnys (at%) MEA led to
significant nano-structuring, accumulation of defects including dis-
locations and twins (TWIP effect) and minor deformation induced
phase transformations (TRIP effect). This study generated several
interesting insights on the response during nano-structuring by HPT
of this alloy in comparison to a range of FCC metals and alloys, which
are discussed below.
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Fig. 11. Representative TEM DF micrographs showing the extent of microstructural refinement: (a) % turn- center, (b) ¥2 turn- edge, (c) 5 turns- center, (d) 5 turns- edge.

Table 3
Ideal simple shear texture components and their Miller indices [46,56].

Texture component Miller indices: {hkl} Euler angles (°)

nomenclature <uvw >
$1 [ b2
A (117) [170] 0 3526 45
A (111) [110] 180 3526 45
At (117) [211] 3527 45 0
12537 90 45
A’ (11 211] 14474 45 0
5474 90 45
B (112)[110] 0 5474 45
120 5474 45
B (112) [110] 60 5474 45
180 5474 45
¢ (100) [011] 90 45 0
0 90 45

4.1. Stability of FCC phase

While FCC HEAs, especially Cantor alloy and its subsets, were
believed to have high stability of FCC phase both against

12

temperature and deformation, a number of studies have shown
otherwise in the last few years [6,8]. In practice, an occurrence of
short-range ordering, clustering and precipitation have been shown
to occur during annealing at elevated temperatures, whereas FCC-to-
HCP transformation has been reported during deformation of var-
ious FCC HEAs [6-10]. In context of HPT processing, a possibility of
TRIP effect through FCC-to-HCP transformation is present even in
alloys which are otherwise believed to be TWIP HEA [34,35]. Such an
anomalous deformation response during HPT may be due to a nearly
equal free energies of FCC and HCP phases at room temperature in
these alloys [13]. Thus, kinetically constrained nature of FCC-to-HCP
transformation which can be overcome by the application of very
high pressure [59,60] and very large equivalent strain involved
during processing. In the present study, a Mn-added CoCrNi alloy
demonstrated FCC as the predominant phase despite being sub-
jected to severe shear strain. In fact, no trace of an HCP phase was
detected by the XRD pattern taken near the disc edge through 5 HPT
turns leading to y~200. However, an in-depth TEM investigation
showed the presence of an HCP phase at the disc center as early as
after % turn, where the examined location experiences minimum
shear strain among all the processing conditions and investigated
locations. Furthermore, the HCP phase was detected in all the HPT-
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Fig. 12. ODF sections showing the texture evolution at the center of the discs with increasing numbers of turns of HPT processing compared to the ideal simple shear texture

components for FCC material at ¢, =0° and 45°.

processed conditions from % to 5 turns. However, the fraction of the
HCP phase remained quite low and should be less than 5% as it could
not be detected using slow-scan XRD. It implies a high resistance to
FCC-to-HCP transformation during further HPT processing in the
studied alloy. The retardation of continued TRIP effect may be at-
tributed to the following factors:

(i) A rapid increase of dislocation density to the order of 10> m™ at
low strains (which was shown at the disc center after %2 turn)
that accommodates deformation without phase transformation,
leading to an enhanced stability of FCC phase [61].

(ii) Strong grain refinement at high strains resulting in the pro-
nounced grain boundary mediated deformation mechanisms
that leads to strain accommodation without the aid of TRIP ef-
fect [62,63].

13

4.2. Stages of evolution of microstructure and hardness

The present alloy exhibited three-stage microstructure evolution
with increasing shear strain during HPT processing. For small strains
up to ~20 called as Stage I, the dislocation density increased sig-
nificantly (Table 2), therefore Taylor hardening seems to be the
predominant mechanism of strengthening. Additional contributions
are expected from TWIP effect introducing nano-twin boundaries
Table 2 and Fig. 8a-b) and minor TRIP effect (Fig. 8c-d) as suggested
by the presence of HCP phase. Furthermore, texture with ideal shear
components has developed in the disc after %4 turn and might con-
tribute to hardening at this stage. As the strain increases further,
there is a subsequent increase in dislocation density to ~10'® m™,
which saturated at edge location of % turn processed specimen,
corresponding to a shear strain of ~20. Here, coarse deformation

—~
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Fig. 13. ODF sections showing the texture evolution at the edge of the discs with increasing numbers of turns of HPT processing compared to the ideal simple shear texture
components for FCC material at ¢, =0° and 45°.

Table 4

Volume fractions of different shear texture components at the disc centers and edges with increasing numbers of turns of HPT processing.
No. of turns (Location) A A Al* A2* B B C
0 (As received) 0.0183 0.0184 0.0187 0.0191 0.0536 0.036 0.036
0.5 (Center) 0.0289 0.029 0.0288 0.0291 0.0226 0.0224 0.0224
0.5 (Edge) 0.0333 0.0351 0.0351 0.0320 0.0316 0.0307 0.0320
1 (Center) 0.0301 0.0302 0.0297 0.0297 0.0254 0.0246 0.0327
1 (Edge) 0.0345 0.0337 0.0316 0.0364 0.0329 0.0344 0.0287
2 (Center) 0.0308 0.0308 0.0313 0.0308 0.0257 0.0238 0.0332
2 (Edge) 0.0384 0.0369 0.0355 0.0390 0.0309 0.0338 0.0257
5 (Center) 0.0310 0.0307 0.0313 0.0305 0.0257 0.0233 0.0323
5 (Edge) 0.0378 0.0355 0.0393 0.0349 0.0211 0.0208 0.0249

14
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bands with the spacing of ~110-180 nm was observed and there was
no evidence of the onset of nano-structuring. In this stage, these
microstructural changes yielded a steep increase in hardness as
shown in Fig. 7(b). Subsequently, greater than 2.25 times increase in
hardness from ~194 Hv to ~450 Hv was observed in this alloy.

After stage I, there is a decrease in a rate of a hardness increase
with increasing shear strain, thereby suggesting a drop in a rate of
hardening, where it is referred as stage Il. The reduced rate of
hardening may be attributed to the fact that, dislocation density
reached a saturation state at the end of stage I and thereafter Taylor
hardening which is a major strengthening mechanism during HPT
processing has weakened at stage II. Despite a saturation of dis-
location density, an increase in hardness at this stage can be at-
tributed to higher propensity of twinning as indicated by twin fault
probability and grain refinement to enter into the domain of nano-
structuring. Furthermore, strengthening due to intensification of
texture components may also be a contributing factor. This type of
microstructure evolution is valid between y=20-75. Accordingly,
hardness increased from ~450 Hv to ~575 Hv in the present MEA.

At stage III of microstructure evolution where y=75 to ~200,
apart from saturation of dislocation density and the TRIP effect, the
extent of TWIP effect has also reached a saturation stage. The pre-
dominant strengthening mechanism at this stage is grain refinement
as is evident from grain size down to ~35 nm at the disc edge after 5
turn. Similar observation of strengthening by grain refinement at
later stages of HPT deformation have been reported in an earlier
work on a CoCrFeMnNi HEA [64]. In stage III, further decrease in
hardening rate was observed, and despite the application of very
high shear strain, relatively small hardness increase from ~575 Hv to
~650 Hv was observed.

In terms of processing and location-dependent microstructure
evolution, it is worth noting that as shear strain increases with both
the number of turns of HPT processing and distance from the center
of the disc, hardness also showed a similar relationship. A continued
rise in hardness with increasing numbers of turns at the centers of
the discs, which is expected to experience zero shear strain, is ra-
tionalized based on: (1) a strain gradient model discussed by Estrin
et al. which indicates that the gradient in strain progressively de-
creases from center to periphery of the discs with an increasing
number of HPT turns [50], (2) quasi-constrained nature of the pro-
cess, (3) a continuity of material owing to rotation of neighbouring
grains by shear strain introduced at the disc center, (4) small die
misalignments, which are inevitable [51,52], and (5) overlapped data
recording not only from the center but from its vicinity as well.

The present work presented a systematic investigation of cry-
tallographic texture evolution at the centers and edges of the HPT
discs processed through various numbers of turns. Interestingly,
even at the center of ¥; turn processed disc, initial texture compo-
nenets were weakened and were replaced by ideal shear texture
components including A, A, A; *and A, *. In this study, at any given
number of turns, overall shear texture components at edges were
stronger than that at the centers due to higher accumulated shear
strain at the edges at any given number of turns. Furthermore,
prominence of B and B texture components is consistent with the
proliferation of twinning as evidenced by both TEM and XLPA. In
general, shear texture components did not intensify significantly
with increasing strain, and such behaviour can be attributed to
continued grain fragmentation and nano-structuring [54,56].

4.3. Comparison of hardness evolution during HPT-processing with
other FCC materials

Efficacy of HPT processing for a material is primarily determined
based on the extent of grain refinement and the achieved hardness
compared to the unprocessed condition. The studied MEA having
fully FCC structure before HPT processing demonstrated a superior
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hardness and hardening ability compared to some well-known FCC
metals, conventional FCC alloys as well as a recent class of compo-
sitionally complex FCC alloys when processing by HPT. Table 5 pre-
sents the HPT responses of important FCC materials during HPT
processing, underlying deformation mechanisms, peak hardness and
hardness ratio (peak hardness / initial hardness of the alloy). Starting
with a pure metal such as a high purity Al, HPT processing led to
strain-softening and an inverse-Hall-Petch relationship even in a
micron-sized grain structure due to the absence of any solute drag
effect and grain boundaries acting as dislocation sink [65]. Similar
observations of strain-softening during HPT is reported in some
other alloys as well [66,67]. With decreasing the purity, HPT-induced
hardening has been reported in Al alloys where solute atoms pre-
vented easy cross-slip and climb of dislocations [65]. In contrast to
the highly pure Al showing strain-softening during HPT, a pure Ni
exhibited significant hardening due to its higher melting point and
lower SFE preventing microstructural recovery and thus promoting
grain refinement attributing to achieve an average grain size < 175
nm and generating high fractions of low angle grain boundaries and
twin boundaries [45,68]. Accordingly, concentrations of Ni and Cu in
Cu-Ni alloys have an effect on SFE and homologous temperature,
thereby influencing grain refinement during HPT [69]. It should be
noted that the grain sizes achieved in the pure Al, Cu, Ni and Cu-Ni
alloys could not enter into the domain of true nanocrystalline ma-
terials (i.e., their grain sizes were higher than 100 nm). Furthermore,
the peak hardness and the hardness ratio were well below than that
achieved in the present alloy and other compositionally complex
alloys.

The HPT-induced deformation mechanisms and hardness evolu-
tion of 316 L stainless steel (SS), in general having common solute
elements with many HEAs such as Ni, Co, Cr, Mn in Fe and have
medium SFE, appear to be dependent on its manufacturing history.
For instance, extensive TRIP effect has been observed for con-
ventionally produced 316 L SS subjected to HPT, whereas twining is
the predominant mechanism of deformation during HPT of 316 L SS
produced by selective laser melting (SLM) of additive manufacturing
[49,70,71]. Moreover, a ratio of the hardness increase by HPT pro-
cessing for the conventional 316 L SS was significantly greater than
for a SLM 316 L SS, and it is due to high initial hardness of SLM 316 L
SS having a fine cellular microstructure. However, despite these
differences in deformation mechanisms, it resulted in similar peak
hardness near periphery of the HPT disc after 5 turns at 6 GPa. The
saturated grain size achieved after HPT processing is in the regime of
nano-structure for both 316 L SS produced using conventional route
and SLM. This may be attributed to its lower SFE compared to Al, Cu,
Ni and their alloys. Nonetheless, the peak hardness of 316 L SS was
~600 Hv [49] which is slightly lower compared to the presently
studied CoCrNiMn alloy at similar processing condition. This may be
explained by the achieved finer grain size in the studied alloy of
~35nm compared to the 316L SS showing 55-60 nm. Regarding
compositionally complex FCC materials, both HEAs and MEAs dis-
played the ability to produce a nano-sized grain structure. The re-
ported hardness values of equiatomic CoCrFeMnNi Cantor HEAs after
HPT-processing lie in a range of 450-540 Hv [39,64]. This is below
the values obtained at the edges of the present alloy. Despite a si-
milar order of magnitude of dislocation density, nano-structured
grain size and activation of twinning mechanism, apparently higher
hardness achieved in the present alloy may be due to the additional
contribution from the initial FCC-to-HCP transformation, which is
absent in the Cantor alloy. The present alloy is closer to CoCrNi MEA,
which has a higher friction stress and shear modulus (~87 GPa
compared to ~80 GPa for Cantor alloy), and it may also lead to ad-
ditional strengthening, considering the Taylor formula [40]. Like-
wise, comparing with F625N125C025Cu25 and C025Cr25F625N125 HEAs
[37,53], the hardness and nano-structuring achieved by HPT pro-
cessing is significantly superior in the present alloy. Finally, a CoCrNi
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MEA has shown high hardness of ~610 Hv at similar processing
conditions [40]. A part replacement of Cr by Mn in this alloy has
resulted in: (i) even higher hardness of ~650 Hv, and (ii) a higher
ratio of the hardness increase. A higher hardness and hardening
ability in the studied Cos3Ni33CrigMnys alloy compared to the CoCrNi
MEA is most likely due to a finer grain size (~35 nm compared to <
50 nm in CoCrNi alloy), and an additional TRIP effect. Additionally,
the present alloy showed a very high dislocation density of the order
of 10'® m2 and high twin fault probability of ~1.7% after HPT-pro-
cessing, while these are not reported for the CoCrNi alloy.

Accordingly, it is evident that the ability of this novel
Cos3Ni33CrigMnys alloy to concurrently exhibit several strengthening
mechanisms of extensive Taylor hardening, nano-structuring, pro-
minent TWIP effect along with minor TRIP effect led to a remarkable
combination of peak hardness and hardening ability.

5. Conclusions

This work highlights the sequential microstructure, texture and
hardness evolution at the centers and edges of a novel Mn-added
Co33Ni33CrigMnys FCC medium entropy alloy during HPT processing
to different shear strains. Important points from this study are en-
umerated below:

i) Dislocation slip and twinning were found to be the predominant
mechanisms of deformation during HPT processing, whereas
FCC-to-HCP phase transformation occurred in a limited amount.

ii) The heterogeneity in the deformation-induced microstructural
features was maximum for %2 turn and gradually decreased with
increasing number of turns. For 5 turns of HPT processing, the
center and edge locations showed similar values for dislocation
density, crystallite size and twin fault probability. Despite sa-
turation of these parameters, a marked difference was observed
between these examined locations up to 5 turns as confirmed by
continuous grain refinement with the measured average grain
sizes of ~94 nm at the center and ~35 nm at the edge.
HPT processing resulted in a change in the texture components
from strong Goss, Brass and Copper type to simple shear texture
even at the disc center after ¥ turn. The predominant B and B
texture components are in line with the activation of twinning.
The shear texture components were stronger at the edge com-
pared to center for a given number of turns. A sequential in-
crease in shear strain did not result in proportionate
strengthening of shear texture components, which is attributed
to extensive nano-structuring involving grain fragmentation.
HPT processing resulted in significant hardening of the alloy (>3
times higher than the unprocessed alloy). At any given number
of turns, hardness at the disc edge was considerably higher than
the center which is consistent with the fact that shear strain
increases from center to edge. Such higher hardness near the
edge than the center in the %2 turn processed specimen may be
attributed to increased dislocation density, prominent twinning
and the initiation of nano-structuring. In contrast, at higher
numbers of turns, continued hardening is predominantly due to
significant grain refinement, where other strengthening me-
chanisms of dislocation density-based Taylor hardening, mar-
tensitic transformation, and TWIP effect have saturated much
earlier.

v) An addition of Mn to a well-studied equiatomic CoCrNi alloy has
resulted in (i) an enhanced hardening ability as reflected by the
greater hardness (~650 Hv in Co33Ni33CrigMn;s alloy vs. ~610 Hv
in CoCrNi alloy) and (ii) a higher ratio of the hardness increase by
comparing the hardness values before and after HPT (~3.3 in
Cos3Ni33CrigMnys alloy vs. ~2.6 in CoCrNi alloy) under similar
HPT processing conditions.
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