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ARTICLE INFO ABSTRACT
Keywords: The present study unraveled the defining role of small silicon (Si) addition (5 atomic %) in
Dislocations (A) dramatically altering the plasticity mechanisms, grain refinement and hardening response of a

Microstructures (A)
Strengthening mechanisms (A)
Twinning (A)

Multi-principal element alloy

non-equiatomic CoCrMnNi multi-principal element alloy (MPEA) during high-pressure torsion
(HPT) processing. Both the Si-free and the Si-added MPEAs had a face-centered cubic (FCC)
structure and were subjected to a quasi-constrained HPT processing at 6 GPa pressure to different

number of turns (0.5 and 5). Microstructure evolution was studied at the center and edge of the
HPT-processed discs using X-ray diffraction line profile analysis (XLPA) and transmission electron
microscopy (TEM). Si addition altered the predominant plasticity mechanism from micro-band
formation to extensive occurrence of nano-twinning at the early stage of HPT processing. At
later stages of HPT processing, both alloys exhibited deformation twinning but its propensity was
considerably higher for the Si-added MPEA, as revealed by ~50% higher twin fault probability.
Additionally, the Si-added MPEA showed ~30% higher dislocation density at any given stage of
HPT processing compared to the Si-free MPEA. A significantly accelerated nano-structuring
coupled with a finer saturation grain size was observed in the Si-added MPEA (34 nm for Si-
free versus 23 nm for Si-added). These effects can be explained by the influence of Si addition
on lowering the stacking fault energy (SFE) (from ~40 mJ/m? in Si-free to ~20 mJ/m? in Si-
added MPEA) and increasing the solute pinning effect of Si on lattice defects. The plasticity
mechanisms at nano-scale were also influenced by the presence of Si as confirmed by the for-
mation of nano-twins and stacking faults inside the nano-grains for the Si-added and Si-free
MPEAs, respectively. The differences in plasticity mechanisms and microstructure evolution
resulted in enhanced hardness in the early stages of HPT processing for the Si-added MPEA, but
the difference in hardness between the two alloys tended to be reduced at higher strains.
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1. Introduction

High entropy alloys (HEAs) have led to a surge in multi-principal element alloy (MPEA) concepts leading to the discovery of novel
alloys with outstanding mechanical and functional properties (Yeh et al., 2004; Cantor et al., 2004; Ding et al., 2018; Li et al., 2016;
Ming et al., 2019; Miracle and Senkov, 2017; Schuh et al., 2018; Tong et al., 2019). Especially, in the context of face-centered cubic
(FCC) high entropy and medium entropy alloys (MEAs), there have been reports regarding the achievement of unprecedented
structural properties through innovative alloy design (Liu et al., 2022a; Jiang et al., 2022; Luo et al., 2020). Recently, CoCrNi MEA has
been shown to possess the highest ever fracture toughness in a near-liquid helium environment (20 K) (Liu et al., 2022a). Such a
remarkable damage tolerance of CoCrNi alloy was attributed to the sequential activation of deformation twinning and
transformation-induced plasticity (TRIP) effects. Another FCC HEA, Al 1CoCrFeNi, showed an excellent work-hardening ability during
high-strain rate tension tests which was attributed to a series of plasticity mechanisms namely nanoscale TRIP and symbiotic
amorphization (Jiang et al., 2022). CoNiV FCC MEA was shown to be hydrogen-resistant which underwent a minimal reduction in
tensile strength and ductility after exposure to the hydrogen environment due to low hydrogen diffusivity and activation of defor-
mation twinning (Luo et al., 2020). Recently, Han et al. (2021) achieved a unique combination of soft magnetism and high
strength-ductility balance in a CoFeNiTaAl HEA through uniform dispersion of coherent and ordered nanoprecipitates of <15 nm size
in the FCC matrix. A simultaneous improvement in strength and ductility has been reported at strain rates > 1000 s~! for NiCoCrFe
HEA stemming from nano-scale twinning, short-range ordering/ clustering, and phonon drag effect of dislocations (Zhang et al., 2020).
Likewise, the presence of deformable kappa phase in a FCC MEA, CoNiV, is shown to simultaneously improve strength by shearing
action and ductility by raising the flow stress close to the critical stress for twinning so that dynamic twinning promoted additional
strain hardening (An et al., 2023).

Apart from the strategic alloy design, deploying suitable processing techniques to achieve refined microstructure down to nano-
meter size can result in further enhancement in properties and unique functionality (Shahmir et al., 2023), including strength-ductility
synergy (Sathiyamoorthi et al., 2019), room temperature, and/ or high strain-rate superplasticity (Nguyen et al., 2020), remarkable
fatigue strength (Renk et al., 2022) and inverted magnetism (Paul et al., 2023). Recently, FeCoNiCrCu HEA film via magnetron
sputtering followed by annealing revealed the highest reported yield strength (3.4-4.2 GPa) under micro-compression compared to
any single-phase FCC materials. Such a remarkable strength-plasticity synergy was attributed to grain boundary strengthening coupled
with enhanced twinnability due to nano-scale chemical fluctuations (Zhang et al., 2021).

Various severe plastic deformation (SPD) techniques can yield superior microstructural refinement compared to conventional
metal working techniques (Edalati et al., 2022a). Among different SPD techniques, high-pressure torsion (HPT) is the most effective in
terms of achieving the finest possible grain size in metallic materials (Zhilyaev et al., 2003). It is worth mentioning that the extent of
grain refinement during HPT processing depends on both (i) processing parameters and (ii) material characteristics. There are several
reports on the effect of processing parameters, namely, the applied compressive pressure (Zhilyaev et al., 2003), the number of turns
(Jamalian et al., 2019; Gubicza et al., 2016), strain rate (Hohenwarter and Pippan, 2019; Edalati et al., 2022b), and processing
temperature (Xie et al., 2010) on the extent of grain refinement of FCC alloys, some of which holds true for FCC MPEAs as well
(Sonkusare et al., 2020; Heczel et al., 2017; Kishore et al., 2022; Wu et al., 2017; Moon et al., 2018).

In terms of material characteristics, stacking fault energy (SFE) and pinning effect of solute atoms on lattice defects are potentially
the two most important features affecting the microstructural refinement in FCC alloys with comparable melting points. The solute
effect can be quantified with solid solution strengthening (SSS), i.e., the hardening caused by the solute atoms. With regard to the role
of SFE on the microstructure evolution during HPT processing, there is a significant debate. For instance, Edalati et al. (2014) showed
that there is no correlation between normalized grain size after HPT processing, d/b (d is the grain size after HPT and b is the magnitude
of Burgers vector), and normalized SFE, SFE/Gb (G is shear modulus) for a wide range of pure metals and binary alloys. In contrast,
Mohamed and Dheda (2012) demonstrated that the saturation grain size is dependent on the SFE of the material, and the lower the
SFE, the finer the grain size. A similar observation was made for Cu-Al alloys (Shi et al., 2022). However, with respect to FCC MPEAs,
there is no dedicated work on understanding the role of SFE on the extent of grain refinement and examining the underlying defor-
mation mechanism(s) during the HPT processing. In terms of the role of SSS, it is widely accepted for conventional alloys that the
higher the SSS, the finer the saturation grain size (Bruder et al., 2018; Pippan et al., 2010). However, in the context of FCC MPEAs,
there is a lack of dedicated work on discerning the exact role of SSS on sequential grain refinement during HPT.

Few works allude to the role of alloy design in altering the plasticity mechanism(s) and grain refinement in FCC MPEAs during HPT.
For instance, Chandan et al. (2022) showed the defining role of Ni addition to FeMnCoCr HEA on altering the predominant plasticity
mechanism from TRIP to deformation twinning + dislocation glide during HPT processing. Gubicza et al. (2019) compared the extent
of grain refinement in HPT-processed CoCrFeNi and CoCrFeMnNi MPEAs having comparable SFEs. CoCrFeMnNi alloy showed ~3
times finer saturation grain size than CoCrFeNi alloy owing to greater lattice distortion in the former. Keil et al. (2021) investigated the
effect of SSS on the saturation grain size in a series of alloys varying from 142 nm in pure Ni to 55 nm in Cantor alloy. They concluded
that the minimum achievable grain size after HPT processing is inversely proportional to the SSS. However, they ignored the possible
role of SFE alteration by changing the material from pure Ni (high SFE: 125 mJ/m? (Hirth and Lothe, 1982)) to Cantor alloy (medium
to low SFE: 30 + 5 mJ/m? (Filho et al., 2022)) on grain refinement and its mechanisms. Thus, from the above discussions, it is evident
that the role of alloying in grain refinement extent and plasticity mechanism(s) in FCC MPEAs should be examined in terms of both SFE
alteration and SSS.

In the context of the role of alloying elements on the mechanical behavior of FCC MPEAs, Si is a fascinating element that alters the
properties in an unexpected manner. Yamanaka et al. (2021) showed that while both Si and Ti addition to CoCrFeMnNi-based HEA led
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Table 1

Summary of the chemical composition of Si-free and Si-added MPEAs (all concentrations are in atomic %).
Alloy Co Cr Ni Mn Si Fe
Si-free MPEA (Target) 33 19 33 15 - -
Si-free MPEA (Actual) 32.86 18.67 32.79 15.35 - 0.33
Si-added MPEA (Target) 33 19 33 10 5 -
Si-added MPEA (Actual) 32.80 18.11 33.96 9.73 5.15 0.25

to an enhanced yield and tensile strength, Ti addition resulted in a loss of ductility, whereas Si addition led to an enhanced ductility as
well. However, the mechanism of deformation was not studied to explain this intriguing behavior. Liu et al. (2020) studied the effect of
Si content on phase stability and tensile behavior of CoCrNi MEA. They observed that with an addition of Si up to 6.25 at.%,
single-phase FCC structure is retained, whereas ~9 at.% Si addition to CoCrNi alloy, resulted in a phase decomposition to sigma phase
and another CrSi-rich phase. Interestingly, in the solid solution regime, there was a significant increase in both yield strength and
tensile strength without a loss of ductility. Strengthening due to Si-addition was attributed to enhanced Hall-Petch effect and SSS
arising from local lattice distortion around Si atoms. A recent work by Li et al. (2022) revealed that the deformation structure formed
during cold rolling of Si-added CoCrNi alloy is finer compared to the well-studied Si-free CoCrNi alloy. Further, they achieved a
remarkable cryogenic tensile property with UTS > 1.5 GPa, while maintaining a fair ductility of 20% in a hetero-structured Si-added
CoCrNi MEA. Likewise, a small addition of Si (0.2 wt.%) in FeCrAl system helps in reducing the enthalpy of the formation of AB, type
Laves phase and attaining its fully coherent precipitation in the matrix (Liu et al., 2022b). It is evident from these discussions that Si
addition to FCC MPEAs has immense potential of improving their mechanical properties with the activation of intriguing deformation
mechanisms.

Despite the availability of the aforementioned literature on the role of Si on microstructure evolution and mechanical properties
during tensile deformation, there are no reports on the effect of Si addition on the HPT response of FCC HEAs/ MEAs. It is well-
established that HPT processing can result in unexpected deformation mechanism(s) and phase transition compared to tensile or
compressive tests (Chandan et al., 2021a; Liu et al., 2021) and hence there is a fundamental need to understand the effect of Si on
microstructure evolution and plasticity mechanism(s) during HPT processing. With this motivation, we fabricated two model MPEAs,
viz., Si-free (Co33Niz3CrioMn;5) MEA and Si-added (CossNis3Cr;9oMn;oSis) HEA. Deliberately, we added 5 at.% Si to study the effect of
Si addition in the single-phase solid solution regime without any phase decomposition on the HPT-induced plasticity mechanisms. In
this work, we have addressed the following research questions regarding the role of Si addition in CoCrNiMn MEA:

(i) Effect of Si addition on the SFE and lattice distortion in the studied FCC MPEA.
(i) Whether Si alters the plasticity mechanisms, such as slip, TWIP, TRIP, and grain boundary mediated deformation during HPT.
(iii) If Si influences the mechanism(s), kinetics, and extent of grain refinement during HPT.
(iv) If the plasticity mechanism(s) and ensuing microstructure are affected only at the early stage of HPT processing or the effect is
sustained over the larger strain as well.
(v) Whether Si affects the strengthening mechanism(s) during HPT.

Additionally, we investigated the applicability of conventional strengthening models for the two studied HPT-processed CoCrNiMn
MPEAs with and without Si.

2. Materials and methods
2.1. Fabrication of Si-free and Si-added medium entropy alloys

Co, Ni, Cr, Mn, and Si having a purity of at least 99.9 wt% were used as the starting raw materials for vacuum induction melting to
achieve the targeted alloy compositions. The actual composition of the cast ingots was determined using X-ray fluorescence spec-
troscopy. Table 1 provides the chemical composition of the Si-free and Si-added MPEAs. Compared to the Si-free MPEA, the actual
composition of the Si-added MPEA had ~5 atomic % of Si. Both the alloys contained unintentional addition of Fe as an impurity
element in < 0.5 atomic %. It is worth noting that the chemical composition of both the alloys with respect to Co, Cr, Ni and Fe are
comparable, whereas there is a partial replacement of 5 atomic % Mn by Si in the Si-added MPEA. From the viewpoint of alloy design, it
is expected that the addition of Si to the Cantor alloy and its subclass would lead to a reduction in the SFE (Chang et al., 2021).
Likewise, a lowering of Mn content has the same effect on the SFE (Kishore et al., 2022).

The cast ingots were homogenized at 1200 °C for 1.5 h. Subsequently, ingots having a dimension of 50 x 50 x 75 mm® were
sectioned to a dimension of 25 x 50 x 75 mm?. The sectioned ingots were then forged at 1100 °C to break the cast structure and to
achieve a plate having a thickness of 12 mm. It was followed by hot rolling at 1000 °C and cold rolling to achieve a sheet thickness of 2
mm. Then, annealing was conducted at 900 °C for 45 min, followed by instant water quenching to prevent any possibility of pre-
cipitation. HPT specimens were prepared from these sheets by taking out discs of 10 mm diameter and reducing the thickness of these
discs to 0.9 mm by polishing using emery papers of 600 grit size to achieve a similar surface roughness.
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2.2. High-pressure torsion experiments

In this work, HPT experiments were conducted in a quasi-constrained set-up. disk specimens were placed between an upper and a
lower anvil and 6 GPa pressure was applied. This was followed by a rotation of the anvil at 1 rpm. Both sets of alloys were subjected to
0.5 turn and 5 turns of rotation. More detail about the quasi-constrained HPT set-up and processing can be found in previous works
(Chandan et al., 2022; Kawasaki et al., 2011).

2.3. Materials characterization before and after HPT processing

Microstructure characterization of the specimens before HPT processing consisted of X-ray diffraction (XRD) for determining the
crystal structure and lattice parameters of Si-free and Si-added MPEAs, electron backscattered diffraction (EBSD) for estimation of
grain sizes and bulk texture analysis using XRD. All the analyses were done on the rolling plane, that is, the plane of the HPT disk. The
investigation of microstructure after HPT processing was conducted at two different locations, namely, the center and edge. The edge
location is referred to as 4 mm away from the disk center. A standard metallographic procedure for sample preparation involved
polishing with silicon carbide emery papers starting with a grit size of 120 and successively increasing up to 4000. This was followed by
polishing using colloidal alumina suspension of 1 pm size. Afterward, samples were electropolished using a solution of 70% methanol,
20% perchloric acid, and 10% glycerin with a Struers Lectropol-5 at 14 V for 10 s.

The XRD measurements were performed at the center and edge locations of the HPT-processed discs by employing a Smartlab
diffractometer (manufacturer: Rigaku, Japan) in 6-6 geometry with parallel beam and CuKo, radiation (wavelength, A=0.15406 nm).
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. The lattice constants were determined from the peak positions using the Nelson-Riley method
(Nelson and Riley, 1945). Williamson-Hall plots were prepared for an easy qualitative recognition of the effect of number of HPT turns,
location on the disk surface (center or edge) and Si addition on X-ray peak broadening. On a Williamson-Hall plot, the peak breadth in
the reciprocal space for the available diffraction peaks is plotted as a function of the magnitude of the diffraction vector (K = 219),
where 60 and 1 are the diffraction angle and the wavelength of X-ray, respectively (Williamson and Hall, 1953). The peak breadth (AK)
can be obtained from the full width at half maximum (FWHM) as AK=cos6-A(26)/4 where A(26) is the FWHM of the peak.

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 (Gubicza, 2014). This method involves the fitting of the
diffraction pattern by the sum of a background spline and the theoretical peak profiles. The theoretical peak profiles were 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 instrumental correction. The CMWP fitting yielded the dislocation density (p) and the
area-weighted mean crystallite size (<x>,rea) Where the later quantity was deduced from the log-normal variance of the crystallite size
distribution (¢°) and the median (m) as <X>greq=m-exp(2. 56%). In addition, the twin fault probability () was also obtained by CMWP
fitting. The quantity gives the fraction of {111} planes containing twin faults. A more detailed description of the CMWP method can be
found elsewhere (Ribarik et al., 2004).

The microstructural examination was further conducted using transmission electron microscopy (TEM). Preparation of TEM
specimens from HPT-processed specimens consisted of mechanical thinning to achieve a sample thickness of ~50-60 um. Subse-
quently, Gatan’s dimple grinder was employed to further thin down the samples up to the thickness ~15-20 um. This was followed by
further thinning the samples employing Gatan’s PIPS II equipment to make the specimen electron transparent. In order to avoid ion
milling induced artifact generation, a cold sample stage was used for slow and controlled milling of the samples. Finally, plasma
cleaning of the samples was done before the TEM investigation. TEM investigation was performed employing JEOL’s 200 kV JEM
2200FS equipment.

To establish microstructure-property correlation in HPT-processed specimens, hardness measurements along 6 different diameters
of the discs were performed using a Vickers hardness testing machine (EMCO). Hardness values were measured at a load of 500 g with a
dwell time of 30 s. The average hardness of 6 measurements for a particular location (distance from the center of the disk) along with
standard deviation is reported.

3. Results
3.1. Effect of Si addition on the initial microstructure

Fig. 1(a) shows the XRD pattern of Si-free and Si-added MPEAs. Sharp diffraction peaks corresponding to (111), (200), (220), and
(311) planes of an FCC structure were observed for both alloys. These diffractograms suggest that an addition of 5 at.% Si did not lead
to phase decomposition and the single-phase FCC crystal structure was retained. The XRD peak positions of Si-added MPEA were
slightly shifted towards the higher 26 indicating a reduction in interplanar spacing (d). The addition of Si reduced the lattice parameter
of the FCC structure from 3.581 to 3.573 A, which was expected owing to the smaller size of Si atoms compared to the mean size of Co,
Cr, Ni, and Mn atoms.

The microstructure of the Si-free and Si-added alloys represented in form of inverse pole figure (IPF) maps before HPT processing
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Fig. 2. Bulk texture of specimens prior to HPT processing represented using orientation distribution functions (ODFs) with ¢ sections at 45°, 65°,
and 90° for: (a) Si-free MPEA, and (b) Si-added MPEA.

are shown in Fig. 1(b) and (c), respectively. Both alloys consisted of polygonal FCC grains with annealing twins. The average grain sizes
(excluding annealing twins) for the Si-free and Si-added MPEAs measured using the line intercept method were determined to be 38 um
and 32 um, respectively. The addition of Si led to a slight reduction in the grain size despite adopting a similar thermomechanical
processing. This may be due to the solute drag effect limiting the migration of high-angle grain boundaries (Shah et al., 2020). A similar
effect of Si on grain refinement of another FCC HEA system has been reported previously (Liu et al., 2020). A higher fraction of
annealing twins (defined as % length of twin boundaries among the grain boundaries) was observed in the Si-added alloy (62.3%)
compared to the Si-free alloy (56%), which possibly indicates a reduction of stacking fault energy (SFE) due to Si addition (Chang et al.,
2021). In terms of homogeneity of chemical composition, both alloys showed a uniform distribution of constituent elements without
any evidence of elemental segregation as shown in Fig. 1 (d-g) and 1 (h-1) for the Si-free and Si-added MPEAs, respectively. Further,
orientation distribution function (ODF) sections with ¢, sections at 45°, 65° and 90° of the Si-added and Si-free MPEAs shown in Fig. 2
(a) and (b), respectively, revealed a very weak crystallographic texture and hence precluding their significant role in the deformation
mechanism(s) during HPT processing.

In addition to the notable changes in grain size and lattice parameter of the Si-added FCC MPEA, the addition of the much smaller Si
atoms is also expected to induce a greater lattice distortion. To quantify the extent of lattice distortion () in the Si-free and the Si-
added MPEAs, the following equation is used:

n

Se(i-57 w
r

i=1

5=

where 7 = Y7 ciry, ¢; and r; are the molar fraction and atomic radius of the ith element and n is the number of elements in the alloy.
Clearly, 8gsj.added is 0.0189 compared to 8sifree = 0.0122 which means an addition of Si resulted in ~50% increase in the lattice
distortion.
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Fig. 3. TEM BF micrograph showing a dislocation in the tensile-deformed (at the engineering strain of 3%) Si-free MPEA, (b) the corresponding
WBDF micrograph depicting the distinct contrast between the Shockley partial dislocation pair, (¢) TEM BF micrograph showing a dislocation in the
tensile-deformed (at the engineering strain of 3%) Si-added MPEA, (d) the corresponding WBDF micrograph depicting the distinct contrast between
the Shockley partial dislocation pair; Some measured partial spacing values are shown in (b) and (d), and (e) theoretical partial dislocation spacing
vs dislocation character angle curves for the Si-free and Si-added MPEAs with the experimental data overlaid in the same.
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Fig. 4. Evolution of hardness profile along the diameter of the disk due to HPT processing of Si-free and Si-added MPEAs.

3.2. Effect of Si addition on SFE

In Section 1, we presented a brief overview on the possible role of SFE on the grain refinement during HPT processing of various
alloys. Furthermore, SFE also affects the deformation behavior of the FCC phase (Chandan et al., 2021b; Laplanche et al., 2017; Wang
et al., 2018). The MPEAs under study were produced with the aim of changing the lattice distortion and SFE due to the variation of Si
and Mn contents. In this section, we estimate the SFE of the MPEAs under study. As the first step, the MPEAs were deformed under
tension up to 3% engineering strain to form dissociated dislocations in the microstructure (Laplanche et al., 2017). This was followed
by microstructural characterization employing TEM. An estimation of the SFE was carried out using the following relationship between
the SFE and the spacing between the Shockley partial dislocations (d) assuming an isotropic elasticity (Hirth and Lothe, 1982):

Gb?

SFE = —————
8rd(1 —v)

(2 —v—2vcos2p), )

where G and v are the shear modulus and the Poisson’s ratio, respectively (values given in Appendix Al); f is the angle between the
Burgers vector and the line vector of lattice dislocation and b, is the magnitude of Burgers vector of the partial dislocations. b, is given
as: (%2 (112)), where qo is the lattice parameter of the MPEAs and the same was obtained from XRD measurements (values given in
Section 3.1). The measurement of the values of d and $ was performed from weak beam dark field (WBDF) micrographs formed under
the (111) zone axis (ZA) with the (220) type active diffraction vector (g). Fig. 3(a) and (c) present TEM bright field (BF) micrographs of
dissociated dislocations in which partials could not be resolved in the two-beam diffraction conditions for the Si-free and Si-added
MPEAs, respectively. The corresponding WBDF micrographs could discern the spacing between the partial dislocations as demon-
strated in Fig. 3(b) and (d) for the Si-free and Si-added MPEAs, respectively. It is evident that the distance between the Shockley
partials increased significantly in the Si-added MPEA, indicating a decrease in SFE of the same compared to the Si-free MPEA (as per
Eq. (2)). Measurement of d was carried out along the straight segment of the isolated partial dislocations in an interval of at least 15 nm
in the WBDF micrographs. As the actual position of the dislocation cores is influenced by the dislocation depth within the foil, foil
thickness and excitation error (Cockayne, 1972; Cockayne and Vitek, 1974), the measured dislocation widths were corrected to obtain
the actual dislocation separation distance (as shown in Appendix A2) before its application in Eq. (2). The appearance of both partial
dislocations in the images (see Fig 3(b) and (d)) suggests that |g.b,| = 1 for both partial dislocations at only one g vector and in this
condition, the Burgers vector is parallel to the g vector. Accordingly, the dislocation character angle () was measured as the angle
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Fig. 5. XRD patterns acquired from the center and edge locations of HPT- processed specimens after 0.5 and 5 turns: (a) Si-free MPEA, (b) Si-
added MPEA.

between the dislocation line vector and the g vector. Fig. 3(e) presents the theoretical partial dislocation spacing versus dislocation
character angle curves for the studied MPEAs (Aerts et al., 1962) with the corresponding experimental data overlaid in the same. The
addition of Si and along with the reduction in the Mn content from the Si-free alloy to form the Si-added alloy resulted in the decrease
in SFE from ~40 mJ/m? in the Si-free MPEA to ~20 mJ/m? in the Si-added MPEA.

3.3. Hardness evolution due to HPT processing

The evolution of the hardness along the diameter of the disk due to HPT processing of the Si-free and Si-added MPEAs is shown in
Fig. 4. Prior to HPT processing, the average hardness of the Si-added MPEA was 12 Hv greater than the Si-free MPEA. Such a small
increase in hardness due to Si addition can be attributed to the (i) greater lattice distortion (8 (Zhang et al., 2008)) caused by the
smaller Si atoms (8sj-added: 0-0189 versus Jg;.free: 0.0122) resulting in solid solution strengthening, and (ii) slightly finer initial grain
size. HPT processing to 0.5 turn (0.5T) led to a remarkable increase in the hardness of the disk in both alloys.

An increase in hardness with an increasing distance from the center of the disk (r = 0) is noted for both alloys. This is consistent with
earlier reports on hardness evolution during HPT processing of medium-to-low SFE FCC alloys such as austenitic stainless steels and
Cantor alloy and its subsets (Chandan et al., 2022; Gubicza et al., 2019; Shahmir et al., 2016; Zhao et al., 2021). Such an increasing
trend of hardness evolution from the disk center towards its edge is common for many alloys (Kawasaki, 2014) and is explained based
on location-dependent shear strain (y) in the disk during HPT processing given by the following equation (Zhilyaev et al., 2003):

y=2mm/t, 3)

where r is the distance from the center of the disk, n is the number of turns of HPT processing, and t is the thickness of the HPT-
processed specimen. Clearly, for a fixed number of turns of HPT processing (n), the shear strain increases with an increasing dis-
tance from the center of the disk (r). Based on Eq. (3), the shear strain at the center of the disk should be zero and hence there should
not be any hardening at the center. However, in practice, a significant hardening is observed even at the center of the disk for even 0.5
turn of HPT processing. For instance, in the Si-free and Si-added MPEAs, the hardness increased from ~187 Hv to ~320 Hv and ~199
Hv to ~380 Hyv, respectively, at the center of the disk after 0.5 turn of HPT processing. The increase in the hardness at the center of the
disk is variously attributed to a combination of factors, namely, compressive strain during HPT processing (Song et al., 2011), the
quasi-constrained nature of HPT processing, where there is a finite plastic deformation of a disk between the anvils leading to a small
outward flow of the material, and a finite non-zero value of the indentation area during hardness measurement which is not only
measuring the hardness at the center of the disk but is also getting influenced by a small nearby region (Estrin et al., 2008; Huang et al.,
2014). In addition, the disk center is surrounded by regions where there is a significant strain according to Eq. (3), and the formed
lattice defects (such as dislocations) have a stress field even in the center, resulting in an induced plastic deformation. Fig. 4 reveals
that any given location, the hardness of the Si-added MPEA was substantially greater than the corresponding location of Si-free MPEA
after 0.5 turn of HPT processing.

After 5 turns of HPT processing, some peculiar observations in hardness evolution were noted. These are: (i) at any given location of
the HPT-processed disk, the hardness was higher for the Si-added MPEA compared to the Si-free MPEA; however, the difference in
hardness between the two alloys was reduced compared to 0.5 turn of HPT processing, (ii) even after 5 turns of HPT processing,
homogenization in hardness between center and edge of the disk was not fully achieved, while the difference in the hardness between
the center and the edge locations became less considerable, (iii) a greater than three-fold increase in hardness compared to the un-
processed specimens was achieved at the edge location after 5 turns of HPT processing for both Si-free and Si-added MPEAs, and (iv)
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Fig. 6. Williamson-Hall plots for HPT-processed specimens for (a) Si-free, (b) Si-added MPEA,; illustration of experimentally observed and CMWP-
fitted XRD patterns for 5 turns HPT-processed specimen at edge locations of (c) Si-free, and (d) Si-added MPEAs.

the hardness achieved at the edge of the Si-free MPEA after 5 turns of HPT could be achieved after only 0.5 turn of HPT for the Si-added
MPEA at its edge location.

3.4. Microstructural investigation through XLPA

During HPT processing of FCC alloys, distinct deformation mechanisms, namely, (i) dislocation glide, (ii) twinning, and (iii) FCC-
to-HCP or FCC-to-BCC phase transformation also referred to as TRIP effect, and (iv) grain boundary mediated strain accommodation
are variously reported (Chandan et al., 2022; Gubicza et al., 2019; Keil et al., 2021). Akin to the conventional alloys, FCC MPEAs have
also shown to largely obey the SFE-deformation mechanisms correlation during conventional processing, viz., the prominent defor-
mation mechanism is dislocation glide for high SFE, deformation twinning for medium SFE and TRIP for low SFE alloys (Chandan
et al., 2021b; Laplanche et al., 2017; Wang et al., 2018). As shown in Fig. 5(a) and (b), both Si-free and Si-added alloys showed
single-phase FCC structure after 5 turns of HPT processing at both center and edge locations. As in the present case, HPT processing
involved an application of a very high pressure of 6 GPa and an extremely high shear strain (~180 at the edge of 5 turns HPT-processed
specimen), an absence of any notable phase transformation indicates a very high mechanical stability of the FCC phase in both alloys.
Further, this ascertained that the TRIP effect cannot be the dominant plasticity and strengthening mechanism in either of these alloys
during HPT processing.

Fig. 6(a) and (b) show the Williamson-Hall plots of the HPT-processed Si-free and Si-added MPEAs, respectively. Anisotropic peak
broadening (AK=cos6-A(26)/\ where A(26) is the FWHM of the peak) as a function of the magnitude of the diffraction vector (K =
2sin6/)\) was observed for the studied MPEAs. This was an indication of peak broadening due to the accumulation of dislocations and
refinement of crystallite size. Further, for both Si-free and Si-added MPEAs, the peak broadening at the disk center after 0.5 turn was
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Table 2
The microstructural parameters obtained by XLPA for Si-free MPEA in different HPT-processed conditions.
HPT turn / Location Diffraction domain size Dislocation density Twin fault probability
[nm] [10" m~2] [%]
1/2, center 31+4 116 + 14 0.3+£0.1
1/2, edge 23+3 250 + 30 1.2+0.2
5, center 23+ 3 270 + 30 1.4+0.2
5, edge 24+3 280 + 30 1.6 £0.2
Table 3
The microstructural parameters obtained by XLPA for Si-added MPEA in different HPT-processed conditions.
HPT turn / Location Diffraction domain size Dislocation density Twin fault probability
[nm] [10" m2] [%]
1/2, center 37+4 146 + 16 1.5+0.2
1/2, edge 19+ 2 350 + 40 2.1+0.2
5, center 18 +2 360 + 40 1.9+0.2
5, edge 19+2 370 + 40 2.4+0.3

Z.A.:1101]
Z.A.p:[011]

Fig. 7. Evidence of heterogenous deformation features at the center of 0.5 turn HPT-processed Si-free MPEA (a) BF TEM image showing micro-
bands, (b) corresponding dark field (DF) image and indexed Selected area diffraction (SAD) pattern in the inset, (c) illustration of proliferation
of micro-bands, (d) BF TEM image showing deformation twins, (e) corresponding SAD pattern, and (f) DF TEM of (d) imaged using the encircled
diffraction spot in (e).

significantly smaller compared to the edge location, whereas for 5 turns of HPT processing, broadening at center and edge tend to be
similar. Fig. 6(c) and (d) illustrate the CMWP fitting of XRD patterns corresponding to 5 turns HPT-processed specimens at the edges for
the Si-free and Si-added MPEAs, respectively. An excellent match between the experimental and fitted patterns was evident from the
nearly zero value of the difference between the two for each 20 position for both the alloys. Similar fitting was obtained for both alloys
in different HPT-processed conditions (not shown separately).
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Fig. 8. TEM images of Si-free MPEA at the edge location after 0.5 turn of HPT processing (a) BF TEM image showing significant grain refinement,
(b) corresponding SAD pattern, (¢) DF TEM image produced using the encircled diffraction spot in (b), (d) high magnification BF TEM image
showing planar faults, and (e) HRTEM image of the marked region in (d) depicting planar fault to be stacking faults.

Tables 2 and 3 summarize the microstructural parameters obtained using XLPA for the HPT-processed Si-free and Si-added MPEAs,
respectively. The Si addition resulted in a significant increase in the density of lattice defects (dislocations and twin faults) formed
during HPT while the change in the crystallite size was marginal for a given HPT processing condition. In line with the remarkable
increase in the hardness at the center of the disk after 5 turns, a massive increase in dislocation density was achieved to reach the order
of 10'® m~2 in both alloys. As indicated by the Williamson-Hall plots in Fig. 6, the difference in dislocation density between center and
edge locations was significant after 0.5 turn by HPT but it tended to nullify after 5 turns for both the alloys. For the HPT-processed
specimens after 5 turns, a saturation in dislocation density and diffraction domain size was observed for the Si-free and Si-added
MPEAs. However, the dislocation density after 5 turns in the Si-added MPEA was ~33% greater than that in the Si-free MPEA.
Moreover, after 5 turns of HPT processing, the diffraction domain size for the Si-added MPEA was only marginally smaller than the Si-
free MPEA (23 + 3 nm for Si-free MPEA versus 18 + 2 nm for Si-added MPEA). Further, an addition of Si has resulted in a 50% increase
in the twin fault probability at the edge of 5 turns of HPT processing. Remarkably, the twin fault probability at the location of
maximum shear strain (viz., disk edge after HPT for 5 turns) in Si-free MPEA was achieved at the location of the minimum strain (viz.,
disk center after HPT for 0.5 turn) in the Si-added MPEA suggesting a very high tendency for deformation twinning in the Si-added
MPEA, which is consistent with the significant reduction of the SFE in the Si-added MPEA.

3.5. Deformation mechanisms and grain refinement during HPT
3.5.1. Si-free MPEA
Highly heterogeneous deformation features were observed at the center of the 0.5 turn HPT-processed Si-free MPEA. While pre-

dominantly micro-bands as illustrated in Fig. 7 (a—c) were observed, evidence of the formation of deformation twins was also noted as
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Fig. 9. TEM images of Si-free MPEA at the center of 5 turns HPT-processed specimen (a) BF TEM image showing appearance of nano-grains, (b)
corresponding SAD pattern, and (c) DF TEM images produced using the encircled diffraction spot in (b) showing the large variation in the grain size
distribution.

shown in Fig. 7 (d-f). The spacing between the micro-bands varied between 100 and 350 nm, whereas the mean spacing between
deformation twins was ~130 nm. No indication of the formation of nano-structured grains was observed.

TEM micrographs of the Si-free MPEA at the edge location after 0.5 turn of HPT processing are shown in Fig. 8. Compared to the
center of the disk after 0.5 turn, the edge location revealed extensive grain refinement. A representative BF image, corresponding SAD
pattern and DF image are shown in Fig. 8 (a—c), respectively. A statistical analysis using ImageJ software considering more than 100
grains revealed an average grain size to be ~ 75 + 43 nm. The tendency for nano-structuring which was yet to be fully achieved was
evident from the incomplete ring in the SAD pattern (Fig. 8(b)). Additionally, the signature of the meager presence of the deformation-
induced HCP phase was observed (faint presence of the (102) HCP reflection marked in Fig. 8(b)). The formation of planar faults in
several nano-sized grains was also revealed as shown in Fig. 8(d). HRTEM image depicted the planar faults to be a bundle of stacking
faults within the nano-structured grains as shown in Fig. 8(e).

TEM micrographs taken at the disk center of the 5 turns HPT-processed Si-free MPEA are shown in Fig. 9. Compared to the center of
the 0.5 turn HPT-processed specimen, where micro-bands and deformation twins were observed, in this case, the formation of nano-
grains is evident from the DF TEM image (Fig. 9(c)). Additionally, the SAD pattern shows a minor HCP phase appeared at the disk
center after 5 turns (arrow in Fig. 9(b)). The average grain size was estimated to be 64 + 40 nm. The nano-structuring in this case was
incomplete as confirmed by the incomplete ring formation (Fig. 9(b)).

Microstructure at the edge of 5 turns HPT-processed Si-free alloy revealed extensive nano-structuring as shown in Fig. 10 (a—c). The
average grain size was measured to be 34 + 26 nm. Further, as shown in Fig. 10(c), nano-grains having fine deformation features were
investigated through the HRTEM image shown in Fig. 10(d). Bundles of finely spaced stacking faults were observed within the nano-
grains indicating a continued dislocation activity even after nano-structuring inside the grain. Generally, after extensive nano-
structuring, grain boundary sliding is known to be one of the prominent deformation mechanisms but herein, we observed signifi-
cant deformation in the form of stacking faults generation inside the nano-grains.

3.5.2. Si-added MPEA

TEM images from the center of the Si-added MPEA subjected to 0.5 turn of HPT processing revealed an extensive occurrence of
deformation twinning as shown in Fig. 11. The mean twin spacing was measured to be ~20 nm, which was much finer than that
observed at the corresponding location in the Si-free MPEA. A higher propensity of twinning in the Si-added MPEA was consistent with
a significantly higher twin fault probability determined using XLPA and a lower SFE value. Further, there was an occurrence of hi-
erarchical twinning: primary twinning followed by secondary twinning across them as shown in Fig. 11(d). Such twin-twin in-
tersections sub-divided the microstructure significantly.

The edge location of the Si-added MPEA after 0.5 turn revealed extensive nano-structuring as evident from Fig. 12 (a—c). The
average grain size was measured to be 33 + 19 nm. Clearly, Si addition has significantly enhanced the extent of grain refinement
during HPT processing. Further, evidence of a deformation-induced HCP phase was present as indicated by the arrow marked in the
SAD pattern. The volume fraction of this HCP phase seemed to be insignificant as suggested by a very faint signature in the diffraction
pattern coupled with no peak observed in XRD patterns. Therefore, we focussed on the deformation behavior of FCC phase only.
HRTEM images shown in Fig. 12 (d, ) revealed the formation of stacking faults within the nano-structured grains. On increasing the
number of HPT turns to 5, the Si-added MPEA showed nano-structuring at both the center and the edge locations. TEM investigations at
the center of the 5 turn HPT-processed Si-added MPEA are shown in Fig. 13. Clearly, there is the formation of well-defined grain
boundaries at the center of the 5 turn HPT-processed disk. Further, the average grain size was measured to be 46 + 26 nm. On
traversing from center to edge, a remarkable microstructural refinement led to an average grain size of 23 + 14 nm (Fig. 14 (a—c)). This
is one of the finest average grain sizes reported for any FCC metal or alloy subjected to HPT processing. It is interesting to note that the
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Fig. 10. TEM images of Si-free MPEA at the edge of 5 turns HPT-processed specimen (a) BF TEM image showing appearance of nano-grains, (b)
corresponding SAD pattern, (c) DF TEM images produced using the encircled diffraction spot in (b), and (d) HRTEM image of the marked region
in (c).

grains with a diameter as low as 15 nm revealed the formation of both bundles of stacking faults and nano-twins as confirmed by
HRTEM images shown in Fig. 14 (d, e) and Fig. 14 (f, g), respectively. Notably, despite the formation of the HCP phase at a fairly early
stage of HPT processing in both MPEAs, its volume fraction remained insignificant despite an application of a very large shear strain of
~180.

It is worth noting that for most samples investigated in this study the average grain size values determined by TEM are larger than
the crystallite size obtained by XLPA and listed in Tables 2 and 3. The only exception is the edge of the Si-added disk processed for 5
turns of HPT where the two size values are close together (23 versus 19 nm). The smaller values of the crystallite size determined by
XLPA can be explained by the high sensitivity of XRD on the orientation differences inside the grains. These misorientations break the
coherency of X-rays scattered from the grains, thereby resulting in a smaller crystallite size compared to the grain size. Such orientation
differences can be caused by dislocation walls or subgrain boundaries. Similar difference between the grain and crystallite sizes has
already been observed in all SPD-processed metals and alloys (Gubicza, 2014). A former study showed that when the grain size ap-
proaches 20 nm, the grains have no substructure, yielding a practical agreement between the grain and crystallite sizes (Gubicza,
2022). The same was observed for the edge of the Si-added disk processed for 5 turns.
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Fig. 11. TEM images of Si-added MPEA at the center of 0.5 turns HPT-processed specimen (a) BF TEM image showing finely spaced nano-twins, (b)
corresponding SAD pattern, (c) DF TEM image produced using the encircled diffraction spot in (b), and (d) BF TEM image illustrating twin-twin
intersection causing grain sub-division.

4. Discussion

In the present work, the defining role of Si addition (5 atomic % to a non-equiatomic CoCrNiMn MPEA) during HPT is elucidated. Si
addition led to several interesting observations, and plausible genesis and implications are discussed below.

4.1. Plasticity mechanisms

In the present study, specimens were subjected to a high pressure of 6 GPa and a shear strain of up to ~180. Many FCC materials
with medium to low SFE like austenitic stainless steels (Gubicza et al., 2016), HEAs like Fe4oMn4oCo010Cr19 (Chandan et al., 2021a),
FegoMngoCo20CraeNij4 (Moon et al., 2018) etc. undergo TRIP effect during similar HPT processing parameters. The plasticity mech-
anisms in the FCC phase are governed by its SFE (Grassel et al., 2000; Madivala et al., 2018), which is strongly dependent on its
chemical composition (Gallagher, 1970). In the present case, the addition of Si and removal of Mn resulted in the lowering of the SFE
from ~40 to ~20 mJ/m?2. The lower SFE of the Si-added MPEA reflected in an increased fraction of annealing twins in the initial
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Fig. 12. TEM images of Si-added MPEA at the edge of 0.5 turns HPT-processed specimen (a) BF TEM image showing appearance of nano-grains, (b)
corresponding SAD pattern, (¢) DF TEM images produced using the encircled diffraction spot in (b), (d) HRTEM image showing occurrence of planar
faults, and (e) HRTEM confirming the planar fault to be stacking fault.
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Fig. 13. TEM images of Si-added MPEA at the center of 5 turns HPT-processed specimen (a) BF TEM image showing appearance of nano-grains, (b)
corresponding SAD pattern, and (c¢) DF TEM images produced using the encircled diffraction spot in (b).
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Fig. 14. TEM images of Si-added MPEA at the edge of 5 turns HPT-processed specimen (a) BF TEM image showing extensive nano-structuring, (b)
corresponding SAD pattern, (c) DF TEM images produced using the encircled diffraction spot in (b), (d, ) HRTEM image showing the occurrence of
planar faults inside a nano-grain, (f) HRTEM image showing intersecting planar faults, and (g) magnified image of the marked region in (f) con-
firming the formation of twins and stacking faults within the nano-grains.
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condition and is in line with the previous research works on the role of Mn and Si on SFE of FCC complex concentrated alloys, austenitic
stainless steels, and TWIP steels (Guo et al., 2020; Li and Raabe, 2017; Tian and Zhang, 2009; Das, 2016). Despite these factors, both
the studied MPEAs showed limited TRIP effect (insufficient to be revealed by XRD). This confirmed the remarkable mechanical sta-
bility of the FCC phase despite being subjected to high pressure and shear strain. Such high stability of the FCC phase is due to the fact
that despite the partial substitution of Mn by Si in the CoCrNiMn alloy, the SFE of the Si-added alloy is in the “medium” range where
deformation twinning is prominent.

While the addition of Si and the consequent lowering of the SFE did not lead to any perceptible increase in the TRIP effect in the
CoCrNiMn MPEA, it certainly resulted in a remarkable rise in the propensity of twinning. This was evident from the 5 times and 1.6
times rise in twin fault probability during early (center of 0.5 turn HPT-processed specimens) and later (edge of 5 turns HPT-processed
specimen) stages of HPT processing, respectively, for the Si-added MPEA compared to the Si-free counterpart. In this context, it is
worth noting that in earlier works, minor alloying addition or variation in initial grain size affected the plasticity mechanisms and
microstructure evolution only during the initial stages of HPT processing. With further increase in strain, a similar saturation state of
microstructure was attained. For instance, the addition of boron to Ti-6Al-4 V alloy led to refined initial microstructure and introduced
an additional TiB phase, however, during HPT processing, microstructure evolution was different for these two alloys only in the initial
stages of deformation (at low shear strains) and subsequently, an identical deformation response was observed for both alloys at higher
strains (Roy et al., 2022). Likewise, HPT processing of a V containing FCC HEA with different initial grain sizes led to differences in the
deformation mechanisms, especially notable at low and intermediate levels of strain but resulted in microstructures with similar
saturation grain size at higher strains (Asghari-Rad et al., 2019). Unlike these reports, Si addition had a sustained implication on the
plasticity mechanisms over the entire range of shear strain applied in this study, which is a novel observation. Apart from a signifi-
cantly higher twin fault probability at both early and later deformation stages, a marked variation in the strain accommodation
mechanism inside the nano-grains was noted for the studied alloys. Although an abundance of planar faults inside the nano-grains was
observed for both alloys, the Si-free MPEA showed bundles of stacking faults, whereas the Si-added MPEA revealed the formation of
nano-twins even inside the grains having a diameter as small as ~15 nm, showing the defining role of Si.

In general, the tendency for twinning increased for both Si-free and Si-added MPEAs with increasing shear strain (see Tables 2 and
3). On one hand, this trend is consistent with the theory which suggests that with increasing shear strain, the stresses are also enhanced
in the material, leading to an activation of a greater number of twinning systems. On the other hand, it was also suggested in a former
study that with increasing strain, the critical stress necessary for twinning was enhanced due to grain refinement, and at a grain size of
about 1 um this critical stress is higher than the flow stress of CoCrFeMnNi HEA, i.e., twinning hardly occurs in this alloy (Sun et al.,
2018). The latter argumentation does not take into account that the stresses inside the material can be higher than the flow stress. For
instance, at gliding obstacles, such as Lomer-Cottrell locks or grain boundaries, dislocation pile ups form and the stresses at these
locations can be much higher than the flow stress. The stress concentration sites can serve as nuclei of twin formation. With increasing
strain, the higher dislocation density and the smaller grain size result in a higher number of twin nucleation sites, therefore a higher
probability of twinning is expected in FCC MPEAs. Moreover, a very high pressure (about 6 GPa) is applied during HPT which can also
yield high internal stresses in the material. Therefore, even if the critical twinning stress is enhanced with decreasing the grain size, its
value can be exceeded by the stresses developed in the HPT-processed samples. In addition, with decreasing grain size to the nano-
crystalline regime, the degree of dislocation dissociation increases which also promotes deformation twinning (Zhu et al., 2012).

Apart from deformation via twinning, both Si-free and Si-added alloys revealed a very high dislocation density of the order of 1
m ™2 in the FCC phase even at the lowest studied strain (at the center of the 0.5 turn HPT-processed specimens), indicating an important
role of dislocation slip. Notably, at any HPT processing condition and location of examination, the dislocation density was higher in the
Si-added MPEA compared to the Si-free MPEA. It is well-established that the HPT process involves competing phenomena of dislo-
cation generation to accommodate the strain and dynamic recovery mechanisms (Lee et al., 2015). Particularly, at higher shear strains,
this competition between the dislocation generation and multiplication with their rearrangement and annihilation results in the
attainment of a saturation state of dislocation density. In this context, the saturation value of dislocation density, which is obtained at
the edge location of both the alloys only after 0.5 turn of HPT processing is ~30% higher in the Si-added alloy compared to the Si-free
alloy. Such an enhanced dislocation density in the Si-added MPEA can result from two different reasons. Firstly, it is attributed to high
lattice distortion (§ (Zhang et al., 2008) in Si-added is ~0.019 compared to 0.012 in Si-free MPEA). A highly distorted lattice around
the Si atoms can hinder the motion of dislocations during annihilation, thereby resulting in a higher saturation dislocation density
(Edalati et al., 2014). Secondly, the reduced SFE in the Si-added MPEA led to (i) a greater propensity of twinning, and twin boundaries
also act as obstacles against dislocation motion necessary for annihilation, and (ii) a larger distance between the Shockley partials in
dissociated dislocations which would make their recombination more difficult and hence limiting the likelihood of dynamic recovery
processes.

On comparing the evolution of dislocation density during HPT processing with the other reported FCC MPEAs exhibiting ~1 x 10'°
m 2 for Fe3sMnsCo1oCrisNigsVig alloy (Asghari-Rad et al., 2019), 1.5 x 10'® m™2 for FeCoCrNi alloy (Gubicza et al., 2019), 1.94 x
10'® m~2 for CoCrFeMnNi alloy (Gubicza et al., 2019) and 2.36 x 10'°m~2for FegsMn35C010Cr1gNipg alloy (Chandan et al., 2022), the
Si-added alloy showed one of the highest saturation values of dislocation density (~3.7 x 10'® m~2) if we take the experimental errors
of 10-15% into consideration. The aggravated dislocation density in the Si-added alloy cannot be independently explained based on
either lattice distortion or SFE. For instance, Fe3sMnsCo;Cry5NiasVig alloy has a remarkably higher lattice distortion (§) compared to
Si-added MPEA, yet the Si-added alloy showed ~3.7 times greater value of the saturation dislocation density (Asghari-Rad et al.,
2019). Likewise, the FeCoCrNi alloy has a higher saturation value of twin fault probability (~3%) compared to the Si-added MPEA
(~2.4%) alluding to a lower SFE value in the former alloy (Gubicza et al., 2019). Despite this, the Si-added alloy showed ~2.5 times
greater saturation value of dislocation density than the FeCoCrNi alloy. This suggests that the saturation value of dislocation density is
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Fig. 15. Comparison of grain size distribution in Si-free and Si-added MPEAs after HPT processing: (a) 0.5 turn at edge location, (b) 5 turns at center

location, (c) 5 turns at edge location (Note: average and standard deviations of grain sizes measured using TEM images are provided along with the
grain size distribution).

a combined effect of lattice distortion and SFE.

4.2. Mechanisms of grain refinement

For understanding the effect of Si addition on the extent and uniformity of microstructural refinement during HPT processing at a
different stage, we plotted the grain size distribution (Fig. 15) based on the values measured from TEM DF micrographs employing the
ImagelJ software. For all the conditions, a minimum of 100 grains were considered. Si addition ubiquitously resulted in the reduction in
the mean grain size after HPT processing. A careful analysis of grain size distribution (Fig. 15) revealed the following key takeaways:

(i) Si addition led to extremely accelerated grain refinement and nano-structuring. The average grain size at the edge location in
the Si-free MPEA after 5 turns of HPT processing (~34 nm) was the same as that of the Si-added MPEA after only 0.5 turn of HPT
processing (~33 nm). It is worth noting that even the Si-free MPEA shows excellent microstructural refinement in terms of
minimum achievable grain size when compared to other FCC MPEAs after similar HPT-processed conditions (Chandan et al.,
2022; Asghari-Rad et al., 2019).

(ii) Although the average grain size for the Si-free MPEA was < 100 nm in all the HPT-processed conditions and falls in the category
of nano-structured material, there was a large spread in the grain size distribution. In all the conditions, certain grains exceeded
even 150 nm, indicating an incomplete nano-structuring in the Si-free alloy. In contrast, the Si-added MPEA could achieve
complete nano-structuring at the edge location for the 5 turns of HPT processing.

The genesis of the greater extent and rapid rate of microstructural refinement in the Si-added MPEA can be explained by the
difference in the underlying mechanisms of grain refinement in the two alloys as illustrated schematically in Fig. 16. While both Si-free
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Fig. 16. Schematic representation of the microstructure evolution in Si-free and Si-added MPEAs during HPT processing.

and Si-added MPEAs consisted of a single-phase FCC structure in the initial condition, the Si-added alloy showed slightly finer grain
size and a higher fraction of annealing twins compared to the Si-free alloy. While the former is attributed to the solute drag effect
caused by the Si atoms, the latter can be attributed to the role of Si addition and Mn reduction in lowering the SFE of the MPEA.
Moreover, the addition of smaller Si atoms led to a greater lattice distortion. In the early stage of HPT processing (at the lowest studied
strain, that is, at the center of 0.5 turn HPT-processed specimen), the differences in SFE and SSS in the two alloys manifested as largely
different deformation features. The mechanism of microstructure sub-division showed a prominent difference in the studied alloys in
the initial stage of HPT processing (Fig. 16). The Si-added MPEA was fragmented extensively by the finely spaced nano-twins (~20 nm)
and secondary twins compared to a lesser extent of grain sub-division via coarser micro-bands (100-350 nm average spacing) and
sporadically occurring deformation twins (~130 nm spacing) in the Si-free MPEA. The significantly greater extent of grain subdivision
in the early stage of HPT processing has played a pivotal role in the microstructural refinement of the Si-added MPEA in subsequent
HPT processing. The combined effect of greater lattice distortion and a large number of interfaces created by finely spaced deformation
twin formation led to significantly higher dislocation density in the Si-added MPEA (discussed in detail in Section 4.1). A higher
dislocation density can facilitate the early formation of low-angle grain boundaries (LAGBs) that would eventually transform into high-
angle grain boundaries (HAGBs) in order to accommodate the increasing misorientation via dislocation accumulation in the Si-added
MPEA during HPT (Wu et al., 2017; Asghari-Rad et al., 2019). Even when nano-structuring was achieved in both alloys, with increasing
shear strain the Si-added MPEA showed a remarkable tendency for twinning creating HAGBs within the nanograins. In contrast, Si-free
MPEA showed deformation via the creation of stacking faults within the nanograins, which failed to create additional HAGBs.
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Fig. 17. Variation of finest grain size after HPT processing as a function of solid solution strengthening for different FCC MPEAs.

The present study clearly showcases the important role of SFE in alloys prone to the formation of deformation twins in achieving a
higher extent of nano-structuring. This is an apparent contradiction with the report of Edalati et al. (2014) who showed an insignificant
role of SFE on the minimum grain size achieved for various binary FCC alloys subjected to HPT processing. The difference between the
two observations can be explained by the strongly suppressed recovery and recrystallization in highly alloyed MPEAs. The high density
of defects (e.g., dislocations) formed due to the low SFE yields an elevated driving force for recovery and recrystallization, and the
higher propensity to these processes inhibits the achievement of very small grain sizes in low-alloy materials. On the other hand, in
MPEAs the high alloying effect decreases the probability of the occurrence of recovery and recrystallization, thereby opening the door
for the formation of a very fine grain size due to the high density of dislocations and twin faults. Thus, the synergy of the alloying and
low SFE effects yielded the extremely low grain size in the Si-added MPEA studied in the present work.

Previous studies in dilute FCC alloys (Edalati et al., 2014) suggested that SSS in FCC metals and alloys dictates the minimum
achievable grain size through HPT processing. To investigate the applicability of the same in various FCC MPEAs, we calculated the SSS
for different alloys using the Varvenne model (Varvenne et al., 2016) whose detail can be found in Appendix Al. Fig. 17 shows the
grain size achieved for different FCC MPEAs during HPT processing as a function of SSS. Clearly, there is no direct correlation between
grain refinement after HPT and SSS for FCC MPEAs. For instance, on increasing the SSS contribution from 100 to 200 MPa, there is no
proportionate change in the saturation grain size as indicated by the shaded band I in Fig. 17. Further, for a similar range of SSS MPEAs
lying in band II showed remarkably different saturation grain size after HPT. Hence, this suggests that SSS alone cannot explain the
extent of grain refinement in FCC MPEAs, and there is a need to account for the SFE and the ensuing deformation twinning during HPT
to understand the extent and mechanisms of nano-structuring.

4.3. Strengthening mechanisms

Both the Si-free and Si-added MPEAs showed a significant increase in hardness after being subjected to HPT processing. However,
the Si-added MPEA showed a faster rate of hardness increase than the Si-free MPEA in the initial stages of HPT processing. For instance,
at the center after 0.5 turn by HPT, the average hardness values in the Si-added MPEA and the Si-free MPEA were 439 + 38 Hv and 348
+ 22 Hv, respectively. It should be noted that the average hardness at the centers was calculated considering the average values from
—1 mm to +1 mm on either side of the centers of the discs. This is because the microstructural parameters, especially those obtained
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Table 4

Comparison of theoretical and experimentally determined yield strengths in Si-free and Si-added MPEAs after different stages of HPT processing using
conventional strengthening contributions. 6o, 6r4ir and opp correspond to the intrinsic lattice strength (or friction stress), the Hall-Petch
strengthening due to twin boundaries as twin spacing is finer than grain boundaries and Taylor hardening due to dislocation density, respec-
tively. The sum of these three contributions gives the theoretical yield strength (ayg) which is compared with experimental one (5};7,’57’) obtained from
the hardness.

Specimen 60 OTaylor oup Theoretical Experimental 0"9,;? (MPa) % Difference
(MPa) (MPa) (MPa) oI (MPa) o — %l . 100
Oys

Si-free MPEA 0.5C 122 1322 1009 2453 1148 114

05E 122 1941 2018 4081 1898 115

5C 122 2018 2179 4319 1874 130

S5E 122 2055 2330 4507 2013 124
Si-added MPEA 05C 140 1528 2256 3924 1450 171

0.5E 140 2366 2669 5175 2016 157

5C 140 2400 2539 5079 1934 163

S5E 140 2433 2853 5426 2096 159

using XLPA were acquired using a beam of 2 mm length. The higher hardness at the center of the Si-added MPEA after 0.5 HPT turn can
be attributed to a greater dislocation density and the higher propensity of twinning. At the edge of 0.5 turn HPT-processed specimens,
the average hardness in Si-added MPEA (611 + 8 Hv) is higher compared to the Si-free MPEA (575 + 12 Hv). Apart from the higher
dislocation density and twinning, the increased hardness is attributed to a significantly finer grain size with a smaller spread in grain
size distribution in the Si-added MPEA compared to the edge of the Si-free MPEA specimen after 0.5 turn of HPT processing. After 5
turns of HPT processing, the difference in the hardness between the Si-added and Si-free MPEAs has remarkably reduced compared to
0.5 turn of HPT processing. Despite a significantly higher dislocation density, greater extent of grain refinement and a higher pro-
pensity of twinning in the Si-added MPEA compared to the Si-free MPEA, the hardness values at the corresponding locations of the disk
after 5 turns of HPT processing was only marginally higher for the Si-added MPEA. This is possibly due to a weaker dependence of yield
strength on grain size in nano-structured regime indicating a prevalence of grain boundary-mediated plasticity mechanisms as pre-
viously suggested in different studies for conventional alloys (Dangwal et al., 2023). However, the maximum hardness obtained was
still 20-25 Hv greater in the case of the Si-added alloy.

To quantify the contribution of various strengthening mechanisms at different stages of HPT in the studied alloys, the following
equation was used:

Oys = 00 + Opp + O1ayior “4)

where oys is the yield strength, and 6, 6up and o4y, are the intrinsic lattice strength (or friction stress) including SSS, the Hall-Petch
strengthening due to twin boundaries as twin spacing is finer than grain size and the Taylor hardening due to dislocation density,
respectively. Herein, we ignored the contribution of any secondary phase strengthening due to the highly localized and limited extent
of TRIP effect that is insufficient to be detected by XRD. Further, the yield strength in MPa can be estimated as 3.3 times the average
hardness measured in Hv. A similar approach is used in earlier studies on HPT (Heczel et al., 2017). Eq. (4) can be rewritten by
expanding the oxp and o741 terms as:

oys = 0y + KHP/\/D + Maub./p 5)
where Kyp is Hall-Petch constant taken as 265 MPa-um'/2 based on the nearest reported composition, which is an equiatomic CoCrNi
alloy (Yoshida et al., 2017), D is the average twin spacing, M is the Taylor factor and its value is 3.06, a is a constant taken as 0.2, y is
the shear modulus, b is the Burgers vector and p is the dislocation density. The average twin boundary spacing was calculated from the
twin fault probability () obtained in percentage by XLPA as (Heczel et al., 2017):

D= 100-d,,/p, (6)

where d;1; is the lattice spacing for planes {111} (about 0.207 nm for the two studied alloys). The calculated values of ¢ and b are
presented in Appendix Al. The intrinsic lattice strength (¢¢) accounts for the Peierls-Nabarro stress (opy) and the contribution from the
solid solution strengthening (osss). Peierls-Nabarro stress is usually very low in FCC alloys (Varvenne et al., 2016) and therefore can be
neglected during the estimation of the oy and therefore 6y ~ ogss. The contribution of the SSS was estimated from the model developed
by Varvenne et al. (2016) for concentrated alloys and the details of the osss calculation are presented in Appendix Al.

Table 4 presents the contributions of different strengthening mechanisms to oys. Based on Eq. (5), in general, the theoretically
estimated values (¢%%) for both alloys under different HPT processing conditions were at least twice the experimental yield strength
(oﬁ?’). It is worth noting that the estimated contribution from the Taylor hardening alone exceeded the experimental yield strength.

Furthermore, the estimated contribution from the Hall-Petch strengthening also exceeded the experimentally obtained of,’sq’ in most of
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Table 5

Modified strengthening contribution of different mechanisms using best fit approach for the Si-free and the Si-added MPEAs subjected to HPT
processing. 6o, 61qy0r and opp correspond to the intrinsic lattice strength (or friction stress), the Hall-Petch strengthening due to twin boundaries as
twin spacing is finer than grain boundaries and Taylor hardening due to dislocation density, respectively. The sum of these three contributions gives
the theoretical yield strength (U?S}) which is compared with experimental one (a’;’sq’) obtained from the hardness.

Specimen 0o OTaylor oup Theoretical Experimental (,“Y;;P (MPa) % Difference
(MPa) (MPa) (MPa) ol (MPa) 5P — oTh .+ 100
Exp
Oys
Si-free MPEA 0.5C 122 995 82 1199 1148 4.4
0.5E 122 1461 164 1747 1898 7.9
5C 122 1518 177 1817 1874 3
5E 122 1546 190 1858 2013 7.7
Si-added MPEA 0.5C 140 1116 184 1440 1450 0.7
0.5E 140 1728 217 2085 2016 3.4
5C 140 1753 207 2100 1934 8.6
5E 140 1777 232 2149 2096 2.5

the cases. Such a discrepancy between the experimental and theoretical values of yield strength in HPT-processed FCC MPEAs has
recently been reported by Lu et al. (2021). From Table 4, it is evident that the conventional approach for the yield strength of the
nanostructured Si-free and Si-added MPEAs processed by HPT results in an unrealistic overestimation which can be explained by the
following reasons:

(i) Reduction in the efficacy of grain boundaries (including twin boundaries) in impeding the motion of dislocations when the grain
size becomes <100 nm (Dangwal et al., 2023). In this context, it is previously reported that the classical Hall-Petch relationship
does not hold true even for sub-micron grains. It is noted that the value of the Hall-Petch exponent has been shown to decrease
from —0.5 to —1 when the grain size decreased below 1 um if the strength is described only with the Hall-Petch formula, i.e., the
dislocation hardening was not taken into account with a separate Taylor term (Chinh et al., 2023). This change is most probably
caused by the dislocation strengthening due to the very high dislocation density formed during SPD which yielded an additional
enhancement of the strength (Dangwal et al., 2023). On the other hand, for grain size under 100 nm the strength was only
slightly enhanced with decreasing the grain size due to enhanced role of grain boundary mediated deformation mechanisms,
such as grain boundary sliding, whose occurrence requires a low stress (Gubicza, 2017). Furthermore, for nanostructured
materials a modification of the Hall-Petch slope (Kyp) to a lower numerical value may also occur which is unknown for many
compositions.

(ii) The above calculation relies on a and Kyp values that were obtained from previous studies where either the Taylor formula or
the Hall-Petch equation was applied individually. However, in the present nanostructured materials processed by HPT, grain
boundaries (including twin boundaries) are most probably decorated with substantial fraction of dislocations (both pile up of
dislocations at grain boundaries and geometrically necessary dislocations (GNDs)). Such a microstructure wherein grain
boundaries are decorated with a high density of dislocations, a gliding dislocation inside the grain would interact directly with
dislocations at grain boundary and not the grain boundary itself. Therefore, the strengthening effect of grain boundary dislo-
cations is taken into account in both Taylor and Hall-Petch strengthening, i.e., there is an overlapping effect of the two different
contributions. Clearly, the conventional estimation of the strength using an additive approach for Hall-Petch and Taylor-type
strengthening contributions, results in accounting for dislocations present at grain boundaries twice.

Because of the complex interplay of grain boundaries and dislocations at grain boundaries, their exact strengthening contribution is
difficult to estimate due to the unknown values of a and Kgp in the Taylor and Hall-Petch equations, respectively. One way to estimate
these variables is to search for the best fit between the estimated and the experimental yield strength values using “Solver” module of
MS-Excel, that minimizes the sum of squares of the differences between the theoretical and experimental yield strength values

(e — 65;” )2). Such an approach was previously employed for CoCrFeMnNi high-entropy alloys processed by HPT (Heczel et al.,
2017). This approach yielded a and Kyp values of 0.149 and 21.57 MPa-um'/? for the present nano-structured alloys if both Si-free and
Si-added samples are handled together in the analysis. As shown in Table 5, with these values of a« and Kyp, a much better agreement
between the theoretical and experimental yield strength values was achieved for both Si-free and Si-added MPEAs processed using
HPT.

It is worth noting that for the present nano-structured materials, both @ and Kyp are lower than for conventional coarse-grained
materials. Namely, a reduced by ~25% whereas Kgp reduced by an order of magnitude compared to coarse-grain materials. The
significant drop in Hall-Petch constant (Kup) can be attributed at least partly to the overlapping effect of Hall-Petch and Taylor
hardening contributions due to the high amount of dislocations accumulated at the grain boundaries, as discussed above. Further,
various reports confirm the activation of grain-boundary mediated plasticity mechanisms in nano-structured materials (Gubicza,
2017). The low Hall-Petch slope for metallic materials with obstacle spacing (grain size or twin boundary spacing) smaller than 100 nm
has also been shown recently for different metals (Dangwal et al., 2023). In addition, the relatively low value of a can be related at least
partly to the high alloying effect in both Si-free and Si-added MPEAs. Namely, the high friction stress and the sluggish diffusion in
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MPEAs can hinder the arrangement of dislocations into low energy configurations such as dipoles. Then, the less clustered dislocation
structure usually have a lower value of a (Gubicza, 2017) in accordance with the present observation.

The segregation of solute atoms (e.g., Si) at dislocations can also reduce their stress field, thereby weakening the interaction be-
tween dislocations and lowering the value of a. This is an indirect effect of alloying on the yield strength beside the direct hardening
effect taken into account by the term oy in Eq. (5). The high alloying effect in MPEAs can hinder dislocation annihilation, thereby
increasing the dislocation density obtained after HPT which is also an indirect influence of alloying on the yield strength. Thus, the
alloying effect can cause a very high dislocation density in MPEAs, however, the Taylor strengthening effect of these dislocations is
weaker due to the lower a value. The Hall-Petch strengthening can also be influenced indirectly by the solute atoms. Namely, if they
segregated at grain boundaries, it can yield grain boundary relaxation, thereby changing the critical stress necessary for the emission of
dislocations from grain boundaries, i.e., the value of Kpp.

It is worth noting that an overlapping between the SSS and the Hall-Petch or Taylor strengthening effects may also occur which can
explain the overestimation of the total strength when these contributions are simply added. For instance, if a gliding dislocation meet
other dislocations decorated with solute atoms (e.g., Si), it interacts with these dislocations and the segregated solutes together;
therefore, the separation of the solute atom strengthening and the dislocation hardening is difficult. The situation is similar for the
Hall-Petch strengthening effect if solute atoms are accumulated at grain boundaries (including twin boundaries). This may cause an
overestimation of the yield strength when the contributions are calculated separately and added linearly. It should also be noted that
the validity of the linear addition rule of Taylor and Hall-Petch contributions in the calculation of strength may be a subject of debate
even in the latter analysis. Nevertheless, it can be concluded that the conventional equations used for the description of grain boundary
and dislocation strengthening cannot be employed for the presently studied MPEAs having deformation-induced nanograins, and at
least the modification of the constants used in Taylor and Hall-Petch formulas is necessary.

5. Conclusions

In the present work, HPT-induced plasticity mechanisms and its implications on grain refinement and hardness evolution are
studied for Si-free and Si-added non-equiatomic CoCrMnNi MPEAs, having a single-phase FCC structure. The salient findings are
enumerated below:

1 The addition of 5 atom% Si at the expense on Mn in a non-equiatomic CoCrMnNi FCC MPEA led to a lowering of the stacking fault
energy from ~40 to ~20 mJ/m 2. Despite this lowering of SFE with Si addition, an insignificant TRIP effect was observed in both
alloys. However, extensive deformation twinning was triggered in the Si-added alloy in contrast to a low twinning propensity and
extensive micro-band formation in the Si-free alloy during early stage of HPT processing. At higher strain levels, notable defor-
mation twinning was observed even for the Si-free alloy, nonetheless, the twin fault probability was still ~50% higher in the Si-
added alloy. This is in agreement with the Si-added MPEA having lower SFE compared to the Si-added MPEA but it was still in
the medium SFE range so that the TRIP effect was not prominent.

2 Both alloys exhibited a very rapid rise in dislocation density of the order of 10'® m~2 at the early stage of HPT processing (center of
0.5 turn HPT-processed discs) itself which increased further to reach a saturation value at the edge of 0.5 turn HPT-processed
specimen. The dislocation density at any stage was higher in the Si-added MPEA by ~30%, possibly due to greater lattice
distortion and higher twin/matrix interface creation owing to lower SFE.

3 Si addition-mediated alteration in plasticity mechanism resulted in accelerated grain refinement, leading to a finer grain size after
HPT processing. Accelerated grain refinement is evident from the fact that at the edge location of the disk, Si-added MPEA achieved
an average grain size of ~33 nm after only 0.5 turn of HPT processing which could only be achieved after 5 turns of HPT processing
for the Si-free MPEA. Further, the saturation grain size at the edge location of the 5 turns of HPT-processed discs was ~23 nm in the
Si-added MPEA compared to ~34 nm in case of Si-free MPEA.

4 For FCC MPEAs, both SFE and solid solution strengthening influence the saturation grain size attained after HPT processing, which
have been often ignored in previous studies. In the present study, Si-added MPEA showed a finer saturation grain size due to (i)
greater lattice distortion that has a pinning effect on defects such as dislocations and grain boundaries, and (ii) the lower SFE
resulting in twinning mediated grain sub-division. This work demonstrated the synergistic effect of alloying and low SFE in grain
refinement in MPEAs.

5 Si addition had a sustained effect in altering the deformation mechanism even at higher strain during HPT. In addition to the
differences in dislocation density, grain size and twin fault probability at the edge location of 5 turn HPT-processed disk, the
deformation mechanisms inside the nano-grains were significantly influenced by the Si addition. Nanograins in Si-added MPEA
exhibited deformation twinning whereas stacking fault formation was observed for the Si-free MPEA.

6 Si-added MPEA showed a remarkably rapid hardening compared to the Si-free MPEA at early stage of HPT processing. The higher
hardness for 0.5 turn HPT-processed disk for Si-added alloy is primarily due to the higher dislocation density leading to a greater
Taylor hardening, finer grain size leading to an enhanced Hall-Petch strengthening and greater extent of twinning since twin
boundaries are also effective obstacles against dislocation glide. The conventional equations used for the description of grain
boundary and dislocation strengthening cannot be employed for the presently studied nanostructured MPEAs, and at least the
constants used in Taylor and Hall-Petch formulas should be modified in order to obtain a reasonable agreement between the
measured and calculated strength values.
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Appendix
Al. Calculation of solid solution strengthening

For estimation of the solid solution strengthening contribution in the studied MPEAs, we applied the analytical model proposed by
Varvenne et al. (2016) which provides a formalism to quantify the increase in shear stress at temperature T (in K) and ¢ the strain rate
of deformation, i.e., the solid solution strengthening (7, (T, ¢)) given as:

. 1 kT €,
7,(T, &) = 1}.(,exp{ ~ 051 TE,,“‘(?)} (A1)

where k is the Boltzmann constant, ¢, is a reference strain-rate (Varvenne et al., 2016), 1, is the shear strength at 0 K and is given as
(Varvenne et al., 2016):

4 — \ 2/3
1+0)\3 C,AV,
7,0 = 0.03589 * 1 * <1 — D) * <Z 5 ) (A2)

where y is shear modulus and v is the Poisson’s ratio, both were determined employing an ultrasonic based non-destructive technique
(Hu and Wang, 2016). AE, corresponds to the total energy barrier, i.e., the energy cost of moving a dislocation from energetically
favorable to unfavorable potential energy fluctuation over a distance w, and is given as (Varvenne et al., 2016):

2 — \ 13
1+0\3 C,AV
AE, = 0.7767 3 il A
» = 0.7767 % p x b *(l—z))*<2 B ) (A3)

AV, =V, — Vis the average misfit volume of element n in the alloy; V = "C,V,; V, is the individual atomic volume for element n. The
n

values of the individual volumes V,, for Ni, Co, Cr and Mn was taken as 10.94, 11.12, 12.27 and 12.60 A 3, respectively (Varvenne et al.,
2016). V, for Si was calculated to be 10.23 A 3 from the formalism provided in (Varvenne et al., 2016) and using the lattice parameter
of the Ni-Si solid solution taken from Nash and Nash (1987). b is the Burgers vector of full dislocations, and b was obtained as a / V2
where a is the lattice parameter obtained from the Nelson-Riley plot (Nelson and Riley, 1945). The calculated values of the shear
modulus, Poisson’s ratio and Burgers vector are provided in Table Al. The values of the solid solution strengthening were obtained
from the above formalism at 300 K as 122 MPa and 140 MPa in the Si-free and Si-added MPEAs, respectively.
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Table A1
Calculated values of shear modulus (p), Poisson’s ratio (v) and magnitude of Burgers vector (b)
of the Si-free and Si-added MPEAs.

Parameters Values
Usi-free (GPQ) 79
Hsi-added (GP2) 82
Usi-free 0.27
Vsi-added 0.28
bsiree (A) 2.533
bsi.added (A) 2.524

A2. Estimation of actual partial dislocation spacing

Position of the intensity peak of Shockley partial dislocations obtained via the WBDF imaging technique is influenced by the
dislocation depth within the foil, foil thickness and excitation error (Cockayne, 1972; Cockayne and Vitek, 1974) and therefore
correction has to be applied to obtain the actual dislocation width (dg) as (Cockayne, 1972):

4 b—a

dur = (| A2 — = o (A4)
where
g e (A5)
g (b +55)
and
b _ 27s, (A6)

be )’
8- (bpz + ﬁ)
dops is the observed spacing between the partials, b, is the Burgers vector of ith partial dislocation and by, is its edge component. v is

the Poisson’s ratio (see Table A1). s, is the deviation parameter for the applied g(3g) diffraction condition which is given as (Williams
and Carter, 2009):

1
$p=5(n=1) lgl* 4, (A7)

where n = 3 for the g(3g) condition and 4 is the electron wavelength.
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