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In the present study, a systematic investigation on the effect of Fe content on the Hall-Petch coefficient of
(CoCrMnNi);00.x Fex (x = 20, 40, 50, and 60) medium- and high-entropy alloys (M/HEAs) was carried out. The
cold-rolled alloys were annealed at 900 °C and 1000 °C between 3 min and 10 h for recrystallization. Scanning
electron microscope with a backscattered detector was used to obtain micrographs of recrystallized specimens for
grain size calculation. Tensile testing was used to evaluate the mechanical properties of the alloys. The micro-
structure showed that regardless of the alloy composition, the grain size was approximately similar when sub-
jected to the same heat treatment condition. Moreover, all the alloys obeyed the classical Hall-Petch relationship.
Friction stress (solid solution, SS strengthening) decreased with an increase of Fe content, which was attributed
to weak lattice distortion caused by the reduction of the atomic size misfit. The Hall-Petch coefficient, which
represents grain boundary (GB) strengthening, also decreases as the Fe content increases. A linear relationship
between intrinsic stacking fault energy and Hall-Petch coefficient was found not to exist. However, it is proposed
that the monotonic decrease of the Hall-Petch coefficient is directly related to the unstable stacking fault energy
(yusrr)- As a result, an increase of Fe content in (CoCrMnNi);go.x Fex alloy system leads to an increase of yysgg,
which in turn weakens GB strengthening (Hall-Petch coefficient). Moreover, HEAs and MEAs with higher Fe
content tend to have low yield strength due to weak contributions from both SS and GB strengthening. Therefore,
to design superior MEAs and HEAs with enhanced strength, the choice of principal elements and their respective
contents is imperative for an optimized contribution from both SS and GB strengthening mechanisms.

1. Introduction

High entropy alloys (HEAs) have received tremendous scientific
attention as they tend to possess superior physical and mechanical
properties compared to the conventional alloys. This paradigm shift is
attributed to the quest for scientists and engineers to develop alloys that
can operate in practically demanding environments. Therefore, har-
nessing the proposed high strength of HEAs becomes an interesting
adventure. HEAs are often defined as alloys with five or more principal
elements with a concentration range of 5-35 at.% while that of medium-
entropy alloys (MEAs) as alloys having four or less principal elements in
equiatomic or near equiatomic [1,2]. Initially, research was confined to
finding single-phase alloys with simple solid solution crystal structures
such as face-centered cubic (fcc), body-centered cubic (bcc), and

hexagonal close-packed (hcp) [3,4]. Of the three crystal structures, fcc
HEAs have been widely studied because their compositions and micro-
structures are easily tunable to obtain high ductility [5]. However, their
impressive ductility is mostly preceded by low yield and tensile
strengths (YS/UTS). Therefore, several attempts have been made to
improve the strength of fcc HEAs, which include precipitation hardening
(PP), solid solution strengthening (SS), transformation- and twinning
induced plasticity (TRIP/TWIP), and grain boundary (GB) strengthening
[6-13]. The first four mechanisms (PP, SS, TRIP, and TWIP), have been
widely used in improving mechanical properties of HEAs compared to
GB. This is so against the backdrop of alloy design complexities and
possibly cost, when some of these strengthening mechanisms are
invoked. For instance, to trigger TRIP/TWIP in some HEAs, the alloy
composition has to be engineered in such a way that the stacking fault
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energy (SFE) is significantly reduced [9,14,15]. This ingenious variation
of the chemical composition of HEAs can, sometimes, lead to costly al-
loys especially when elements such as Co are used to obtain reduced SFE
values [16].

On other hand, GB strengthening is an inherent mechanism of any
particular alloy and can be easily harnessed by suitable thermo-
mechanical processing without a complicated approach in alloy design.
This type of strengthening is well expressed by the classical Hall-Petch
relationship (HP), which relates the grain size with theYS.

o,= 0, +Kd?} ¢8)

where oy is the YS, o, is the friction stress, Kj, is the HP coefficient, and
d is the mean grain size. Liu et al. [17] measured hardness as a function
of grain size in the equiatomic CoCrFeMnNi HEA and found that the
alloy follows the HP relationship but with a higher hardening coefficient
compared to the conventional alloys. Moreover, for the similar alloy,
Otto et al. [13] reported a HP coefficient of 494 MPa x pm’l/ 2 using
tensile test data carried out at room temperature. In addition, they
demonstrated that temperature has an effect on the HP coefficient, in
that it is higher at 77 K (538 MPa x pm~'/2) and then decreases as
testing temperature is raised to 1073 K (127 MPa x pm /2). Other
studies have been carried out both at room temperature [18-20] and low
or high temperatures [13,21]. However, apart from the effect of tem-
perature on the HP relationship [13,21], there is limited literature about
other factors affecting GB strengthening (HP coefficient) at room tem-
perature considering that there is a variation as the composition of an
alloy changes. In the present study, we carried out an investigation on
the effect of changing Fe content on the mechanical properties of an
equiatomic CoCrFeMnNi HEA. Interestingly, both the friction stress and
HP coefficient decrease as the Fe content increase (CoCrMnNi);go.x Fey,
which means that SS and GB strengthening mechanisms are inferior in
the non-equatomic HEAs with higher Fe. Finally, the possible factors for
such phenomenon are postulated and discussed.

2. Experimental methods
2.1. Ingot preparation

The (CoCrMnNi);go.x Fex HEAs and MEAs (where x = 20, 40, 50, and
60 at.%) were produced by arc-melting technique in a water-cooled
copper mould with the raw materials having a purity > 99.98 at.%.
Prior to melting, the pure elements were cleaned using SiC paper to
remove any possible oxide layer. To compensate for the easy evapora-
tion of Mn, 1% was added. The alloys were flipped and re-melted for at
least five times to minimize chemical inhomogeneity.

2.2. Heat treatment

The as-cast materials were homogenized at 1000 °C for 24 h under
argon gas to remove any remaining chemical micro-segregation before
water-quenching. The cylindrical cast ingots with a dimensions @15 x
120 mm were cold rolled with a 90% thickness reduction (final thickness
~1.5 mm). Heat treatment specimens were obtained from the mid-
section of the rolling-normal plane (RD-ND) of the cold-rolled plate
and annealed at 900 °C for 3 min, 15 min, 1 h and 2 h, and at 1000 °C for
2 h and 10 h to obtain microstructures of various grain sizes (fine to
coarse). The annealed specimens were water-quenched. The aforemen-
tioned annealing temperatures were chosen such that to avoid the for-
mation of any possible second phases such as sigma (s) phase that is
popularly formed in equiatomic CoCrFeMnNi (Fe20) when annealed at
temperatures below 800 °C [22].

2.3. Microstructural characterization

Characterization of the microstructure was done using scanning
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electron microscopy on a backscatter mode (SEM-BSE). After annealing,
samples for SEM observation were mechanically polished up to #2400
SiC paper and then electro-polished in a solution made of 90%
perchloric acid and 10% acetic acid with a voltage of 15 V for 3 min. The
grain size from the SEM micrographs was obtained by line intercept
method counting annealing twins as a boundary. An average of 5 mi-
crographs was used to calculate the grain size in each condition. A
summary of the grain size is shown in Table 1.

2.4. Mechanical testing

To investigate the mechanical properties of Fe20, Fe40, Fe50, and
Fe60 alloys, room temperature tensile testing was carried out using dog-
bone shaped specimens at a strain rate of 8 x 10~* s™1. The dimensions
of tensile specimens were sectioned from annealed samples parallel to
the rolling direction using electrical discharge machining having gauge
dimensions of 10 x 2.5 x 1 mm?®. The thickness of the tensile specimens
was achieved by mechanical thinning using SiC paper to obtain a mirror-
like surface. A white spray followed by small amounts of black spray
were applied to obtain a speckle pattern for precise strain measurement
using digital image correlation technique.

3. Results and discussion
3.1. Microstructure

The microstructure of the representative samples of the Fe20-Fe60 is
shown in Fig. 1. The micrographs (a)- (d) show the microstructure of
specimens annealed at 900 °C for 3 min while (e) — (h) show that of
specimens after long-term annealing of 10 h at 1000 °C. It is interesting
the note that even 3 min of annealing is enough to fully recrystallize the
alloys under study and induce grain growth at the same time. This in-
dicates faster recrystallization kinetics primarily due to the high tem-
perature involved [23]. The average grain size obtained from the above
heat treatment condition was about ~3.6 ym as shown in Table 1.
Moreover, it is noteworthy that the mean grain size remains fairly the
same regardless of the composition (increment of Fe content) and also
that the grain growth kinetics are quite slow even on the non-equiatomic
alloys such as Fe40— Fe60. In fact, their calculated grain growth expo-
nent, n, for the four alloys falls in the region of ~2.8 + 0.35 (not shown
here) at 900 °C, which is similar to that of the equiatomic CoCrFeMnNi
(~2.8-3.08) reported in other studies [17,24,25]. The small difference
between the value in the present study and others studies can be
attributed to the difference in alloy preparation and annealing temper-
atures. However, the effect of this difference can be ignored since it is
not significantly high. Therefore, it can be deduced that the change of Fe

Table 1

Grain sizes of Fe20 - Fe60 alloys annealed at 900 °C and 1000 °C for 3 min-10h
The grain size was measured using the line-intercept method on at-least five
micrographs for each condition. Annealing twins were counted as a boundary.

Temperature Annealing Grain size (ym)
cQ time
Fe20 Fe40 Fe50 Fe60
900 3 min 3.3+ 3.7+ 3.7+ 4.4+
1.4 1.7 1.9 2.0
15 min 6.7 £ 7.8+ 82+ 6.3 +
2.3 2.1 2.6 3.4
1h 11.2 + 9.5 + 10.1 + 12.1 +
2.5 2.9 2.1 2.2
2h 16.7 £ 16.0 + 15.7 + 18.6 =
3.2 2.8 3.7 3.8
1000 2h 39.4 + 415 + 42.3 + 375+
1.8 2.4 3.5 4.2
4h 50.9 + 50.9 + 49.9 + 52.7 +
3.4 3.3 2.3 2.9
10h 56.2 + 57.0 £ 54.0 + 56.9 +
4.4 2.4 3.3 2.8




L Ondicho et al.

S0 ym

Intermetallics 136 (2021) 107239

500 ym

S00 pum

RD

Fig. 1. Representative SEM-BSE images of specimens annealed at 900 °C for 3 min (a-d), and 1000 °C for 10 h (e-h). Fe20 (a, b), Fe40 (c, d), Fe50 (e, f), and Fe60 (g,
h). The arrows (white) show the annealing twins while the yellow circles indicate a possible Mn oxides.

content has no significant effect on the grain growth behavior of the
studied CoCrMnNi);go.x Fe, and that the sluggish diffusion effect re-
ported in Fe20 is fairly maintained by the alloys with higher Fe content
[17].

Annealing twins, identified by the white arrow, were observed in all
the specimens shown in Fig. (a)-(h) and even in those micrographs not
shown here. In addition, it was observed that their density tends to be
high in Fe60 specimens especially those annealed in short periods as in
the case of Fig. 1d. Nearly every grain in Fe60 specimen annealed at
900 °C for 3 min contains an annealing twin unlike in Fe20, Fe40, and
Fe50. Jin et al. studied the development of annealing twin during
recrystallization and grain growth of pure nickel and concluded that the
annealing twin density increases during recrystallization whereas it
decreases during grain growth [26,27]. A similar phenomenon can be
observed in the present study where specimens with high density of

annealing twins correspond to those with short annealing periods after
recrystallizations has just been completed. However, after 10 h of
annealing, the density of annealing twins tend to be low.

The black spots shown in Fig. 1 (b,c, and g) are oxides mainly from
the Mn, which is known to be prone to oxide formation according to
Energy-dispersive X-ray spectroscopy analysis (not shown here). It is
possible the environment in the arc-melting machine is not entirely a
vacuum. A quick analysis of the micrographs presented in Fig. 1, and X-
ray diffraction patterns (not shown here) indicate that the alloys are a
single-phase fcc at all annealing conditions. This is also confirmed from
previous theoretical calculations and experimental reports that heat
treatment of CoCrFeMnNi-based HEAs and MEAs resulted in a single
phase fcc microstructure [28].
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3.2. Mechanical properties

The engineering stress strain curves of Fe20 — Fe60 alloys tensile
tested at room temperature are shown in Fig. 2. The YS decreases as the
grain size increases according to the classical HP relationship [29]. It
should be noted that to obtain a good regression analysis of the HP
parameters, specimens with a large scatter were excluded from the
graphs. In our previous report [30], the effect of Fe on the SS
strengthening of CoCrMnNi);gp.xFe, MEAs and HEAs was investigated
using theoretical models. In that study, the effect of other strengthening
mechanisms (PP, and GB strengthening) was not taken into consider-
ation simply because there was no precipitates observed in the micro-
structure and the fact that the specimens used for tensile testing had
nearly equal grain size, respectively. The yield strength of a material is
affected by the following strengthening mechanisms: SS strengthening
(Aocss), GB strengthening (Aogg), and PP hardening (4op), as shown
below.

0, = Aoss + Aogp + Aop 2)

The precipitation hardening term on right hand side of Eq. (2) can be

(a) 800

—

(=2
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ignored since the alloys exhibited single-phase fcc according to the x-ray
diffraction technique (not shown here). Therefore, the main strength-
ening mechanisms of these MEAs and HEAs are SS and GB strength-
ening. Unlike the GB strengthening, the effect of solid solution term is
well documented in Ref. [30], where it was found that the increment of
Fe content ‘dilutes’ the complex concentrated nature of HEAs. The
dilution leads to a less distorted crystal lattice as a result of decreased
atomic size misfit parameter, hence, decreased YS. The average grain
used for the previous study was approximately 6.35 pm [30]. It is
interesting that the YS of Fe20, Fe40, Fe50, and Fe60 HEAs and MEAs
with an average grain size of 3.6 pm showed a similar tendency in the
present study as shown in Fig. 2e. A simple extrapolation of the point of
intersection between YS and total elongation (TE) shows that
Fesy(CoCrMnNi)g3 could potentially be an optimal composition for
strength-ductility balance. Moreover, Zhang et al. [31] investigated
local structural distortion induced by chemical complexity in CoCr-
FeMnNi HEA and established that static atomic displacement parameter
for this alloy at 0 K to be 0.035-0.041 A, which is higher than that of
pure Ni. In addition, Mn was reported to exhibit large bond distances
with neighboring atoms compared to other atoms (Co, Cr, Fe, Ni) using

)m

{ Fe20 Fed0
700
-~ ™] s
e a
o 600 -
500
g -}
o 80 »
3- { s- 400
2 4w ©
S = 300
- -
@ 300 - . ®
o —33um O
200
o 20 :-—6 7um | G
167 ym
100
100 :~— 394 ym
| ——56.2ym !
o T T v - v - 1 0+ T T T T T T T
00 01 02 03 04 05 08 07 00 01 02 03 04 05 06 07 08
Eng. strain, e Eng. strain, e
(C) 700 (d)mo
Fe50 Fe60
_ 600+ 0
(] o
o o
= 500 =
S <
» ]
@ 400 & 400
®
8 8
= = 300
v 300 ¥
7 o
2 200 [ < 200-
w —37um | W
8.2 ym
100 - 100
o pre 10,1 pm
—54 um
° ——— —————————— o4 v v v
00 ©01 02 03 04 05 06 07 08 00 02 0.4 06 08
Eng. strain, e Eng. strain, e
T T pnan na M 'I 3 6' 70
[==Y5| grain =~3.6 pm
(e) 400 x| Orainsize ¥
65
&
360
E - 60 5
= s
£
? 320 4 L 55 _S
[ \ =
@ \ g
- 280 - ' [0 o
2
s 45
240 1 05,(COCrMnNi)g, i
40

T T Y T T

40
Fe content (at.%)

50 60

Fig. 2. Tensile properties of (CoCrMnNi);pp.x Fex HEAs/MEAs. (a)-(d) Shows the engineering stress-strain curves of (a) Fe20, (b) Fe40, (c) Fe50, and (d) Fe60
obtained at room temperature from various grain sizes. (e) Yield strengths of Fe20, Fe40, Fe50, and Fe60 from specimens with same grain size (~3.6 pm) to show the

effect of solid solution strengthening.
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extended X-ray absorption fine structure measurements. A similar
conclusion was drawn by Yoshida et al. [18]about Mn atoms, who also
proposed an elemental — elemental combination as an additional
strengthening mechanism in MEAs and HEAs. In their study on quanti-
tative determination of the lattice constant in HEAs using XRD, Wang
et al. [32] highlighted that Cr atom plays a superior role in SS
strengthening compared to the other principal elements in CoCrFeNi
HEA. Therefore, increasing the Fe content in the present study, leads to a
proportional decrease of Mn and Cr elements, which are known to play a
superior role in SS strengthening.

3.3. Grain boundary strengthening

The classical HP relationship, as denoted by Eq. (1), is widely used to
describe GBstrengthening [33,34]. The HP equation can show the effect
of both SS and GB strengthening using the first and second terms on the
right hand side of Eq. (1).

One of the unique characteristic of HEAs is their indistinguishable
matrix and solute compared to conventional alloys, a feature that is
mainly attributed to the presence of more principal elements. As a result,
the large atomic size misfit due to different atomic sizes of the principal
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elements involved induces severe lattice distortion to their crystal lat-
tice. Therefore, it becomes difficult to introduced new dislocations in a
severely distorted crystal lattice, hence contributing to high YS reported
in HEAs, especially, in the equiatomic compositions [35,36]. Therefore,
SS strengthening in HEA has a direct relationship with lattice distortion
of the alloy. Consequently, SSstrengthening in MEAs and HEAs can be
evaluated theoretically using a model initially developed by Toda et al.
[37] and later refined by Yoshida et al. [18], which predicts their lattice
distortion by evaluating their average atomic size misfit. This model was
successfully used on our previous report [30]. Moreover, solid solution
in MEAs and HEAscan also be obtained experimentally from the friction
stress term of the HP relationship as shown in Eq. (2). The values of
friction stress and HP coefficient were obtained by fitting the data points
of YS versus the inverse square root of the grain size, as shown in Fig. 3.
The values of friction stress for Fe20, Fe40, Fe50, and Fe60 are 194 MPa,
169 MPa, 159 MPa, and 149 MPa, respectively. These values are also
plotted as a function of Fe content and compared with other MEAs and
HEAs in literature, as shown in Fig. 3e. It is evident that the decrease in
friction stress as a function of the Fe content is monotonic and that the
highest decrement (25 MPa) is observed after adding 20 at.% of Fe to the
equiatomic CoCrFeMnNi HEA. This agrees excellently with the
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theoretical calculation which also predicted that the decrease in atomic
size misfit, hence lattice distortion, is largest when the composition
changes from Fe20 to Fe40 while the change from Fe40 to Fe50 and
finally to Fe60 is minimal, which corresponds to approximately 5.9%.
Therefore, it can be deduced that at higher Fe content the crystal lattice
becomes less distorted, and as a result the contribution of SS strength-
ening also becomes weak. This phenomenon translates to low YS of
non-equiatomic MEAs and HEAs compared to their equiatomic coun-
terparts [38]. Moreover, recently Yoshida et al. [39] proposed short
range order or short range clustering (SRO or SRC) as an additional
strengthening mechanism in MEAs and HEAs compared to the conven-
tional alloys or dilute alloy systems. This additional hardening was
attributed to preferential element-element combination, which in-
creases significantly, the average potential energy for a dislocation in
high-alloy systems compared to even dilute alloys having the same or
higher average lattice distortions to the high-alloy systems [39].

Interestingly, the slope, which represents the HP coefficient (K,),
decreases as well as the Fe content is increased. The Kj, values for Fe20,
Fe40, Fe50, and Fe60 are 490, 302, 267, and 208, respectively, as shown
in Fig. 3a — d, also showing a monotonic decrease. Therefore, it can be
infered that increasing the Fe content weakens both SS strengthening
and GB strengthening mechanisms. The HP coefficient is affected by
factors such as interstitial atoms (e.g carbon and boron), precipitates,
crystallographic texture, temperature and the stacking fault energy
(SFE) [21,43,44]. Both interstitial atoms and precipitates tend to
segregate to the grain boundaries, therefore, significantly increasing the
critical shear stress required for slip transfer from one grain to another
[45-47]. However, since the alloys under study have no precipitates nor
interstitial elements, their contribution to GB strengthening is excluded.
In addition, some researchers have postulated that alloys with low SFE
tend to have superior HP coefficient due to reduced cross-slip activity
courtesy of enlarged stacking faults in FCC materials [48,49]. Based on
this criterion, HEAs with low SFE values should have high HP coefficient
values, hence superior GB strengthening. However, sampling a few re-
ports from literature shows that there is no linear relationship between
SFE and the HP coefficient. For instance, CoCrFeMnNi and CoCrNi have
low SFE values of 26 + 4.5 mJ/m ™2 and 18 + 4 mJ/m 2, respectively,
compared to high SFE values reported in Cu-Al and Fe-Ni alloys [50,
51]. Their corresponding values of the HP coefficient are 490
MPa/pm’l/ 2 [20] and 265 MPa/ pm’l/ 2 [19]. Furthermore, CoFeNi and
MnFeNi with SFE values of 70 mJm 2 and 80 + 20 mJm ™2 have a cor-
responding HP coefficients of 288 MPa/pum™'/2 [41] and 590 + 25
MPa/pm_l/ 2 [40], respectively. Based on the SFE criterion, the HP co-
efficient value of CoCrNi should be slightly higher than that of CoCr-
FeMnNi HEA while those of CoFeNi and MnFeNi MEAs should be ideally
similar because there is no significant difference in their SFE values.
Moreover, CoFeNi and MnFeNi should ideally have lower HP co-
efficients compared to that of CoCrFeMnNi and CoCrNi. Interestingly,
MnFeNi MEA has a significantly higher HP coefficient (590 + 25
MPa/ pm’l/ 2) despite having a high SFE (80 + 20 me’z) compared to,
for instance, CoCrNi MEA (265 MPa/pm’l/ 2), which has a lower SFE
(18 +4mJ /rn’z). It is also important to note that the [42] HP coefficient
of MnFeNi is even higher than its quinary counterpart, equiatomic
CoCrFeMnNi HEA. Therefore, it is evident that in HEA/MEAs, a linear
relationship of SFE versus the HP coefficient does not seem to exist. A
similar conclusion was deduced in a recent work by Schneider et al.
[52], who established that CrFeNi exhibited a high HP coefficient
compared to CrMnFeCoNi, CrCoNi, and CrFeCoNi MEA and HEAs,
despite having the largest SFE, which is inconsistent with the classical
relationship for pure metals and conventional alloys[53] .

The dislocation pile up and grain boundary ledges models have been
widely accepted as theoretical models in explaining the origin of dislo-
cations responsible for GB strengthening [54,55]. According to the
dislocation pile-up model, dislocations from a Frank-Read source move
freely in the grain matrix but their motion and transmission to the
neighboring grain is impeded by the presence of GBs. Once the motion of
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the leading dislocation is prevented by the GBs, the other trailing dis-
locations form a pile-up, whose length is determined by the grain size. It
is important to note that, the stress concentration is highest at the
pile-up tip due to forces exerted by individual dislocations behind the
leading dislocation. The stress is even higher in coarse-grained micro-
structure because their pile-up length is longer than in fine grained
microstructure. Therefore, only a small value of applied (external) stress
will be required to transmit dislocations from the pile-up across the GB
or initiate slip in the neighboring grain of a coarse-grained microstruc-
ture resulting to a yielding of a polycrystalline material [56]. However,
the lack of evidence of dislocation pile-up at the GBs in some poly-
crystalline materials [57,58], prompted the need for an alternative
model to explain the origin of GB and HP relationship. Li [59] proposed
GB ledges as the source of dislocations responsible for the GB
strengthening. In this model, the GBs emit dislocations, which move to
the grain matrix to form forest dislocation. The GB ledges density was
found to be inversely proportional the grain size similar to the disloca-
tion pile-up model. Moreover, it was noted that the strength of GB can be
interpreted as the stress required to initiate plastic deformation through
dislocation generation from the GB ledges to form forest dislocation in
the GB vicinity [59]. Interestingly, both experimental and molecular
dynamics simulations have revealed that GB ledges are the favorable
sources of dislocations [57,60].

Recently Chowdhury et al. [61] used molecular dynamic simulations
(MDS) to investigate slip transmission mechanisms in Ni-Co fcc binary
alloys across X 3 coherent twin boundaries and showed that the transfer
of the first dissociated dislocation in a pile up was significantly affected
by unstable SFE (yyspg) than intrinsic SFE (yispg). Borovikov et al. [62]
studied the role of stable and unstable SFE on dislocation nucleation and
their apparent effect on the YS of nano-crystalline metals. Only a MDS
was employed in this study due to the inability to experimentally isolate
the effects of SFE without the contribution from other factors like GB
sliding and grain rotation. It was postulated that the YS is proportional
to both yysrg and yispg. However, from the present study and the results
of Schneider et al. [52], the latter seems to have little effect on the GB
strengthening of HEAs and MEAs. In its place, the former (yyspg) tends to
play a decisive role in explaining the unique behaviour and evolution of
HP coefficients in HEAs and MEAs. Interestingly, Schneider et al. [52]
plotted HP coefficients of HEAs and MEAs derived from CoCrFeMnNi
system as a function of yyspg values calculated by Huang et al. [63], and
a linear relationship was observed. Therefore, HEAs and MEAs, with
high yyspe will possess superior HP coefficients and consequently,
enhanced GB strengthening. This observation is consistent with the
postulations of Borovikov et al. [62]. Based on these findings, it is
reasonable to deduce that an increase of Fe content from Fe20 (CoCr-
FeMnNi) to Fe60, induces a proportional decrease of the yyspg, which
brings about a decrease of the HP coefficient. Furthermore, Tadmor and
Bernstein [64], Chowdhury et al. [61]and Borovikov et al. [62] have
proposed that the propensity of partial dislocation emission has a strong
dependency on the yysgg, which predisposes the theory of the GB ledges
as the source of dislocation, proposed by Li [59] as the ideal theory in
explaining the GB strengthening in addition to early evidence by Refs.
[57,60].

The present findings of HP coefficient dependence on the yyspg
provides an insight into the role the constituent principal elements and
their respective concentrations play on the GB strengthening in HEAs
and MEAs. Another notable feature from Fig. 3 e and f, is the decrease of
both the SS and GB strengthening as the Fe content is increased, which
explains their inferior YS compared to the equiatomic composition.
Moreover, an inverse relationship between SS and GB strengthening is
observed in other HEAs and MEAs from literature as shown in Fig. 3e
and f. Those alloys with high HP Coefficient, hence superior GB
strengthening, have a correspondingly weak SS strengthening based on
their low friction stress values. Therefore, to design alloys with superior
YS an ingenious choice of elements and their respective concentrations
are key in optimizing both SS and GB.
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4. Conclusion

In the present study, an experimental investigation on the effect of Fe
content on SS and GB strengthening of (CoCrMnNi);o¢.x Fe, MEAs and
HEAs was carried out and the following conclusions can be drawn:

1) Increasing the Fe content while the other four elements remain in
equiatomic, SS strengthening is weakened. This is attributed to the
reduced lattice friction, which arises from the decreasing atomic size
misfit that is responsible for the pronounced lattice distortion hence
increasing the difficulty of introducing new dislocations. The pro-
portional decrease of Cr and Mn atoms, which are reported to play a
significant role in SS hardening, contributes to the weak lattice
distortion.

2) Also, a linear relationship between the Fe content and GB strength-
ening was established. HEAs and MEAs with high Fe content tend to
have a weak GB strengthening as a result of a monotonic decrease of
the HP coefficient. Therefore, the low YS values of, say Fe60, can be
attributed to both inferior SS and GB strengthening. Based on these
findings and some selected results from literature, it is evident that to
design alloys with superior YS, ingenious selection of elements and
their concentration plays a key role in optimizing SS and GB
strengthening.

It was established that there is no linear relationship between HP

coefficient and intrinsic SFE. The decrease of the HP Coefficient as Fe

content is increased was attributed to a proportional increase of
unstable SFE.

3
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