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In the current work, a parallel comparison of the influence of Al, Mo and Ti, on the microstructure and
strengthening of the CoCrFeNi alloy was conducted. To achieve this, inconsistencies on variables includ-
ing the extent of alloying, thermomechanical processing and property-evaluation method were avoided.
Microstructurally, following cold-rolling, annealing of the 4 at.% Al-doped alloys at 800-1000 °C did not
result in phase separation; nevertheless, that of the 4 at.% Mo- and Ti-doped alloys led to the respective
formation of o and n phase and, consequently, caused extra strengthening through the Orowan disloca-
tion bypassing mechanism. Our systematic qualitative analysis and DFT calculations showed that Al and
Ti are more effective than Mo in reducing the stacking fault energy (SFE) of the CoCrFeNi alloy, because
they can induce more considerable deformation of electronic density, making the gliding of atomic layers
easier. Following identical thermomechnical processing, Al-, Mo-, and Ti-doping causes different extent
of solid solution strengthening and grain boundary strengthening. Mo causes the most pronounced solid
solution strengthening but does not benefit the grain boundary strengthening; in contrast, the effective-
ness of grain boundary strengthening is boosted by the doping Al and Ti. Current analyses support that
Labusch instead of Fleischer mechanism is applicable to explain the differences in solid solution strength-
ening, and the observed differences in grain boundary strengthening arise from the different tendency of
Al, Mo and Ti to reduce the SFE of CoCrFeNi. In addition, we determined the value of the dimension-
less parameter f in the Labusch model for CoCrFeNi-based alloys and observed a close relation between
Hall-Petch slope and SFE. Although more in-depth studies are needed to provide full and mechanistic
understandings, both these findings in fact presents significant values toward designing novel single-
phase high-strength CoCrFeNi-based alloys through manipulating the solid solution and grain boundary
strengthening by compositional tuning.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

1. Introduction

[20], among many others. Experimental observations showed that
the solubility of the alloying elements in the CoCrFeNi alloy var-

With the face centered cubic (fcc) CoCrFeNi alloy [1,2] serving
as the starting point for many other high entropy alloys (HEAs)
[3,4], alloying effects on CoCrFeNi has been a continuously active
topic. Numerous studies were conducted to understand the indi-
vidual or synergistic effects of alloying elements like Al [5-7], Ti
[8-10], Mo [11,12], Nb [13], Zr [14], Cu [15-18], Y [19], and Ta
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ied significantly (e.g., 6-10 at.% for Al, ~5 at% for Mo, <7 at%
for Ti, <2.5 at.% for Ta and<1 at.% for Y). Alloying different ele-
ments beyond their solubility led to the formation of varying new
phase(s), such as B2 and bcc phases for Al [5-7], o and w phases
for Mo [11,12], o and Laves phases for Ti [8], Laves phase for Ta
[20], and CaCus-and NizY-type phases for Y [19]. Consequently, the
mechanical properties of the CoCrFeNi-based HEAs were optimiz-
able through appropriate alloying. For example, a fully eutectic mi-
crostructure with a mixture of fcc and Co,Ta-type Laves phases
were obtained by alloying 9 at.% Ta to the CoCrFeNi alloy and
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this bulk ultrafine (100-200 nm) lamellar microstructure led to
an excellent combination of mechanical properties (1316 MPa yield
strength, 2293 MPa fracture strength, and 22.6% plastic strain) [20].
Other representative successes achieved through CoCrFeNi-based
alloying include the particle-strengthened CoCrFeNiTip, [10] and
CoCrFeNiMoy [11] alloys. All of these alloys had their mechanical
property data located on the upper-right comer of the strength-
ductility “banana diagram”, indicating a deviation from the con-
ventionally recognized trade-off that applies to traditional materi-
als.

Mechanical properties of materials, such as strength and tough-
ness, are determined by their microstructure which is in turn di-
rectly affected by a few variables include the composition and pro-
cessing condition/history. Many prior investigations provided much
empirical information regarding the compositional effects on the
CoCrFeNi alloy; however, a distinct compositional effect is often-
times not obtainable by comparing these studies due to their lack
of consistency in variables other than composition. For example,
Wu et al. [1,21], Li et al. [7], Liu et al. [11], Jiang et al. [22], and
Shun et al. [9] investigated the microstructure and mechanical be-
havior of the base CoCrFeNi alloy and the effects of Al, Mo, Ta, and
Ti respectively. In their studies, the method to fabricate (e.g., arc-
melting or powder metallurgy) the materials and the state (e.g.,
as-cast state, rolled or recrystallized state) under which the mate-
rials were tested were significantly different. In addition to these,
the test method applied to evaluate the mechanical properties of
the alloys also lack consistency. Thus, the isolation of the composi-
tional effects is hardly achievable due to the co-influence of multi-
ple variables.

Understanding the compositional (type of dopant) effect is es-
sentially important for establishing HEA thermodynamic database
and hence building microstructure-based predictive models toward
designing advanced alloys with high strength. Toward this under-
standing, the current work compares the effects of a few represen-
tative and most-often-doped “solute” atoms, namely Al, Mo and Ti
on the model CoCrFeNi alloy. To meet the goal, inconsistency of
variables other than solute type was avoided by making the extent
of alloying, fabrication method, and the state under which the al-
loys were tested identical. Specifically, 4 at.% Al, Mo and Ti were
alloyed to the CoCrFeNi alloy to obtain the Coy4CrysFessNipgAly,
Coy4Cry4Fe 4NingMoy, and CoyyCrygsFe 4NinyTiy alloys, respectively.
All alloys identically went through arc-melting, drop-casting,
homogenization heat treatment, cold-rolling with same thick-
ness reduction and 1-hour recrystallization annealing under
the same temperatures. Quasi-static tensile tests were per-
formed on the annealed alloys to assess the mechanical prop-
erty differences, the origins of which was subsequently identi-
fied through comprehensive crystallographic and microstructural
characterizations.

2. Experimental and computational methods

Ingots of the base equiatomic CoCrFeNi alloy, and
the C024C1'24F924Ni24A14. C024C1‘24F824Ni24M04, and
Coy4Cry4Fe 4NiyyTiy alloys were fabricated by arc melting the
constituent elements (>99.9% pure) in a water-cooled copper
hearth under argon atmosphere. To improve chemical homogene-
ity, the arc-melted buttons were flipped and re-melted five times
before drop casting into rectangular cross-section copper molds
measuring 12.7 mm x 25.4 mm x 127 mm. The drop-cast ingots
were homogenized at 1200 °C for 24 hour followed by water
quenching. They were then rolled at room temperature along
the longitudinal ingot direction to a final thickness of ~1.6 mm
(~87% thickness reduction) without cross-rolling or intermediate
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annealing. The rolled materials were annealed at 800, 900, 1000,
and 1100 °C for 1 hour, respectively.

Pieces cut from the 1h-annealed rolled sheets were crystal-
lographically examined using a Panalytical XPert PRO MRD go-
niometer equipped with copper radiation (XRD, Cu K, 40 kV,
40 mA, 1.2°/min) to assess their phase components. The sam-
ples were scanned through 26 ranging from 30 to 90 degrees
with a scan rate of 1.2 degree/minute. Microstructures of these
materials were characterized using a Quanta 650 FEG SEM oper-
ated in the backscattered electron (BSE) mode and a JEOL-2100
TEM high-resolution transmission electron microscope (TEM) cou-
pled with energy dispersive spectrometer (EDS). TEM samples
were first ground to ~ 60 pym and then punched to ®3 mm cir-
cle sheets, followed by twin-jet electro-polishing using a mixed
solution of HNO3 : CH40,, 1 : 4 under a temperature around
233 K.

The mechanical properties of the alloys were tested using
quasi-static tension tests at room temperature. Flat dog-bone-type
specimens with a gage length of 9.525 mm cut from the annealed
sheets by electrical discharge machining (EDM) with their longi-
tudinal axes perpendicular to the rolling direction were used for
the tensile tests. All faces of their gage sections ground through
600-grit SiC paper. Tensile tests were performed with a screw-
driven tensile testing machine (SHIMADZU AGS-X 50 KN) with a
crosshead speed of 0.572 mm/min (engineering strain rate of 10~3
s~1) under room temperature in ordinary ambient air. Full range
extensometer (SHIMADZU Non-Contact Digital Video Extensome-
ter) was used for strain measurement. Three nominally identical
specimens of each alloy.

First-principles calculations based on density-functional the-
ory as implemented in VASP [23] were performed to shed light
on the effects of Al, Ti, and Mo on the SFE of CoCrFeNi alloy.
The Perdew-Burke-Ernzerhof (PBE) form of the gradient corrected
functional was used to describe the exchange and correlation in-
teractions [24]. Electron-ion interactions were modeled using the
projector-augmented-wave PAW method [25]. The energy cutoff for
the plane-wave basis set was 400 eV, and the energy convergence
was 106 eV. Spin-polarization was considered in all calculations.
The axial interaction model (AIM) [26,27] was adopted to calcu-
late averaged SFEs for alloys with different compositions based
on the constructed special quasirandom structures (SQS) with op-
timized short-range order parameters [28,29]| through a simu-
lated annealing algorithm [30]. Specifically, SQS supercells contain-
ing 144 atoms were prepared to calculate the energies required
to calculated SFE. Three structures were considered namely, fcc,
hcp, and dhcp structures. The SFE was then calculated by yisf =

w, where Egpcp, Enep, and Eg are the total energy
per atom of the dhcp, hcp and fcc phase, respectively, and A is the
stacking fault area. Both the cell parameters and internal coordi-
nates were fully optimized and three independent SQS supercells
were calculated and the energies were averaged to calculate SFE.
We have checked the convergene of the average energy from the
three SQS supercell. For example, for CoCrFeNi+Al, the standard
deviation of the energy of the three FCC SQS supercells is only 3
meV/atom.

Although the SFEs from the AIM model represent average val-
ues of the considered alloys, it is difficult to understand the ob-
served trend. Therefore, we also employed the slab model to probe
the changes near the stacking fault region induced by Al/Mo/Ti
dopants [30,31]. With the slab model, the SFEs would depend on
the distribution of the alloying elements. Therefore, we carried
out selective calculations to reveal the different effects of Al/Mo/Ti
dopants. The charge density derived from the slab model was used
to analyze the alloying effects from different dopants.
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Fig. 1. X-ray diffraction patterns of CoCrFeNi alloy (a) and those doped with 4 at.% Al (b), Mo (c), and Ti (d) annealed at 800, 900, 1000 and 1100 °C for 1 h following room

temperature rolling.

3. Results and discussion
3.1. Phase components and microstructure

Fig. 1 shows the XRD patterns for the investigated alloys
annealed at different temperatures following cold rolling. For
CoCrFeNi, C024Cl'24F624Ni24A14 and C024C1'24F924Ni24M04 alloys an-
nealed at all temperatures, only diffraction peaks corresponding
to fcc phase were observed. Additional peaks existed for the 800
°C- and 900 °C-annealed Coy4Cry4Fe 4NiyyTiy alloys, indicating the
presence of secondary phase(s). The corresponding BSE images
were presented in Fig. 2. The presence of only fcc phases in the
CoCrFeNi alloy and that doped with Al at all annealing temper-
atures was confirmed. For the Co,4Cry4Fe;4NijgMoy alloy, a large
number of particles with bright contrast were observed in the 800
°C-annealed specimen; these particles located mainly along the
grain boundaries; the volume fraction of the particle was signifi-
cantly reduced when the annealing temperature increased to 900
°C; annealing at higher temperatures (1000 and 1100 °C) did not
result in the formation of secondary-phase particles. Secondary-
phase particles were also observed in the 800 °C- and 900 °C-
annealed 4 at.% Ti-doped alloys; they exhibit lighter contrast and
are nearly morphologically parallel with each other (Fig. 2).
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We performed further microstructural characterizations using
TEM to identify the nature of the precipitates; the obtained TEM
micrographs for the 800 °C-annealed specimens were presented in
Fig. 3 in which that of the 800 °C-annealed Co,4Cry4Fe 4NipgAly
alloy (Fig. 3(a)) was also included to confirm its single phase
nature. Compositional analysis on the near-spherical precipitates
(Fig. 3(b)) for the Cop4CrysFe 4NiyMoy alloy showed their rich-
ness in Mo and Cr. The diffraction spot of representative pre-
cipitates indicated that they possess a tetragonal structure. Faint
streaks appear in the SAED pattern, hinting that SFs exist in this
region. These information indicates that the main precipitates in
the Coy4Cry4Fey4NipgsMoy alloy was sigma phase (o phase). In fact,
the precipitation of sigma phase in Mo-containing CoCrFeNi alloys
have been reported previously by a number of researchers [11,12].

The platelet precipitates with a hcp structure observed in
Fig. 3(c) are rich in Ti with a composition close to (Ni, Co)3Ti. From
the SAED and HRTEM images, we can see that the platelet pre-
cipitates in the Coy4Cry4Fe 4NiyyTiys alloy grew and elongated in a
specific direction ((1100)) with a narrow thickness and thickened
in step-by-step in (0001) direction. The formation of secondary
platelet precipitates was also observed in Fig. 3(d). The misori-
entation between the first and secondary one was ~ 70° around
<1120 >axis. The lattice spacing of (0001) was measured to be



X. Li, Z. Li, Z. Wu et al. Journal of Materials Science & Technology 94 (2021) 264-274

800°C 900°C 1000°C 1100°C

i

CoCrFeNi
'

CoCrFeNi
-4at.%Al

CoCrFeNi
-4at.%Mo

CoCrFeNi
-4at.%Ti

Fig. 2. Back-scattered electron image of CoCrFeNi alloy (a) and those doped with 4 at.% Al (b), Mo (c), and Ti (d) annealed at 800, 900, 1000 and 1100 °C for 1 h following
room temperature rolling.

100 nm

Fig. 3. TEM micrographs of the Co,4Cry4FeysNizyAly (a), Cop4CragFez4NizgMoy (b), and Coy4CragqFepqNingTig alloys (c); the insets in (b) and (c) present the SAED patterns of
the corresponding observable particles; (d) HRTEM image of the particle present in the Coy4CrysFe;4Niy,Tiy alloy.
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Fig. 4. Representative engineering stress-strain curves of the CoCrFeNi alloy (a) and those doped with 4 at.% Al (b), Mo (c), and Ti (d) annealed at 800, 900, 1000 and 1100

°C for 1 h following room temperature rolling.

~ 84 A (Fig. 3(d)). [110 ]7,/[1120]predpitate was established. All of
the obtainable information suggested that the platelet precipitates
in the Coy4Cry4Fe 4NiyyTiy alloy are the NisTi-type n phase which
was frequently seen in Ti-containing Ni-Co-based (super)alloys
[32-35].

3.2. Mechanical properties

Representative engineering stress-strain curves of the annealed
alloys were presented in Fig. 4. For all 4 alloys, the stress-strain
curves shifted up as annealing temperature decreases from 1100 to
800 °C, accompanied with a monotonic ductility decrease. In terms
of yield strength (oy), the 4 at.%-doping caused strengthening to
the CoCrFeNi base alloy, the extent of which varies with “solute”
atoms. After annealing at all temperatures, the strengthening ef-
fects from Mo- and Ti-doping were more pronounced than that
from Al-doping. For example, after 1 hour annealing at 800 °C, the
CoCrFeNi “solvent” alloy had a yield strength of ~ 375 MPa and the
values of the 4% Al-, Mo-, and Ti-doped alloys reached ~ 425, 830,
and 1030 MPa, respectively. Another finding was that the relative
strengthening effects from Mo, and Ti-doping changes as anneal-
ing temperature. Upon annealing at 800 and 900 °C, 4% Ti-doping
displayed much more pronounced strengthening than Mo-doping;
and reverse trend was observed when the anneals were conducted
at 1000 and 1100 °C.

The yield strength of the annealed specimens for each alloy
extrapolated from the engineering stress-strain curves were pre-
sented in Fig. 5 as a function of grain size (d) calculated from the
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corresponding BSE images (Fig. 2) using the interception method.
Data points for single-phase materials were presented as closed
circles and those precipitate-existing alloys as open circles. It can
be seen that a good fit to oy % can be made for the CoCrFeNi

and Al-doped CoCrFeNi alloy. This classic Hall-Petch relationship
[36,37] is well recognized applicable to single phase polycrystalline
metals with d in the micro-meter range, given by

(1)

where o; is the intrinsic strengthening, and kyp is the Hall-Petch
coefficient representing the degree of grain boundary strengthen-
ing.

In order to reveal the full Hall-Petch relation for the single
phase C024C1"24F624N124M04 and C024Cr24Fe24Ni24Ti4 alloys, addi-
tional annealing steps were conducted at temperatures in their
single-phase range (1050 and 1150 °C) and tensile-tested the ob-
tained specimens. The data points were added to Fig. 5 as closed
squares. Table 1 lists the fitted values of o; and kyp. These val-
ues for the CoCrFeNi alloy are consistent with that derived from
previous study [21]. The solid solution strengthening (oss) caused
by 4 at% Al-, Mo- and Ti-doping were calculated using the dif-
ference in o; between the doped alloys and the CoCrFeNi “sol-
vent” alloy. The so-obtained o values (Table 1) for 4 at.% Al-,
Mo- and Ti-doped alloys were ~ 35.6, 143.8 and 82.5 MPa, respec-
tively. For the 800 °C- and 900 °C-annealed Co,4Cry4Fe;4NizyMoy
and CoyyCrygFeyyNiyyTiy alloys, their extra strengthening resulted
from the corresponding secondary phases particles were calcu-
lated as the differences (i.e., oy — oy yp in Table 1) between the

1
Oy = 0j + kad77
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Table 1

Curve fitting values (o; and kyp in Eq. (1)), solid solution strengthening (o) and precipitation strengthening (opp)

effects of the studied alloys.

oi (MPa)  kpp (MPapm~'2) o4 (MPa)  opp (800 °C, MPa)  oppe (900 °C, MPa)
Oy-Oy.Hp O Orowan Oy=0y.Hp O Orowan
CoCrFeNi 94.9 621.1 0 - - - -
CoCrFeNi-4%Al 130.5 765.8 35.6 - - - -
CoCrFeNi-4%Mo  238.7 623.6 143.8 171.5 221 72.5 51.6
CoCrFeNi-4%Ti 177.4 756.4 82.5 185.5 154.5 82 85.2

experimentally-measured oy and the expected one through the
Hall-Petch relation (oypyp) as indicated by the double arrows in
Fig. 5. It can be seen that for both alloys, annealing at lower tem-
peratures resulted in more pronounced precipitate strengthening.
Another phenomenon that can be derived from Table 1 is that the
Hall-Petch coefficient of the CoCrFeNi alloy did not change much
by 4 at.% Mo doping; nevertheless, Al- and Ti-doping boosted the
coefficient by ~ 23%. In the next sections, we performed system-
atic quantitative and qualitative investigations and analysis to un-
derstand the underlying strengthening mechanisms of this series
of alloys.

In the next sections, we performed systematic quantitative and
qualitative investigations and analysis to understand the underly-
ing mechanistic origins to the observed differences on the effects
of Al, Mo, and Ti on the solid solution strengthening (oss), grain
boundary strengthening effectiveness (kyp), and secondary phases
(oy — oy up) strengthening of the model CoCrFeNi alloy.

3.2.1. Solid solution strengthening

Conventional solid solution theories were developed by assum-
ing that dislocations move through a solvent lattice and encounter
discrete solutes atoms that affect their mobility. A general case to
consider is the energetics of, and the force resulting from, the elas-
tic interaction of a dislocation with the strain field of a single so-
lute atom [38-44]. Two most important contributors to this inter-
action include the atomic size (a) misfit (g = 192) and modulus

adc
(G) mismatch (g = L9¢) between the solute and solvent atoms.

Fleischer considered (;ed[garations between strong obstacles and so
developed a relationship of ogs c%, where c is the solute molar
concentration [45-49]. A relationship of ogs 5 was developed
by Labusch through a statistical treatment of a dislocation mov-
ing through an array of obstacles with a distribution of interaction
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strengths [50-52]. The expressions for these two descriptions are:

. MGe
Fleischer : oy = W()fc% (2)
Labusch : o5 = fGe|c3 (3)

where g = |1+0€~7§|8G| ~3g4]2 and & = [(H%gmcl)2 +a282]3 repre-
sent the overall contributions from elastic misfit, M = 3.06, f is
a dimensionless fitting parameter, and « is a dimensionless pa-
rameter that describes the type of dislocations (for example, « <16
for screw dislocations and o>16 for edge dislocations). In this
present study, =16 was used. It is widely accepted that the Fleis-
cher model is applicable at dilute concentrations and the Labusch
model works in the concentration regime [53-55]. Leyson and
Curtin [56] suggested that in conventional alloys, the critical con-
centration beyond which the strengthening mechanism switches
could be as low as 104, For multi-component equi- or near-
equiatomic alloys, although they were normally treated as mythi-
cal pure “average solvents” since there is no “solvent” or “solute”
in the conventional sense, their solid solution strengthening ef-
fects were very often found explainable and predictable using the
Labusch model [57-59]. When these HEA “solvents” were alloyed
in the conventional manner, there is so far no consensus on the
applicable strengthening mechanism (Fleischer or Labusch). Tong
et al. [10] and Wang et al. [60] used the Fleischer model to cal-
culate oss for the 4.7 at.% Ti-doped CoCrFeNi and 3.1 at.% Mo-
doped CoCrNi alloys, respectively. Varvenne and Curtin [61] ex-
tended the Labusch-type model to successfully predict the solid
solution strengthening of Al-doped CoCrFeNi and CoCrFeNiMn al-
loys with simplifications such as rule-of-mixture elastic constant
and atomic volume. The following analysis was conducted to un-
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derstand the underlying solid solution strengthening mechanism
for the 4 at.% doped CoCrFeNi-series alloys.

To achieve the above-mentioned goal, &, and &; were cal-
culated by assuming a linear a-c and G-c relation within 0-
4 at.% range. The lattice constants (a, 3.5715, 3.5827, 3.5938,
3.5876 A for CoCrFeNi, C024Cr24F624Ni24A14, C024Cr24F624Ni24M04,
and Coy4CrysFe 4NiyyTis alloys respectively) for this calculation
were determined from the XRD patterns. Shear modulus (G) for the
calculation were determined using the rule-of-mixture method as
suggested by Varvenne and Curtin [61] in cases of dilute doping.
According to Eqs. (2) and (3), when the CoCrFeNi “solvent” was
doped with the same concentration but different type of solutes,
differences in elastic misfit (& and &) could cause varying extent
of solid solution strengthening and a linear relationship of oss ~ &
or oss ~ ¢ should be expected. The o values (Table 1) were plot-
ted as a function of & and g values in Fig. 6. It can be clearly
seen that the correlation between oss and ¢&f significantly devi-
ates from linearity (Fig. 6(a)). In contrast, a good linear relation-
ship between o5s and ¢; except for the origin (0, 0) was achieved
(Fig. 6(a)), indicating that the Labusch model can be used to ex-
plain the solid solution strengthening in the CoCrFeNi-based alloys
with ~ 4 at.% doping. The linear expression can be expressed as:
0ss = —50 + 55.6¢), in the unit of MPa. The failure of the linear
relation to pass through the (0, 0) origin and the negative inter-
cept indicate the existence of a critical doping concentration below
which another model (e.g., Fleischer model) could be used. How-
ever, the identification of this critical point is not attainable in the
current study. It is noted that the slope of the linear relation is

ch%, where ¢ = 0.04 and G = 84 GPa [21] in this study. There-
fore, for CoCrFeNi-based dilute alloys, taking the effects of solute
concentration into account, the amount of solid solution strength-
ening could be derived as

Oss = —50 + 475.5¢,C3 (4)

Firstly, assuming for certain type of solute, the Hall-Petch co-
efficient varies linearly with the doping concentration. Secondly,
the dimensionless parameter f remains as a constant for all
CoCrFeNi-based dilute alloys as treated elsewhere [56]. There-
fore, using the dimensionless parameter f obtained from the lin-
ear relation in Fig. 6(b), we are able to respectively calculate the
grain boundary strengthening and solid solution strengthening ef-
fects in a few previously reported doped (2.44-6.98 at.%) single
phase CoCrFeNi alloys. Eventually, adding up the intrinsic strength
(94.9 MPa) of the base CoCrFeNi alloy, the predicted yield strengths
(O predicted) Matched nicely with the experimentally measured val-
ues (0 experiment)> 8 shown in Fig. 7.

The above analysis suggests that the solid solution strength-
ening in the “dilute” doped CoCrFeNi alloys could be dominated
by the Labusch strengthening mechanism in which, with the ap-
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plied shear stress, the gliding non-straight dislocation line will
constantly morph its shape and thus requires additional stress to
move in the forest of “stress centers” [57]. Moreover, the quantifi-
cation of the dimensionless parameter f and its proved applicability
to quantitatively predict the solid solution strengthening effects in
CoCrFeNi-series alloys [11,21,62-65] with a much broader range of
concentration (~ 2-7 at.%) present significant values for designing
more single-phase high-strength CoCrFeNi-based alloys.

3.2.2. Grain boundary strengthening

The effectiveness of the grain boundary strengthening is usu-
ally manifested through the Hall-Petch coefficient (kyp) [36,37]. It
was previously mentioned that, compared to the CoCrFeNi “sol-
vent” alloy, doping 4 at.% Mo did not result in significant change
in the value of kyp which was moderately enhanced by 4 at.%
Al- and Ti-doping. The direct and precise causes for the observed
kyp differences are not obtainable in the current study; instead,
a qualitative analysis was provided to propose possibilities as fol-
lows. A relatively more-widely accepted mechanistic interpretation
of the grain boundary strengthening is on the basis of the presence
of geometrically necessary dislocations (GNDs) resulting from the
additional local deformation gradients that are needed to main-
tain compatibility among grains [66-68]. GNDs density would be
closely affected by the easiness of the dislocations to cross-slip
which will cause the reduction of it. One important materials-
related intrinsic property that exerts significant influence on dislo-
cation cross-slip is the stacking fault energy (SFE) through its de-
termination on the easiness of unit dislocations to dissociate into
partial dislocations [66-71]. Low value of SFE normally promotes
dislocation dissociation and thus hinders dislocation cross-slip. The
formation of annealing twins is also promoted by the low SFE. An-
nealing twins can act as dislocation movement barrier and hence
as additional strengtheners, the effectiveness of which could be re-
flected in and integrated into kyp. Thus, a larger grain boundary
strengthening effect manifested by a higher value of kyp is reason-
ably expected for metals with lower SFE. The following qualitative
and quantitative analyses were performed to explore the relative
efficiency of Al-, Mo- and Ti-doping on SFE of CoCrFeNi.

Qualitatively, using the probabilities of occurrence of such de-
fects as stacking faults and twins, He et al. [72] suggested that
adding Al and Ti to the CoCrFeNi HEA decreased its value of SFE.
Using X-ray line profile method, Cai et al. [73] estimated the SFE of
the as-extruded 2.3 at.% Mo-doped CoCrFeNi alloy to be 19 mj/m?,
which is lower than that reported for or the CoCrFeNi alloy (~ 32
mJ/m?). In contrast, He et al. [72] suggests an increase of SFE by
Mo-doping. Based on calculation using density functional theory,
Yu et al. [74] also found that Al is a more efficient SFE-reducer
than Mo to the CoCrFeNi alloy. Wen et al. [75] found that the
atomic radius difference (AR) as well as valence electron count
difference (AVEC) between solute atoms and solvent atoms have
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Fig. 7. Predicted vs. experimental yield strength due to “dilute” doping of the CoCrFeNi alloy; the prediction was made using Eq. (1) by applying the dimensionless parameter
f obtained from the linear relation in Fig. 5b to Eq. (3) and assuming a linear relation between kyp and doping concentration;.

Table 2
Atomic radii and valence electron count (VEC) for each element [76-78].
Co Cr Fe Ni Al Mo Ti
Atomic radius (A)  1.251 1.249 1.241 1.246 1432 1363  1.462
VEC 9 6 8 10 3 6 4

influence on the SFE in fcc alloys, with larger AR and AVEC tend
to drag down the SFE. Following this, in order to perform a qual-
itative analysis on their relative effects on the SFE the CoCrFeNi
alloy, we first treat the CoCrFeNi alloy as an “average pure sol-
vent” and then estimate the atomic radii and VECs of this series
of alloys using the rule-of-mixture based on the corresponding val-
ues of each single element [76-78] (Table 2). The calculated atomic
radii for CoCrFeNi, C024CI'24F624Ni24A14, C024CI'24F624N124M04, and
C044Crp4Fe 4 NizaTiy alloys are 1.2467, 1.2542, 1.2514, 1.2554 A, re-
spectively; and the VEC counts are 8.25, 8.04, 8.16, 8.08 respec-
tively. It is obvious that AR and AVEC resulted from the Al and Ti
doping are comparable and significantly larger than that from Mo-
doping, indicating the stronger tendency of Al and Ti to reduce the
SFE.

Quantitatively, we have calculated SFEs of the pristine CoCrFeNi
alloy and Al/Ti/Mo doped CoCrFeNi alloys based on first-principles
calculations. With the AIM model, our results yield a SFE value of
—13.5 mJ/m?2 for pristine CoCrFeNi at 0 K. The negative SFE has
also been found in previous theoretical calculations [30], an in-
dication of low SFE for this HEA at low temperatures. The AIM
model is further used to evaluate the influence of Al/Ti/Mo dop-
ing on SFEs of CoCrFeNi. The obtained results are —25.1, —24.0, and
—13.0 mJ/m?2 for Al-doped, Ti-doped, and Mo-doped CoCrFeNi, re-
spectively. As SFE characterizes the energy difference between FCC
and HCP structures, a negative SFE would imply that HCP phase
would prefer in the considered alloy, at least locally at low tem-
peratures. Such negative SFEs have been found in a number of
HEAs, corresponding to their excellent mechanical properties by
enabling deformation twinning. In this study, the minor dopants
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of Al/Mo|Ti slightly change the SFE values of CoCrFeNi, thus affect-
ing its strengthening mechanism.Doping with Al and Ti has similar
effects on SFEs, both decreasing the SFE of CoCrFeNi. On the other
hand, Mo doping leads to a insignificant change of SFEs. These re-
sults are in line with the qualitative analysis as discussed above.

The AIM model represents averaged SFE values since different
SQS supercells are used to calculate the energies for fcc, hcp, and
dhcp structures. As a result, elemental specific information is dif-
ficult to obtain for this method. To gain insight into the different
roles of these three dopant elements, we have employed the su-
percell model to explicitly include the SFE in the calculations. Af-
ter relaxation, we compare the spin density plot in one of the [110]
planes in Fig. 8. For fcc alloys, it is suggested that the spin charge
density is suitable to analyze elasticity-related properties [79]. It
can be seen that these three elements all have small spin den-
sity, which leaves an empty region. Nevertheless, these dopant ele-
ments induce different degrees of deformation in the spin density
of nearby elements. Specifically, both Al and Ti lead to asymmet-
ric deformation of nearby spin density distributions, whereas the
influence of Mo is symmetric. The asymmetric change of spin den-
sity due to Al/Ti may accommodate the shear deformation easily
due to the ease of charge redistribution, resulting in the low SFEs.
On the other hand, Mo doping imposes small perturbation of the
charge density distribution, leading to similar SFEs as the pristine
HEA.

A combination of our qualitative analysis and quantitative cal-
culation provided appropriate evidences that doping Al and Ti to
the CoCrFeNi alloy is more efficient than doping Mo in reducing
its SFE, given that the critical concentration beyond which phase
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Fig. 8. Comparisons of the spin density distribution in one [110] plane in the stacking fault energy calculations based on the slab model. (a) shows the computational model,
in which the red atom denotes the dopant element X, (b)-(d) shows the spin density distribution for Al, Ti, and Mo, respectively. The location of the dopants is indicated
by the red arrow. The lower panels shows the spin density difference before and after the introduction of stacking fault. Charge accumulation is represented by red while

depletion by green. An isovalue of 0.004 e/A3 was used.

separation would occur not reached. This was further supported
by our measurement of the annealing twin density (0win, Which,
in fcc metals, exhibits well-recognized inverse relation with the
SFE [80-82]) on the investigated alloys (Fig. 9), showing that com-
pared to pgyin Of the CoCrFeNi alloy, that of the Mo-doped alloy
was comparable and that of both Al- and Ti-doped alloys were re-
duced by 26%-32%. It is readily to see that relative differences of
Kyp values of the doped alloys compared to the CoCrFeNi alloy fol-
lowed well the expected trend of the SFE-reduction efficiency, in-
dicating a close relation between Kyp and SFE. In fact, similar ob-
servations were reported before by a few although limited number
of researchers, such as Astafurov et al. [83] and Wang and Murr
[84]. However, none of these previous studies have provided suit-
able mechanistic explanation behind of experimental phenomena.
Our current reasoning indicates that the variation of SFE with dop-
ing element could be one of the important causes for the observed
differences in the grain boundary strengthening effect through the
effects of SFE on dislocation cross-slip and thus the GNDs den-
sity and/or the annealing twin density. Mechanics models are un-
der development to provide further understanding on the SFE-Kyp
close relation.

3.2.3. Particle strengthening

For the 800 °C- and 900 °C-annealed Coy4CrysFey4NiyyMoy
and Coy4CrysFeyyNiyyTiy alloys, secondary-phase particles (i.e. the
near-spherical and platelet precipitates) also contributed to their
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strength. Based on the nature (structure and morphology) of the
o phase in the Coy4CrysFeyyNiyMo, alloy and n phase in the
Coy4Cry4FeyyNiy,Tiy alloy, their strengthening to the fcc matrix is
most likely through the well-known Orowan mechanism in which
extra stresses are needed for dislocations to bypass the hard pre-
cipitates after which the density of dislocations increases by gener-
ating fresh dislocation loops. For polycrystalline materials, the in-
crement in yield strength result from Orowan strengthening can be
estimated using the Orowan-Ashby equation [85]:

OQrowan = %36[)1 % (5)
where G = 84 GPa is the matrix shear modulus, b = 0.251 nm
is the Burgers vector, D is the average particle diameter, A =
D[(;vp)% — 1] is the interparticle spacing (V, is the volume frac-
tion of the precipitates). For the calculation of the strengthening
from Eq. (3), we measured the volume fraction of the o phase
(~ 11% and 4% for 800 °C- and 900 °C-annealed specimens) and
n phase (~ 13% and 6% for 800 °C- and 900 °C-annealed speci-
mens) for the 800 °C- and 900 °C-annealed specimens based on
their BSE images and/or STEM micrographs. For the o phase in the
Coy4Cry4Fey4NingMoy alloy, we were also able to calculate the D
values from the corresponding micrographs (~ 100 and 250 nm
for 800 °C- and 900 °C-annealed specimens). However, for the
Coy4Cry4FeyyNiy,Tiy alloys, since the n phase had a platelet instead
of spherical or near-spherical morphology, direct measurement of
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°C (1 h)-annealed alloys were used since they exhibited similar grain sizes (36-42 pum) and pi, was found influenced by the grain size.

D value is not achievable, thus we estimated the D value from the
average particle area using their average length (1.5 um) and thick-
ness (15 nm). The so-calculated values of the Orowan strengthen-
ing effects (0growan) Were tabulated in Table 1, showing reason-
ably good agreement with the experimentally determined values

(oy — oy 1p)-
4. Summary and conclusions

To facilitate alloy design based on the CoCrFeNi model al-
loy through “doping” strategy, in the current paper, we assessed
the distinct comonpositional effect of a few representative so-
lute atoms, namely Al, Mo and Ti, on its microstrucrure and me-
chanical properties. To this end, 4 at% Al, Mo and Ti were al-
loyed to the CoCrFeNi alloy to obtain the Coy4CrysFepsNisygAly,
Coy4Cry4FeyyNipgMoy, and Coo4CrogFe 4 NinyTiy alloys, respectively.
Inconsistency of variables other than alloy solute type was avoided
by making the extent of alloying, fabrication method, and the state
under which the alloys were tested identical. Based on the current
results and analyses, the following conclusions can be drawn:

After room temperature rolling and subsequent 1h-annealing at
800-1100 °C, the single phase nature of the CoCrFeNi alloy was
maintained, whereas 800 °C- and 900 °C-annealing led to the re-
spective formation of o phase and n phase in the 4 at.% Mo- and
Ti-doped alloys.
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Al and Ti are more effective than Mo in reducing the stacking
fault energy (SFE) of the CoCrFeNi alloy, because they can induce
more considerable deformation of electronic density, making the
gliding of atomic layers easier.

Following identical thermomechnical processing, Al-, Mo-, and
Ti-doping causes different extent of solid solution strengthening,
grain boundary strengthening as well as secondary phase strength-
ening. Mo causes the most pronounced solid solution strengthen-
ing but does not benefit the grain boundary strengthening, the
effectiveness (kyp) of which is boosted by the doping Al and Ti.
Our thorough analyses suggested first, Labusch instead of Fleischer
mechanism is applicable to explain the differences in solid solution
strengthening, and second, the observed differences in kyp mainly
arise from the different tendency of Al, Mo and Ti to reduce the
SFE of CoCrFeN:i.

In addition, we determined the value of the dimensionless pa-
rameter f in the Labusch model for CoCrFeNi-based alloys and
found that this value is applicable to quantitatively predict the
solid solution strengthening effects with much broader range of
concentration. Also, we observed a close relation between kyp and
SFE and found that this relation is likely through the influence of
SFE on dislocation cross-slip and hence on the density of gener-
ated geometrically necessary dislocation. Although more in-depth
studies are needed to provide full and mechanistic understand-
ings, both these findings in fact presents significant values to-
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ward designing novel single-phase high-strength CoCrFeNi-based
alloys through manipulating the solid solution and grain boundary
strengthening by compositional tuning.
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