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Abstract

The effects of rare-earth element, Y, additions on the microstructures and
mechanical properties of CoCrFeNi alloy have been investigated. The new series of
CoCrFeNiYy (x =0, 0.05, 0.1, 0.2, and 0.3) high entropy alloys were synthesized by
vacuum arc-melting method. Microstructure characterizations were performed by the
means of X-ray diffraction, scanning electron microscope, and transmission electron
microscope. It was found that alloying Y element could lead to the formation of a
simple hexagonal structure phase (CaCus type). And another NisY-type hexagonal
structure phase was observed in the alloy with higher Y contents (0.3 at.%). The

phase evolution of the present alloy system was evaluated using the previous criteria

(AH,, -6,Q-0,Ay, VEC, and A ). The results of the nanoindentation

measurements on different phases indicated that the hexagonal structure phases (~
10.5 GPa) had a higher nanohardness than the face-centered cubic phase (~ 3 GPa).
Furthermore, the maximum shear stress of the incipient plasticity was calculated to
be 3.2 GPa for the face-centered cubic phase and 5.2 GPa for the hexagonal structure
phase. The dislocation nucleation under the indenter in different phases was also
discussed. The Vickers hardness and yield strength increased with increasing the Y
content, while the fracture strength and plastic strain decreased. The strengthening
mechanisms of the present alloys included solid-solution strengthening and the second
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phase strengthening. Fracture surface observations suggested a ductile fracture in the
face-centered cubic phase and a cleavage fracture in the hexagonal structure phase for
the alloys containing Y element. The results of this investigation can provide a guide
for the design of new high entropy alloy system with excellent properties.
Keywords: High-entropy alloy; Rare-earth element; Microstructure; Mechanical
properties; Nanoindentation
1. Introduction

The design of metallic materials plays a crucial role in the development of
human society and technology. For example, after the Stone Age, the emergence of
subsequent ages (i.e., Bronze, Iron, and Steel) was closely related with the
development of new materials. The copper alloys were replaced by the steel materials
with superior combinations of strength and toughness. The steel materials are widely
used in daily life, construction, transportation, and weapons, which have greatly
contributed to the development of society. The most commonly used ferroalloys,
titanium alloys, and aluminum alloys are all designed according to the traditional
strategy based on one principal element (as solvent) with minor alloying additions (as
solute) to obtain desired properties. After extensive and in-depth research, the
development of these traditional alloys is approaching to the limit. For example, the
principles of manufacturing and the classification of ferroalloys as well as their use
were systematically summarized in [1]. Based on the one principal metal element
strategy, approximately 30 alloy systems were developed and commercialized [2],
such as high-speed steels, Stellite alloys, superalloys, stainless steels, alnico alloys,
and Cu-Be alloys. In recent years, the high entropy alloys (HEAS) have been
successfully developed under the guidance of a new alloy design concept. The HEAs
were defined as the multi-component solid solution alloys with equimolar or
near-equimolar compositions [3]. Due to the unique four core effects [3, 4]:
high-entropy effects, sluggish diffusion, severe lattice distortion, and cocktail effects,
the HEAs show many excellent properties, such as superb specific strength [4],
superior mechanical performance at elevated temperatures [5], good fatigue [6, 7],
oxidation and corrosion resistance [8, 9], and radiation tolerance [10]. With the
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exceptional ductility and fracture toughness at cryogenic temperatures [5, 11], the
single face-centered cubic (FCC) HEAs have attracted much attention. In order to
improve the strength of the FCC HEAs, researchers have carried out various
reinforcement methods [12-16]. For example, the high strength nanocrystalline FCC
HEASs (CoCrFeNi and CoCrFeMnNi) have been fabricated by powder metallurgy [12,
13], equal-channel angular pressing [14], and high-pressure torsion [15, 16]. The
powder metallurgy technique can ensure the structural refinement and homogeneous
mixing of participating elements for HEAs. The large nanocrystalline or ultra-fine
grained bulk samples can be obtained through the equal-channel angular pressing. The
high-pressure torsion can produce high equivalent strain and lead to grain refinement
and the significant increase in strength, such as the high strength to ~ 1.75 GPa for the
CoCrFeNiMn HEA [15]. Through adjusting the content of Nb [17], Zr [18], and Ta
[19] elements, the CoCrFeNiNbggs, CoCrFeNiZrys, and CoCrFeNiTag, eutectic
HEAs were prepared with modulated lamellar structures and excellent mechanical
properties. For the CoCrFeNiNbygs HEA, the eutectic structure was stable and the
compressive fracture strengths were all above 2000 MPa at elevated temperatures
between 600 °C and 900 °C [17]. The ultimate tensile strength of the CoCrFeNiZrgs
HEA was 450 MPa at the temperature of 650 °C [18]. The CoCrFeNiTays HEA was
found to have the high compression strength (2293 MPa) and relatively high plastic
strain (22.6%) [19]. The precipitation-hardening behaviors have been studied for the
FCC type HEAs by alloying with Al [20], Al/Ti [21], Ti [22], V [23], Mo [24], and Si
[25] additions. However, the effects of rare-earth (RE) elements on the microstructure
and mechanical properties of FCC type HEAs are still not clear. So far, there are very
few articles on this topic [26].

With excellent physical and chemical properties, the RE elements, known as
"industrial vitamins”, play a huge role in improving product performance and
increasing production efficiency. Additions of RE elements into steels have been an
effective method extensively used to tailor microstructure and improve mechanical
performance of the steels, owning to their positive effects on purification of molten
steel and modification of inclusions [27, 28]. By the additions of 0.2 wt% RE

3



elements containing 65 wt% Ce and 35 wt% La, the tensile strength, yield strength,
elongation, and hardness of the modified A357 alloy increased 15.4%, 4.5%, 6.3%,
and 25.9% in as-cast condition because the RE elements could fine the a-Al primary
phase and the eutectic silicon particles [29]. The formation of the thermally stable
Al,RE or Al;;RE3; compounds can improve the high-temperature strength and creep
resistance of the AZ91 magnesium alloy [30]. Therefore, alloying RE elements is a
practical and effective method to optimize the mechanical properties of metallic
materials. This method may be used in the HEAs to obtain superior mechanical
properties. The purpose of the present work is to investigate the effects of RE element
Y on the microstructural evolution and mechanical properties of the CoCrFeNi HEA.
There are several reasons for our choice. Firstly, the excellent working hardening
ability made the single FCC CoCrFeNi HEA an excellent base to further strengthen.
Secondly, the new second-phase particles containing Y can be the dominant hardening
factor of the CoCrFeNi HEA, owning to that the RE element Y is the hexagonal
close-packed (HCP) structure stabilizer [31]. Thirdly, it is necessary to intensive study
the phase evolution mechanism and the mechanical properties of the CoCrFeNiYy
HEAs, for the low negative mixing enthalpy and high radius difference between Y
and the constituent elements.

In order to clarify the detailed mechanical mechanism, the specific properties of
the individual phase should be characterized exactly. The nanoindentation technique
has made it possible to probe the local mechanical properties of different phases.
Many previous studies [32-34] have applied this technique to analyze the elastic and
plastic behaviors of different phases, such as nickel-based superalloy [32],
AICrCuFeNi; HEA [33], AlxCoCrCuFeNi (x = 0.5, 1.5 and 3.0) HEASs [34], and so on.
In the present work, we performed detailed nanoindentation measurements on the
different phases of the CoCrFeNiYx HEAs. The nanohardness and Young’s modulus
of the different phases were obtained. Moreover, the incipient plasticity on different
phases was analyzed by measuring the first pop-in behavior. The precise
characterization of the phase selection and the macro- and nano-mechanical properties
of the CoCrFeNiYy HEAs can shed light on the design of new HEA system with

4



desired performance.
2. Experimental procedure

The ingots of CoCrFeNiYy (x =0, 0.05, 0.1, 0.2, and 0.3) HEASs (denoted as Yy,
Yoos, Yo1, Yoo, and Yo 3, respectively) were prepared by arc-melting a mixture of pure
metals (purity > 99 wt.%) in a vacuum arc melting furnace with a water-cooled Cu
crucible under a Ti-gettered high-purity argon atmosphere. During the melting process,
these ingots were re-melted at least six times to guarantee compositional homogeneity.
The crystal structure, microstructure, and phase composition of the present alloys
were identified by X-ray diffraction (XRD), scanning electron microscope (SEM),
and transmission electron microscopy (TEM) measurements. The XRD analysis was
performed, using a D/MAX-2500/PC diffractometer with Cu Ka radiation (A=1.54A)
scanning from 20° to 100° with a scanning rate of 4°/min. The ingot cross-sections for
SEM observations were prepared by fine grinding with silicon carbide paper to grade
4000 followed by polishing using diamond paste. Then, the polished surfaces were
etched with the aqua-regia solution (a mixture formed by freshly-mixing the
concentrated nitric acid and hydrochloric acid usually in a volume ratio of 1:3). SEM
investigations were performed using a Hitachi S-3400 scanning electron microscope
(SEM) equipped with an energy-dispersive X-ray spectrometer (EDS). The spot
measurements and EDS images were acquired to check the chemical compositions of
different phases. The volume fraction of different phases was evaluated based on the
measured area (in pixels) of the SEM images, using the ImageJ software. TEM
samples were prepared by mechanical grinding to a thickness of less than 20 um and
further thinning was done using a Precision lon Polisher (Gatan 695.B). The TEM
observations were performed using a JEM-2100 apparatus at an accelerating voltage
of 200 kV.

The Vickers hardness of the present HEAs was measured under a load of 500g
for 15 s, using a hardness tester (HVS-1000). Tensile tests were performed using an
INSTRON-5982 materials testing machine at a strain rate of 1 x 10° s at room
temperatures. The dog-bone-shaped tensile specimens had a gauge section of 8 mm (I)
x 2 mm (w) X 1 mm (t). The cylindrical specimens with the size of 3 mm in diameter
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and 6 mm in length were cut for the room-temperature compression tests using an
INSTRON-5982 machine under a strain rate of 5 x 10 s ™. For each specimen, at
least 3 measurements were carried out to ensure the accuracy of the data.

The nanoindentation experiments were conducted at room temperature, using a
Hysitron Triboindenter (TI1-900) equipped with a Berkovich diamond tip. The
effective tip radius of the Berkovich indenter was determined from the calibration
tests on the single-crystal tungsten to be 400 nm. We should keep that the sample
surface must be polished to a mirror of 10 nm for the nanoindentation measurements.
The position of the two different phases can be determined through the optical
microscope equipped on the Triboindenter. The samples were loaded to a maximum
load of 5,000 uN under the constant loading rate of 1,000 uN s with a fixed holding
time of 2 s, followed by unloading to zero to measure the nanohardness and Young’s
modulus on different phases. The incipient plasticity behavior was probed by
measuring the first pop-in behavior in the loading segment of the load-displacement
(P-h) curve at a loading rate of 50 uN s* to 1,000 uN. The nanoindentation
measurements were carried out when the thermal drift < 0.05 nm/s in every
experiment. In order to ensure the accuracy of measurement results, more than 10
tests were performed for each condition.

3. Results
3.1 Crystal structure and microstructures

Fig. 1(a) shows the XRD profiles of the CoCrFeNiYy (x =0, 0.05, 0.1, 0.2, and
0.3) HEAs. The FCC phase exists in each sample, as can be seen from the (111)cc
reflection. The new reflection peaks corresponding to a simple hexagonal structure
(HS1) phase can be obviously observed in the Yoos, Yo1, Yo2, and Y3 alloys. The
space group of the HS1 phase was identified as P¢/mmm (CaCus type), which agrees
well with our previous reports [26]. However, for the Y3 alloy, another hexagonal
structure (HS2) phase was detected with the space group Pes/mmc (NisY type), as
shown in Fig. 1(a) and (b). The enhancement of the peak intensity suggested that the
volume fraction of the HS1 phase increased with increasing the Y concentration.
Moreover, the (111)rcc peak of the FCC phase shifts towards a lower 26 angle as the
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Y content increases (shown in Fig. 1(b)), which implies that the lattice parameters
increase. The calculated lattice parameters of the FCC phase are shown in Fig. 1(c).
The dissolution of the RE element Y with a larger atomic radius than other
constituent elements (see Table 1) led to severe lattice distortion, which was the
main reason resulting in the increase of the lattice parameters.

The SEM images of the CoCrFeNiY, HEAs with different Y contents are shown
in Fig. 2. The CoCrFeNi base alloy is the single FCC structure with the average grain
size of ~ 200 um, as shown in Fig. 2(a). By adding RE element Y, the alloy
morphology becomes the dendrite (DR) and interdendrite (ID) structure for the Y s,
Yo1, Yoz, and Y3 alloys. The DR area structure is FCC phase, and the ID area
structure is HS1 phase for the Y05, Yo.1, and Yo alloys, as shown in Fig. 2(b)-(d).
While for the Yy 3 alloy (Fig. 2(e)), the ID region contains HS1 phase and HS2 phase,
respectively. As seen in Fig. 2(f), the volume fraction of the HS phase (ID area)
increases from 14.6% (Yo.05 alloy) to 52.2% (Y3 alloy) accordingly. To identify the
phase compositions of the different phases in the CoCrFeNiY, HEAS, we performed
EDS point analysis and the results were summarized in Table 2. One can note that
the higher concentrations of Y and Ni in the HS1 phase and HS2 phase because of
the negative mixing enthalpy of Y-Ni (see Table 1). The EDS images in Fig. 3 clearly
display that the Co, Cr, and Fe elements are almost homogeneous in the FCC phase
and a segregation Y and Ni concentration is in the HS1 phase for the Yo1 HEA.
However, the content of Ni in the FCC phase shows a slight decrease, compared
with other elements. The results are in agreement with the data in Table 2. TEM
observations were carried out for the Y1 HEA to further research the microstructure.
The typical bright field TEM image and corresponding selected area electron
diffraction (SAED) patterns of ID and DR in the Yg; alloy are presented in Fig. 4.
The [011] zone axis SAED [Fig. 4(b)] of the white area verifies that it is a FCC

phase. Fig. 4(c) shows the SAED pattern taken along the [1213] zone axis of the

dark area with hexagonal structure. The SAED patterns further confirmed that the

Yo.1 alloy consisted of a FCC phase and a CaCus type HS1 phase.



3.2 Nano-mechanical properties tests

The crystal structure and morphology of the CoCrFeNiYy, HEAs have been
identified. Next, it is necessary to study the mechanical performance and the
strengthening mechanism of the FCC and HS phases. The nanoindentation method is
the easy-to-use and effective method to investigate the nano-mechanical properties
and deformation behavior in a small volume of materials, such as small grain with
different grain orientation [35] and individual phases [36]. The influence of the grain
boundary and the grain orientation should be noticed during nanoindentation tests.
The indentation in the center of every phase and the small indentaion size (the
maximum penetration depth of < 220 nm (Fig. 5(a)), the maximum width < 3 pm)
under the maximum load of 5,000 uN can keep the plastic zone size smaller than the
size of individual phases (> 10 um (Fig. 2)). In the present alloy system, the different
crystal structures can influence the nanoindentation results to a much greater degree
than the different grain orientations. Chen et al. [35] have pointed out that the
dependence of nanohardness on grain orientation was not strong for the single FCC
Fe-20Cr-25Ni alloy. The statistic nanohardness distributions of the indentations close
to {001}, {101}, and {111} were from 1.85 to 2.21 GPa. Our previous paper [26]
suggested that the CaCus type HS phase was a brittle phase and the nanohardness was
almost three times that of the FCC phase. In the present study, we focus on the
differences in mechanical properties on different phases. Therefore, the influences
from the grain boundary and the grain orientation can be negligible in our present
work.

Fig. 5(a) presents the typical nanoindentation P-h curves of the FCC and HS1
phases in the Yo, HEA. It is obvious that the maximum penetration depth in the FCC
phase is greater than that in the HS1 phase under the same maximum load, indicating
that the HS1 phase is more resistant to plastic deformation. The nanohardness and
Young’s modulus on the different phases of CoCrFeNiY, HEAs are extracted from
the P-h curves based on the Oliver-Pharr method [37]. As shown in Fig. 5(b), it can be
found that the nanohardness of the FCC phase increases from 2.9 GPa (Y, alloy) to
3.3 GPa (Y3 alloy) and the HS1 and HS2 phases have the same value of ~ 10.5 GPa.
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The nanohardness of the FCC phase in Y3 alloy was 13.8% higher than that of the Y/
alloy. However, the change of Young’s modulus is not so obvious with the Y content
increasing, as shown in Fig. 5(c). The Young’s modulus values of the HS1 and HS2
phases are almost the same (~ 215 GPa), which is ~ 25 GPa higher than that of the
FCC phase (~ 190 GPa). In order to investigate the incipient plasticity of the
different phases, the first pop-in behavior was detected by measuring the first
displacement burst in the P-h curves, as shown in Fig. 6(a). The values of the
maximum shear stress on different phases for the elastic-to-plastic transition were
calculated depending on the first pop-in load and depth, as shown in Fig. 6(b). The
strengthening mechanism and deformation behavior taking place in the FCC phase
and HS phase will be discussed in the following section.
3.3 Macro-mechanical properties measurements

Fig. 7 shows the variation of the Vickers hardness of the CoCrFeNiYy HEAs.
With increasing the Y content, the Vickers hardness values increase from 146 HV
(Yo alloy) to 400 HV (the Y3 alloy). As shown in Fig. 2, it is obvious that the
increasing of the RE element Y content accompanies with the volume fraction

increase of the HS phase. Roughly, the relationship between the Vickers hardness and

the HS phase volume fraction can be expressed as HV =1.01679V. > +148.09,

where HV is the Vickers hardness value, and Vys is the volume fraction of the HS
phase (vol.%), when the content of RE element Y does not exceed 0.3 (at.%). The
increase of the volume fraction of the hard HS phase can result in the increase of the
Vickers hardness.

The tensile engineering stress-strain curves for the current CoCrFeNiY, HEAS
containing different amounts of RE element Y are depicted in Fig. 8(a). The addition
of the Y element results in the embrittlement of the current alloy system for the tensile
testing, especially for the Y1, Yo2, and Yo 3 alloys. The same results can be observed
in the CoCrFeNiZr, HEAs system [18]. The room temperature compressive
engineering stress—strain curves are shown in Fig. 8(b). The summary of the

compression yield strength, oy, fracture strength, of, and plastic strain, g, as a



function of the RE element Y content are listed in Table 3. The Y, alloy exhibits the
low yield strength of 202 MPa and high working hardening ability with compressing
to 60% height reduction without fracture. With increasing x value of the CoCrFeNiYy
HEAs, the yield strength increases, while the fracture strength and plastic strain
decrease. The yield strength increases from 563 MPa (Y s alloy) to 1,440 MPa (Yo 3
alloy). The fracture strength and plastic strain of the Y5 alloy are 2,175 MPa and
33.5%, respectively, but reduce appreciably to 1,605 MPa and 2.3%, respectively, in
the Yo alloy. The yield strength as a function of the volume fraction of the HS phase
is shown in Fig. 8(c). The macro-mechanical properties are closely related with the
phase boundaries and the mechanical properties of the different phases.
Nanoindentation measurements revealed that the HS phases had a high nanohardness
of ~ 10.5 GPa, which was the main strengthening factor for the current HEAs.

The fracture morphologies of the CoCrFeNiYx HEAs are shown in Fig. 9. The
large dimples can be observed in the Y, alloy fracture surface [see Fig. 9(a)]. While
the Yo.0s, Yo1, Yoz, and Yo3 alloys contain the brittle and ductile fracture regions
[see Fig. 9(b)-(F)]. The brittle region shows the cleavage fracture. The ductile fracture
region is FCC phase. With the increase of the volume fraction of HS phase, the
fracture mode of the alloys changed from ductile fracture to brittle fracture. The
strengthening and fracture mechanisms will be discussed in the next section.

4. Discussion
4.1 Phase formation
In order to predict the phase formation, researchers have proposed a couple of

criteria based on the compositions of the multi-component HEAs. Two effective

criteria, AH,, -6 and Q-0 have been suggested by Zhang [38] and Yang [39]

according to the thermodynamics and geometry effects. The corresponding physical

parameters are expressed as follows:

AHmix = Z QijCiCj (1)

i=Liz |
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ASmix = _Ri(ci In Ci) (2)

TmASmix
B |AH mi><| (3)
T,=Yc () @

()

where, c; and ¢; is the atomic percent of the ith the jth element; Q; =(4AHY) is the

regular solution-interaction parameter between the ith and jth components, AHIY is

the mixing enthalpy between the ith and jth elements, calculated by the Miedema's

approach [40]; AS,,, is the mixing entropy of an n-component HEA, R is the gas

constant; (T,,), is the melting point of the ith constituent element (see Table 1); & is

n

the atomic size mismatch; T:Zi:lciri is the average atomic radius, and r; is the

atomic radius of the ith component (see Table 1). The two regions for the single solid

solution formation are -15 < AH,. < 5 kdJ/mol, 6<6.6% [38], and Q>11,

0<6.6% [39]. Beyond these regions, the intermetallic compounds and the

amorphous phase have a chance to occur. For the current CoCrFeNiYy HEAs system,

the calculated physical values of AS AH Q,and & were listed in Table 4.

mix ! mix !

The Yopes alloy had AH,_, =-4.181 kJ/mol, 6=4.879% , and Q=5.342 .

According to the above criteria, the Yq s alloy should fall into the single solid solution

region. However, in the present work, the Yy 05 alloy contains the FCC phase (solid

solution) and the HS1 phase (intermetallic compounds). Therefore, the AH . —&

and Q-—¢ criteria fail to predict the phase formation for the CoCrFeNiYx HEAS.
Recently, Yurchenko et al. has proposed a new criteria of 6 >5% for

predicting the Laves-phase formation after analyzing approximately 150 different

HEAs [41]. It can be seen in Table 4 that the formation of the HS1 phase is observed
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in the range of o6 >4.8%, which is very close to the Laves-phase formation range.
What’s more, the HS1 phase structure (CaCus type) can be obtained from the C14 and
C15 Laves-phase structure [42]. The HS1 phase is closely related to the Laves-phase.
Thus, the range of 6 >4.8% can be used for predicting the HS1 phase formation.

In addition to the criteria mentioned above, researchers also put forward other

criteria. For example, the electro-negativity difference (A;(z\/z;ci(;(i—;?)z ,
where y, is the Pauling electro-negativity for the ith component, and y = Z::lci;(i

is the average Pauling electro-negativity) has been used to predict the formation of the

topologically close-packed (TCP) phase of HEAs when Ay >0.133 [43]. However,

the boundary of the HS1 phase formation is Ay >0.11 for the present CoCrFeNiYy

HEAs, as shown in Table 4. According to the valence-electron concentration (VEC)
criteria, the FCC phases are stable at higher VEC >8 and instead bcc phases are stable
at lower VEC<6.87. The Y05, Yo1, and Yo alloys have VEC>8 (see Table 4) and
should fall into the single FCC zone from the VEC criteria. However, these alloys

contain the FCC and HS1 phases. So the VEC criterion is invalid for the CoCrFeNiYy
alloy system. The geometrical parameter (A = AS_;, / &%) was proposed by Singh [44].

There are three ranges for the A-parameter: (1) only compound(s) (A <0.24), (2) a
mixture involving compounds (0.24 < A <0.96), and (3) disordered solid solutions
(A >0.96). According to the A-parameter, the Yo, and Y3 alloys (A <0.16) (see
Table 3) should fall into the only intermetallic compounds zone. However, the FCC
solid solution phase in the two alloys suggested that the A-parameter criterion also
failed to predict the phase formation of the present Y-containing HEA system.
4.2 The incipient plasticity behavior on the FCC and HS1 phases

Instrumented nanoindentation has been an effective and successful method to
detect the onset of yielding in crystals with small size. The plastic yielding behavior
is associated with the distinct displacements, which are often referred as pop-ins, in
the P-h curve. The first pop-in behavior is attributed to the nucleation and/or

activation of dislocation, which is often observed when the shear-stresses underneath
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the indenter approach theoretical limits of G/30 - G/5, where G is the shear modulus
[45, 46]. In the present work, nanoindentation tests were carried out to measure the
first pop-in behavior of the FCC phase and HS1 phase in order to investigate the
effects of the crystal structure on the incipient plasticity behavior. The first pop-in
occurring in the loading segment of a P-h curve represents an elastic-to-plastic
transition, as shown in Fig. 6(a). Before the first pop-in event, the deformation is the
purely elastic deformation, which can be described well by the Hertzian elastic

theory [47]:

P= % E,RYh¥ (6)

where P is the indentation load, R is the tip radius of the indenter, h'is indentation
2 2 -1
depth, and E, =[ (1-v*)/E, +(1-Vv.*)/E,| is the reduced modulus, where v; (=

0.07) and E; (= 1,141 GPa) are the Poisson’s ratio and Young’s modulus of the
indenter, vs and Es are the Poisson’s ratio and Young’s modulus of the specimen,
respectively. The well Hertzian fitting for the P-h curves was shown in Fig. 6(a),
which gave the fitting coefficient of 2.91 and 5.35 for the FCC phase and HS1 phase.
The reduced modulus can be calculated from the fitting coefficient. Based on
Equation (6), the HS1 phase had the higher value of reduced modulus than that of
FCC phase. The corresponding average reduced modulus on different phases was
shown in Fig. 6(b).

During nanoindentation, the shear stress underneath the indenter at the onset of
the first pop-in was assumed to be the maximum shear stress, zmax, Which was

expressed as [47]:

1
2 \3
T = 0.31(::3?2 PJ (7)

As can be seen in Fig. 5(b), the average value of rmax for the FCC phase is obtained
as ~ 3.2 GPa (Gg/23), where Gg (~ 73 GPa, estimated from the Young’s modulus and
a Poisson’s ratio of 0.3) is the shear modulus of the FCC phase. The zyax 0n the HS1

phase is about 5.2 GPa (Gu/15), where Gy (~ 82 GPa) is the shear modulus of the
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HS1 phase. Many researchers [48-51] have studied the dislocation nucleation
underneath the indenter for different materials with varying crystal structures.
Through measuring the first pop-in behavior, Ye and Wang et al. have concluded
that the full dislocation nucleation was favored in the BCC metals (e.g., Mo [48] and
TiZrHfNb [49]) with the higher activation energy, whereas the partial dislocation
nucleation was favored in FCC metals (e.g., Ni [48] and CoCrFeNiMn [49]) with
the lower activation energy. Catoor et al. [50] have founded that the first pop-in
behavior of the HCP Mg single crystal was due to the homogeneous nucleation of
full dislocations in all three orientations, and the shear stresses fall in the range of
G/30 - G/14. During the first pop-in event, the dislocation nucleation under the
indenter was treated as a stress-assisted, thermally-activated process [51]. For the
present alloy, the dislocation nucleation for the FCC phase can occur more easily
with a lower zmax (Ge/23) than the HS1 phase with a higher zmax (Gu/15). The partial
dislocations can be triggered in the FCC phase with the lower activation energy, and
the full dislocations can be triggered in the HS1 phase with the higher activation
energy. Moreover, the large atomic-size difference between the RE element Y and
other constituent components can lead to the higher activation energy of dislocation
nucleation.
4.3 The strengthening mechanisms analysis

The addition of the RE element Y can significantly improve the hardness or
strength because of the formation of the hard HS phase for the CoCrFeNiY, HEAS, as
shown in Figs. 7 and 8. The strengthening mechanisms in the present alloys are
traditionally summarized into two categories: solid-solution strengthening and the
second phase strengthening. For the FCC phase in the alloys with different Y content,
the nanohardness slightly increased from 2.9 GPa (Y, alloy) to 3.3 GPa (Y3 alloy)
(Fig. 5), suggesting a solution strengthening effect caused by the enlarged lattice
distortion. The FCC solid solution phase was simply treated as a CoCrFeNi solvent
matrix containing Y solutes. Here, the potency of the solution strengthening caused by
Y was evaluated by a standard model for substitutional solid solution strengthening
based on the dislocation-solute elastic interactions [52]:
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2% v (8)

where G is the shear modulus of CoCrFeNi obtained using the equation G=E/2(1+v),

E is the Young's modulus by nanoindentation tests. v is Poisson's ratio taken as v = 0.3,

33/2

c is the molar ratio of Y element, is an approximate conversion factor from shear

stress to hardness. The interaction parameter & can be expressed as:

8—6_3.8
1+0.5¢, “

©)

&

which combines the elastic and atomic size mismatche, i.e. &g and &,, and they are

defined as:
1 0G
=—_= 10
&g G oo (10)
1 oa
=—— 11
T (11)

where a is the lattice constant of CoCrFeNi. The atomic size mismatche ¢, can be
obtained from Fig. 1(c). However, the parameter &g is usually negligible compared
with &,. In this case, the value of ¢ and thus AH can be readily calculated. As for
the FCC phase in the Y3 alloy, the strength increment caused by the solid-solution
strengthening was estimated to be 27.1 MPa. It is noted that the calculated increment
in hardness is smaller compared with the nanoindentation results [34] (Fig. 5). The
similar results could be observed for the FCC phase in the AlCoCrCuFeNi (x = 0.5,
1.5 and 3.0) alloys with the solid-solution strengthening effect of the Al increment
[34]. The indentation size effect (ISE) [53] of the nanoindentation method can
contribute to the increase of the observed nanohardness with the small penetration
depth of ~210 nm.

The second phase strengthening of the HS phase was the main strengthening
mechanism of the CoCrFeNiY, HEAs. The hardness and strength were improved
with the increase in volume fraction of the HS phase (Figs. 7 and 8). The
nanoindentation results indicated that the HS phase was more brittle but stronger than
the FCC phase because of the difference in the number of their available slip systems

(Fig. 5). To the first approximation, the strength of the current alloys can be described
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by the simple rule-of-mixture [20]:

0y = OrccVeee + OnsVis (12)
where o... and o, are the yield strength of the FCC phase and HS phase, Vrcc

and Vs are the volume fraction. We must point out that the “HS phase” represent HS1
phase for the Y05, Y01, and Yo, alloys and HS1+HS2 phases for the Y3 alloy,
because the HS1 and HS2 phases have the same hardness or strength (Fig. 5).

Considering the V... +V,s =1, Equation (12) can be converted to:
0, = Opcc +(Ous — Tpcc Vig (13)

Consequently, a good linear relationship for the yield strength as a function of Vs
was observed in Fig. 8(c). The well fitting curve indicated that the traditional
composite model could offer reasonable interpretation for the yield strength increment
of the CoCrFeNiYy HEAs.
4.4 Fracture mechanisms analysis

Fig. 9 shows the fracture surface morphology to further understand the
relationship between the structure and the mechanical property as well as the fracture
mechanism of the CoCrFeNiY alloys. The fracture structure of the Y, alloy is the
typical ductile fracture with the large dimples, suggesting an excellent plasticity for
the alloy, as shown in Fig. 9(a). Two different kinds of fracture modes can be clearly
distinguished for the FCC and HS phases in Yoos, Yo1, Yo2, and Yoz alloys [Fig.
9(b)-(f)]. The cleavage fracture can be observed for the HS phase. However, the FCC
phase is subjected to an excellent plastic deformation by necking into sharp lines
without any dimples. Obvious cracks lay at the phase boundaries, indicating that the
cracks first nucleated at the FCC and HS phase boundaries due to stress concentration
and then propagated in the HS phase. Especially for the Y3 alloy with the high
volume fraction of the HS phase (52.2 %), the continuous HS phase will contribute to
the rapid expansion of the crack, which leads to the decrease of the fracture strength.
5. Conclusions

In this work, microstructure and mechanical properties of the CoCrFeNiYx (X =
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0, 0.05, 0.1, 0.2, and 0.3) HEAs were examined in as-cast condition. The main
conclusions were as follows:
(1) The additions of the RE element Y into the CoCrFeNi HEA changed the
original single FCC phase structure to the dendrite structure and led to the
formation of a new HS1 phase (CaCus type). With further improving the Y

content, another new HS2 phase (NisY type) was observed in the Y 3 alloy.

(2) The previous criteria (AH , —6,Q-0,Ay, VEC, and A ) cannot

effectively predict the phases formation of the present CoCrFeNiY, HEAs.

Based on our analyses, the new intermetallic compounds (HS1 phase) can

formwhen 6>4.8% and Ay >0.11.

(3) Nanoindentation tests indicated that the nanohardness of the FCC phase
showed a slight increase from 2.9 GPa (Y, alloy) to 3.3 GPa (Y3 alloy),
while the HS1 and HS2 phases had the same value of ~ 10.5 GPa. The values
of the maximum shear stress during the first pop-in event were 3.2 GPa for
the FCC phase and 5.2 GPa for the HS1 phase.

(4) The minor addition of RE element Y significantly increased the Vickers
hardness from 146 HV (Y, alloy) to 400 HV (Y3 alloy) and the yield
strength from 202 MPa (Y, alloy) to 1,440 MPa (Yo3 alloy). The
strengthening mechanisms contain solid-solution strengthening and the
second phase strengthening.

(5) A ductile fracture in the FCC phase and a cleavage fracture in the HS phase
were found in the alloys containing Y element. The cracks nucleated at the
phase boundaries by stress concentration and could easily propagate in the
HS phase. The increase of the brittle HS phase volume fraction resulted in

the decrease of the fracture strength for the present alloy system.
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Figure 1. (a) XRD patterns of CoCrFeNiYyx HEAs, (b) Detailed scans for the peak of
(111)kcc, (c) Lattice parameters of the FCC phase as a function of the RE
element Y content.

Figure 2. SEM images of the as-cast CoCrFeNiY, HEAs. (a) x = 0, (b) x = 0.05, (c) x
= 0.1, (d) x = 0.2, and (e) x = 0.3. (f) The volume fraction of FCC and HS
phases.

Figure 3. SEM image and EDS maps of the alloy elements of Co, Cr, Fe, Ni, and Y
for the Yo1 HEA.

Figure 4. (a) TEM micrograph of the Yy alloy; SAED patterns corresponding to
FCC phase (b) and HS1 phase (c).

Figure 5. (a) The typical nanoindentation P-h curves within the FCC phase and HS1
phase of the Yo, alloy. (b) The average nanohardness on different phases of
CoCrFeNiYy HEAs. (c) The average Young’s modulus on different phases of
CoCrFeNiYx HEAs.

Figure 6. (a) A typical first pop-in event at the beginning of the P-h curves of the
FCC phase and HS1 phase obtained with nanoindentation. (b) Average
reduced modulus and the maximum shear stress on the FCC phase and HS1
phase of the Y alloy.

Figure 7. Vickers hardness as a function of the volume fraction of HS phase for the
CoCrFeNiYx HEAs.

Figure 8. (a) Tensile engineering stress-strain curves of the CoCrFeNiYyx HEAS. The
insert is the schematic sample from the cross section of the specimen. (b)

Compressive engineering stress—strain curves of the CoCrFeNiYy HEAs. (¢)
The nearly linear relationship between o, and Vys for the CoCrFeNiYy
HEAs.

Figure 9. The fracture surface morphology of the (a) Y, alloy, (b) and (c) Yos alloy,
(d) Yo alloy, (e) Yo alloy, and (f) Yo alloy.
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Table 1 Mixing enthalpy of different atom pairs, AH e (kJ/mol),

HEAs calculated by Miedema's approach [40].

in the CoCrFeNiYy

Element (Melting point, Atomic radius) Y Co Cr Fe Ni
Y (1,526 C, 180 pm) - 22 11 -1 -31
Co (1,495 C, 125 pm) - — 4 -1 0
Cr (1,907 °C, 128 pm) - - — -1 -7
Fe (1,538 C, 126 pm) - - = = 2

Ni (1,455 C, 124 pm)

Table 2. Phase compositions (at.%) and crystal structures of different phases in the
CoCrFeNiYx HEAs.
Alloys Regions Crystal structure  Chemical compositions (at.%)
Co Cr Fe Ni Y
Yo — FCC 25.30 25.03 24.91 24.76 0
DR FCC 25.61 25.95 25.83 22.58 0.03
Yoos ID HS1 1826 1224 1528 4013 1410
Yes DR FCC 27.44 26.27 25.23 20.44 0.12
ID HS1 19.71 16.18 18.2 32.85 12.07
DR FCC 28.25 27.35 26.12 18.06 0.22
Yoz ID HS1 2104 1342 1744 3435 1376
DR FCC 25.60 30.80 28.09 15.18 0.33
Yos3 D HS1 21.74 15.04 19.12 30.28 13.02
HS2 18.19 8.81 13.17 42.64 17.19
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Table 3 Summary of compression yield strength, oy, fracture strength, o, and plastic

strain, g, of the CoCrFeNiYy HEAs

Table 4 Calculated parameters AS

Alloys oy (MPa) of (MPa) €p (%)
Yo 202 Not fractured > 60
Yo.05 563 2,175 335
You1 885 2,102 27.1
Yo.2 1,286 1,694 7.3
Yo3 1,440 1,605 2.3
AH

mix !

studied CoCrFeNiY, HEAS.

mix ?

Q, §, VEC, Ay, andA for the

Alloys AS_;, (I/mol/K) AH . (kd/mol) 9 O (%) VEC Ay A
Yo 11.526 -3.752 5753 1.176 8.25 0.0967 8.334
Yo.0s 11.936 -4.181 5.342 4.879 8.185 0.1169 0.501
Yo1 12.198 -4.592 4.967 6.685 8.123 0.1330 0.273
Yo2 12.568 -5.351 4388 9.073 8.000 0.1588 0.153
Yos3 12.825 -6.036 3.966 10.726 7.884 0.1791 0.111
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