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Abstract: Control of discontinuous and continuous precipitation of L1,-ordered y' precipitates is
crucial for tailoring microstructure and mechanical properties of coherent precipitation-
strengthened high-entropy alloys (HEAS). In this study, we show that the appropriate addition of
Nb not only suppresses discontinuous y’ precipitation through grain boundary segregation but also
promotes continuous y’ precipitation through nanoscale solute partitioning, leading to substantially
improved mechanical properties of the HEAs. Specifically, we explore the effects of Nb on the
discontinuous and continuous precipitation microstructures, grain boundary segregation, and
mechanical properties of (CoCrFeNi)asxAl3TisNby (x =0, 0.4, 0.8, 1.6, and 2.3 at.%) HEAs. Atom
probe tomography reveals that Nb exhibits preferential segregation at grain boundaries of HEAS,
which substantially inhibits the grain boundary precipitation and migration due to the reduction of
grain boundary energy and solute drag effect, thereby suppressing discontinuous y’ precipitation
at the grain boundaries. Moreover, Nb partitions to the continuous y’ nanoparticles in grain interiors,
which leads to a high chemical driving force for continuous y' precipitation. Because of these

beneficial effects, Nb-modified HEAs with a uniform distribution of y’ nanoparticles throughout
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the matrix were developed, and the correlation between the precipitate microstructure and
mechanical properties of these HEAS is discussed.
Keywords: High-entropy alloy; Nanoscale precipitation; Grain boundary segregation; Atom

probe tomography; Precipitation strengthening

1. Introduction

High-entropy alloys (HEAS), also referred to as multi-principal element alloys, have emerged
as an exciting new class of metallic materials [1-5]. Contrary to the general physical metallurgy
intuition, these compositionally complex alloys containing multiple constituent elements—usually
four or more—in equal or near equal concentrations tend to crystallize as single-phase solid
solutions with simple crystal structures [6,7]. Among these alloys, the face-centered cubic (FCC)
HEASs have received considerable attention because of their unique mechanical properties such as
exceptional ductility and toughness, even down to the liquid nitrogen temperature [8-10]. However,
these solid-solution alloys are relatively weak in strength, which is far from the requirements for
practical structural applications [11-13]. Consequently, extensive efforts have been made to
strengthen HEAs through various strengthening mechanisms [14-22]. In particular, the
precipitation of coherent L1>-ordered y’-Niz(Al, Ti) nanoparticles has been proved to be a powerful
method for strengthening FCC HEAs without causing a significant loss of ductility because they
can precipitate on a sufficiently fine scale by forming a microstructure analogous to y/y’ Ni-based
superalloys [23-30]. The degree of precipitation strengthening is highly dependent upon precipitate
microstructural characteristics, including precipitate size, number density, and spatial distribution

[31]. Thus, for an understanding of and eventually control over the microstructure and mechanical
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properties of y'-strengthened HEAs, it is crucial to understand their precipitation behavior and
mechanism in such complex alloy systems.

Fundamentally, the precipitation of L1z-ordered y'-Niz(Al,Ti) in FCC HEAs takes place
through two distinct competitive modes, namely continuous and discontinuous precipitation.
Continuous precipitation (CP) generally involves the formation of fine y' nanoparticles within
grain interiors, whereas discontinuous precipitation (DP) occurs at grain boundaries and proceeds
inwards by the cellular growth of alternating layers of y’ precipitates and y matrix (with greatly
reduced supersaturation) behind a moving grain boundary [32]. The DP behavior is significant in
y'-strengthened HEAS; for example, Zhao et al. reported that the volume fraction of DP colonies
can be as high as 50% upon aging in the CoCrNi-based alloys [26]. Similar behavior was observed
in a CoCrFeNi-based alloy [24]. He et al. reported that y’ precipitates in both DP and CP regions
have the same crystal structure (i.e., ordered L12), and DP colonies cannot be suppressed by
adjusting Al and Ti concentrations or changing annealing treatments [24]. Because DP colonies
are coarse in size and non-uniform in distribution, they have significant implications for the
mechanical properties of HEAs [32]. CP nanoparticles are primarily responsible for precipitation
hardening, whereas the coarse and wide-spaced DP colonies provide a limited hardening capability.
Moreover, because DP colonies are generally limited to the vicinity of grain boundaries, they
provide potential sites for localized deformation and thus reduce workability. For example, Chang
et al. revealed that coarse DP colonies can crack grain boundaries of CoCrFeNi-based HEAS at
high temperatures, thus dramatically reducing hot ductility [33]. Therefore, the minimization or
even complete suppression of the DP reaction is crucial for achieving the improved mechanical
properties of y'-strengthened HEAs. Micro-alloying has been recognized as a key method for

inhibiting the DP reaction either by altering precipitation thermodynamics or changing
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precipitation Kinetics in numerous conventional alloys with one or two principal constitutes [32].
However, in HEAs comprising multi-principal elements, there is a lack of systematic research into
the effects of micro-alloying on the DP behavior, and a fundamental understanding of mechanisms
for suppressing the DP reaction has not yet evolved in y’-strengthened HEAs.

In this study, we show that minor additions of Nb to y’-strengthened HEAs cannot only
suppress the DP reaction but also promote the CP formation through grain boundary segregation
and nanoscale solute partitioning. Grain boundary characteristics and precipitate microstructures,
including precipitate size, number density, morphology, and composition, of the y’-strengthened
(CoCrFeNi)asxAlsTisNby (at.%) HEAs with different Nb contents were thoroughly examined by
electron microscopies and atom probe tomography (APT). Particular effort was made to
understand the fundamental mechanism for suppressing the DP reaction and to elucidate the
correlation between the precipitate microstructure and mechanical properties of the y’-strengthened

HEAs.
2. Experimental

Alloys with nominal compositions of (CoCrFeNi)esxAlsTisNbyx (at.%) were prepared by arc-
melting a mixture of the constituent elements with purity higher than 99.9 wt.% under a Ti-gettered
argon atmosphere, and the alloys were then drop-cast into a copper mold of 50 x 15 x 3 mm?.
Table 1 presents the chemical compositions of five HEAs with different Nb additions. For
simplicity, these alloys are hereafter referred to as ONb, 0.4Nb, 0.8Nb, 1.6Nb and 2.3Nb alloys.
Ingots were homogenized for 2 h at 1150 °C and then cold-rolled for multiple passes, yielding a
total reduction of approximately 66%. The rolled plates were subjected to recrystallization for 3

min at 1150 °C and then aged at 800 °C for various periods of time.
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Sections of the heat-treated samples were polished using standard mechanical polishing
procedures and chemically etched with a dilute aqua regia solution. The resulting microstructures
were examined by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), and X-ray diffraction (XRD). Transmission electron microscopy (TEM) specimens were
prepared by ion-milling of mechanically pre-thinned foils to the electron-transparent thickness
using a precision ion polishing system. TEM and selected area electron diffraction (SAED)
measurements were conducted on a JEM-2100F microscope operated at 200 kV. Needle-shaped
specimens required for APT were fabricated by lift-outs and annular milled in an FEI Scios focused
ion beam/scanning electron microscope (FIB/SEM). APT characterizations were performed in a
CAMECA Instruments LEAP 5000XR local electrode atom probe. The specimens were analyzed
in voltage mode, at a specimen temperature of 70 K, a pulse repetition rate of 200 kHz, a pulse
fraction of 0.2, and an ion collection rate of 0.5% ions per field evaporation pulse. Imago
Visualization and Analysis Software version 3.8 was used for three-dimensional reconstructions
and data analysis.

Dog-bone shaped tensile specimens with a gauge length of 12.5 mm and a cross-section area
of 3.2 x 1 mm? were cut using electrical-discharge machining. Tensile tests were conducted at
room temperature by using a MTS mechanical testing system at a strain rate of 1073 s™*. Fracture
surfaces were examined by SEM. Thermodynamic calculations were employed to supplement and
complement the experimental findings. Thermo-Calc 3.0 with Ni-database (TTNI8) was used to

evaluate phase constitution and transformation.

3. Results

3.1. Microstructural characterization
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Representative SEM micrographs of ONb, 0.4Nb, 0.8Nb, 1.6Nb, and 2.3Nb alloys aged for 8
h at 800 °C are presented in Fig. 1. The ONb alloy (Fig. 1a) exhibits a heterogeneous precipitate
microstructure containing both CP and DP regions. The CP region consists of spherical y’
nanoparticles uniformly dispersed in the grain interior, whereas the DP region contains rod-shaped
coarse Yy’ colonies near grain boundaries (Fig. 1b). The volume fraction of the DP region is
approximately 30 £ 6%, which is consistent with the previous reports in the CoCrFeNi-based
HEASs [24,25]. With the 0.4% Nb addition, the CP and DP regions still coexist, but the volume
fraction of the DP region is decreased to less than 10% (Fig. 1c). For the alloy with 0.8% Nb, the
DP formation is almost completely suppressed, resulting in a uniform microstructure with
continuous y’ nanoparticles throughout the matrix (Fig. 1d). However, with the further increase of
Nb addition to 1.6 and 2.3 at.%, additional micron-sized block-shaped phases appear mostly at the
grain boundaries (Figs. 1e and f). The EDS analysis reveals that these block-shaped phases are
enriched with Nb and considerable amounts of Fe, Co, Cr and Ni (Fig. 2a), and the measured
atomic ratio of (Fe + Co + Cr + Ni):(Nb + Ti) is approximately 2:1.

The phase structures of the ONb, 0.4Nb, 0.8Nb, 1.6Nb, and 2.3Nb alloys aged for 8 h at 800 °C
were examined by XRD, and Fig. 2b shows the corresponding patterns. The ONb, 0.4Nb, and
0.8Nb alloys exhibit similar patterns, with y and y’ peaks, validating that precipitates in the CP and
DP regions have the same crystal structure. In the 1.6Nb alloy, although the peaks are prevalently
indexed to the y and y' phases, a new diffraction peak at a 20 of 41° corresponding to the Laves
phase is also detected. Moreover, the Laves phase peak becomes prominent in the 2.3Nb alloy.
The XRD patterns together with the EDS spectrum indicate the presence of Fe;Nb-type block-

shaped phases at grain boundaries. From these results, it can be concluded that 0.8 at.% Nb addition
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is effective for suppressing the DP reaction without introducing the brittle Laves phase. Therefore,

we investigate this alloy in detail in the following sections.

3.2. APT characterization of grain boundary segregation

Because the discontinuous y' precipitates nucleate at grain boundaries, it is necessary to
understand how Nb addition affects the grain boundary characteristics of the HEAs. The grain
boundary chemistry of the 0.8Nb alloy in the as-recrystallized state was examined by APT, for
which the required specimens were cut out and milled at a location containing grain boundaries
using a site-specific FIB lift-out technique. The atom maps of Co, Cr, Fe, Ni, Al, Ti, and Nb from
an APT dataset containing a grain boundary are shown in Fig. 3a. Clear segregation of Nb to the
grain boundary is evident, and the planar feature of the segregation is clearly delineated in the iso-
concentration surfaces of 2 at.% Nb. A quantitative compositional analysis of the grain boundary
chemistry was conducted using one-dimensional concentration profiles. Figure 3b shows a
representative profile of Nb, perpendicular across the grain boundary. The Nb content in grain
interior regions is 0.8 £0.3 at.%, whereas the content at the grain boundary exhibits a maxima
estimated to be 7.4 + 0.8 at.%. To quantify the enrichments, the interfacial excess of Nb, which
represents the number of excess Nb atoms at the grain boundary normalized to its area, is

calculated to be approximately 3.5 atom/nm?.

3.3. Precipitate evolution in the DP region

Upon aging, coarse DP colonies are formed in the ONb alloy. To understand the DP
mechanism, we investigate the temporal evolution of DP colonies by APT, and the required

specimens were cut out from the DP region by using the site-specific FIB lift-out technique. As an
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example, the APT microstructure of the DP region in the 2-h aged condition are shown in Fig. 4a,
in which the relative positions and extents of Co (purple), Cr (pink), Fe (orange), Ni (green), Al
(cyan), and Ti (blue) atoms are indicated. Because of the coarse size of discontinuous y’
precipitates, a part of a precipitate together with a part of the matrix can be observed in the volume
of analysis. The partitioning of Ni, Ti, and Al to the precipitate and Co, Cr, and Fe to the matrix is
clearly evident. Moreover, concentration isosurfaces with 12% (Al + Ti) were used to visualize
the interface between the precipitate and matrix, and the corresponding proximity histogram based
on concentration isosurfaces is displayed in Fig. 4b. Data points within the flat region of the
profiles at the right side of the interface delineate the precipitate composition. The atomic ratio of
Ni/Al in the precipitate is non-stoichiometric, and the average composition of the precipitate is
56.0Ni—7.0Al-18.9Ti—14.3C0-3.1Fe-0.8Cr at.%, thus yielding a (Ni + Co + Fe + Cr):(Al + Ti)
ratio of approximately 3:1. Moreover, the precipitate microstructure in the DP region for 7.5-min
and 8-h aged conditions were also examined by APT. The precipitate composition evolution as a
function of aging time is summarized in Fig. 4c. The DP colonies exhibit no significant changes

in composition with aging time, indicating the near-equilibrium nature of the DP colonies.

3.4 Precipitate evolution in the CP region

We now characterize the temporal evolution of continuous y' nanoparticles in the CP region,
the primary strengthening phases in the y’-strengthened HEAs. The isosurfaces with a
concentration of 12% (Al + Ti) were used to visualize CP nanoparticles. Figure 5 shows the CP
microstructure of the ONb and 0.8Nb alloys in the 7.5-min, 2-h and 8-h aged conditions. High
number densities of nanoparticles were detected in all the studied conditions, and the nanoparticles

exhibit coarsening in both alloys with aging time while maintaining spherical morphology. The
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proximity histograms of CP nanoparticles of ONb and 0.8Nb alloys are displayed in Fig. 6 as a
function of aging time. In both alloys, the preferred partitioning of Co, Cr, and Fe to the matrix
and Ni, Al, and Ti to the CP nanoparticles is evident. What is more interesting, and potentially
relevant to an understanding of the formation mechanism of CP nanoparticles in FCC HEAs, is
that Nb preferentially partitions towards CP nanoparticles; the concentration is approximately 2
at.% in the aged conditions. Moreover, the atomic ratio of (Ni + Co + Fe + Cr):(Ti + Al + Nb) in
the 0.8Nb alloy is approximately 3:1, which is consistent with the formation of the
(Ni,Co,Fe,Cr)3(Ti,Al,Nb) phase.

TEM was employed to further examine the morphology and crystal structure of CP
nanoparticles in the 0.8Nb alloy. A representative SAED pattern and a dark-field TEM (DF-TEM)
image of the CP region in the 2-h aged condition are shown in Fig. 7. The SAED pattern clearly
reveals the presence of (100) superlattice reflection in the [011] zone axis, which corresponds to a
L1>-ordered phase. The DF-TEM image of the CP region with the (100) superlattice spot exhibits
the precipitation of high number densities of spherical nanoparticles with an average size of
approximately 9 £ 3 nm, which is consistent with APT results. TEM observations together with
the APT analysis demonstrate that the partitioning of Nb alters the composition but does not
change the crystal structure of CP nanoparticles.

The average radius and number density of CP nanoparticles of the ONb and 0.8Nb alloys in
the 7.5-min aged condition are shown in Fig. 8a. The average particle radii of the ONb and 0.8Nb
alloys are 2.8 £ 0.8 and 3.0 £ 0.9 nm, respectively, whereas the number density of the 0.8Nb alloy
(7.9 £ 0.9 x 1022 nm™®) is considerably larger than that of the ONb alloy (6.1 + 1.0 x 10?2 nm3),
indicating that Nb addition promotes the precipitation of CP nanoparticles. In the 2-h and 8-h aged

conditions, CP nanoparticles are too coarse for quantitative analysis of sizes and number densities.
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However, their compositions can be quantitatively determined, and based on these compositions,
the volume fraction of the CP nanoparticles in different aging conditions can be estimated using
the lever rule [34], as presented in Fig. 8b. The volume fraction of CP nanoparticles in the ONb
alloy increases from 9.1 + 0.9 at.% in the 7.5-min aged condition to 9.9 £ 0.7 at.% in the 2-h aged
condition and to 10.2 £ 0.9 at.% in the 8-h aged condition, whereas that in the 0.8Nb alloy gradually
increases from 11.5 £ 0.8 at.% in the 7.5-min aged condition to 12.0 + 0.7 at.% in the 2-h aged
condition and to 13.0 + 0.5 at.% in the 8-h aged condition. Therefore, the Nb addition increases
the volume fraction of CP nanoparticles in all the studied conditions, further confirming that Nb

promotes Y’ precipitation in the CP region of the y’-strengthened HEAs.

3.5. Mechanical properties

Room-temperature tensile tests were performed to assess the effects of Nb additions on the
mechanical properties of y'-strengthened HEAs. The representative engineering stress—strain
curves of the ONb, 0.4Nb, 0.8Nb, 1.6Nb, and 2.3Nb alloys aged for 8 h at 800 °C are shown in Fig.
9a, and the yield strength, ultimate tensile strength, elongation to failure, and reduction in area are
summarized in Table 2. The ONb alloy exhibits a yield strength, ultimate tensile strength,
elongation to failure, and reduction in area of approximately 636 + 10 MPa, 1073 £ 9 MPa, 36 +
3%, and 72 £ 10%, respectively. The addition of 0.4 at.% Nb slightly increases yield strength and
ultimate tensile strength. By contrast, the 0.8 at.% Nb addition clearly increases yield strength and
ultimate tensile strength (~770 + 13 and ~1129 + 17 MPa, respectively), while maintaining a high

ductility, with an elongation to failure of ~32 + 2% and a reduction in area of 79 + 6%. However,

a further increase in Nb content significantly decreases ductility and reduces elongation to failure

to approximately 22 + 6% and 19 + 2% for the 1.6Nb and 2.3Nb alloys, respectively, even though
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a higher strength is achieved. Therefore, 0.8 at.% Nb addition is beneficial in increasing strength
without decreasing ductility. To further evaluate the evolution of the hardening of the 0.8Nb alloy
with respect to aging time, the as-recrystallized and aged samples with different aging times were
evaluated (Fig. 9b and Table 2). Upon aging, the yield strength increases from 406 + 13 MPa in
the as-recrystallized condition to 729 + 12 MPa in the 7.5-min aged condition and to 789 + 9 MPa
in the 2-h aged condition. With the further increase in the aging time, the strength gradually
decreases to 770 + 13 in the 8-h aged condition and further to 652 + 10 MPa in the 32-h aged
condition, indicating an overaging effect.

The fracture surfaces of the y'-strengthened HEAs with different Nb additions after aging for
8 h at 800 °C are presented in Fig. 10. In the ONb alloy, the fracture surface reveals plenty of fine
dimples, a characteristic mode of a ductile fracture (Fig. 10a). The addition of 0.4 and 0.8 at.% Nb
does not induce apparent changes in the fracture mode, and the fracture surface still consists of
numerous fine dimples (Figs. 10b and c). However, when the Nb content increases to 1.6 and 2.3
at.%, the fracture mode changes to a mixed fracture mode (Figs. 10d and e), with cleavage facets

in areas surrounded by dimpled rupture or intergranular fracture features (Fig. 10f).
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4. Discussion

The aforementioned results demonstrate that Nb additions are crucial for not only suppressing
the DP reaction but also for promoting the CP formation of the y’-strengthened HEASs. In the
following sections, the mechanisms for suppressing DP colonies at grain boundaries and for
promoting of CP nanoparticles in grain interiors are discussed in detail, and the correlation between

the precipitate microstructure and mechanical properties of the y’-strengthened HEAS is analyzed.
4.1 Mechanisms for the suppression of DP reaction at grain boundaries

Fundamentally, the DP reaction involves two critical steps, namely heterogeneous grain-
boundary precipitation and synchronous grain-boundary migration, both of which are essentially
determined by grain boundary properties. Our APT results reveal the prominent segregation of Nb
at the grain boundaries of the HEAs, which may affect grain-boundary precipitation and/or
migration. Therefore, the beneficial effects of Nb on the suppression of DP reaction are discussed
in terms of (1) grain-boundary precipitation and (2) grain-boundary migration.

First, the effects of grain boundary Nb segregation on the grain boundary precipitation is
analyzed. It is known that grain-boundary precipitation of a second phase is affected by such
factors as grain-boundary energy and grain-boundary diffusion; the smaller these factors, the less
likely the grain boundary precipitation occurs. The grain-boundary energy is affected significantly
by the grain boundary segregation. In this study, the change in grain boundary energy caused by

Nb segregation can be calculated by [35,36]:

Ay =T(AH, +KTInX) 1)
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where Ay is the grain-boundary energy variation, I"is the specific Nb excess at the grain boundaries,
AHseg is the segregation enthalpy, KT represents the thermal energy (k is the Boltzmann constant
and T is the temperature), and X is the Nb content in the alloy. AHseg can be obtained using the
McLean isotherm [37]:

AH
seg )
RT

)

)
gb gi
= ex
1-X 1-X . (

o gi
where Xgp and Xgi are the Nb concentration at the grain boundary and grain interior, respectively,
R is the gas constant, and T is the temperature. With input values of "= 3.5 atom/nm?, k = 1.38 x
1022 J/K, T=1073 K, Xgb = 7.4 + 0.8 at.%, Xqi = 0.8 + 0.3 at.%, and R = 8.31 J/K-mol, the reduction
in grain boundary energy caused by Nb segregation is 112.8 + 11.9 mJ/m? at 800 °C. The relevant
literature shows that the typical grain boundary energy of FCC CoCrFeNi-based alloys is
approximately 630-900 mJ/m? at 800 °C [38-40]. Therefore, the reduction in grain boundary
energy induced by Nb segregation is approximately 12—-18% of the total grain boundary energy.
Because the heterogeneous nucleation of DP y’ colonies is highly dependent on the extra energy
provided by the grain boundaries, a dramatic reduction in grain boundary energy should increase
the critical energy for nucleation, thereby thermodynamically inhibiting grain boundary
precipitation. On the other hand, the grain boundary segregation of Nb can also affect the grain
boundary precipitation by influencing the grain boundary diffusion. Since the diffusivity of Nb is
considerably lower than that of the principal elements (i.e., Co, Cr, Fe, and Ni) because of its large
atomic size and high melting point [5], the grain boundary precipitation would be retarded due to
the lowering of grain boundary diffusivity. Consequently, the Nb segregation inhibits the grain
boundary precipitation by reducing the grain-boundary energy and slowing down the grain-

boundary diffusion, thereby substantially suppressing the DP initiation at the grain boundaries.
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Second, the effects of grain boundary Nb segregation on the grain boundary migration is
explored. From the thermodynamic point of view, grain boundary energy is one of the driving
forces of grain boundary migration. As discussed above, the Nb segregation effectively reduces
the grain boundary energy of the HEAs. Thus, the reduction in this energy by Nb segregation
should inhibit the migration of grain boundaries. From the kinetic perspective, the grain boundary
Nb segregation can interact with migrating grain boundaries through the solute-drag effect [41].
During grain boundary migration, the solute atmosphere formed by Nb segregation diffuses with
but lags behind the grain boundary due to its considerably lower diffusivity [5], thus generating a
dragging pressure on the grain boundary and kinetically reducing grain boundary mobility. In this
study, Nb segregation is energetically favorable at the grain boundaries of CoCrFeNi-based HEAS,
and the diffusivity of Nb is considerably lower than that of the principal elements (i.e., Co, Cr, Fe,
and Ni) because of its large atomic size. Therefore, grain boundary migration can be substantially
inhibited by the solute-drag of Nb, thus decelerating the kinetics of grain boundary migration in
the Nb-modified HEAs. To further verify the effect of Nb segregation on grain boundary migration
of HEAs, the recrystallization kinetics of three model alloys with different Nb additions—
CoCrFeNi, (CoCrFeNi)99.sNbos and (CoCrFeNi)soNb: (at.%)—were investigated. To eliminate the
effect of y' precipitates on the pining of grain boundary migration, the Al and Ti additions were
removed from the original HEAs, and thus the effect of Nb on the grain boundary migration
behavior of HEAs can be evaluated. Cold-worked samples of these alloys were subjected to
annealing at different temperatures, and the recrystallization temperature was determined by
measuring micro-hardness and microstructure at different temperatures [42]. It is found that the
Nb additions dramatically decelerate the kinetics of grain boundary migration, with the

recrystallization temperature increasing from approximately 600 °C in the CoCrFeNi alloy to

14

© 2020 This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



approximately 725 °C in the (CoCrFeNi)oosNbos alloy and to approximately 775 °C in the
(CoCrFeNi)goNbs alloy. Therefore, the Nb addition to the HEAs decreases the grain boundary
mobility because of the reduction of grain boundary energy and solute-drag effect, which
effectively inhibits the DP reaction at the grain boundaries.

The aforementioned analysis indicates that the grain boundary segregation of Nb is crucial in
suppressing the (1) grain-boundary precipitation and (2) grain-boundary migration due to the
combination of reduction of grain-boundary energy and solute-drag effects, both of which can

substantially inhibit the DP reaction at the grain boundaries of the y'-strengthened HEAs.
4.2 Mechanisms for the promotion of CP formation in grain interiors

In addition to suppressing the DP reaction, Nb addition also plays an important role in
promoting CP formation, as evidenced by the higher number density and larger volume fraction
of CP nanoparticles in the 0.8Nb alloy than those in the ONb alloy (Figs. 8a and b). Therefore,
exploring the mechanism for the promotion of CP formation is crucial.

APT reveals that the 0.8Nb alloy has a higher number density of CP nanoparticles than the
ONDb alloy in the early stage of precipitation (the 7.5-min aged condition), which should not be a
result of slow coarsening because the particle radius of the 0.8Nb alloy (~3.0 £ 0.9 nm) is larger
than that of the ONb alloy (~2.8 = 0.8 nm). Instead, the increased number density of CP
nanoparticles is likely due to the enhanced nucleation by Nb. According to the classical nucleation

theory, the critical energy for nucleation of a spherical precipitate (AG") is given by [43]:

3

. 167y

G = 3)
3(AG, —AG,)
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where vy is the interfacial energy between the precipitate and matrix, AGy is the chemical driving
force for nucleation, and AG; is the elastic strain energy. The APT analysis indicates that no
apparent interfacial segregation of Nb occurs at the interface between the precipitates and matrix,
and thus it is unlikely that the Nb additions would change the interfacial energy of the precipitates.
Moreover, the atomic size of Nb (143 pm) is very similar to that of Al (143 pm) and Ti (145 pm)
[5], and thus, the partial substitution of Al and Ti by Nb in (Ni,Co)3(Al,Ti,Nb) precipitates is also
unlikely to change the lattice mismatch between the precipitates and matrix [44]. Instead, the
promotion of CP nanoparticles can be explained in terms of chemical driving force. The
partitioning of Nb to the precipitates is equivalent to increasing the total concentration of the
nanoparticle-forming elements. Therefore, the total supersaturation of Al, Ti, and Nb in the 0.8Nb
alloy is higher than that of Al and Ti in the ONb alloy, which increases the chemical driving force
for the nucleation of CP nanoparticles, thus increasing the number density of continuous Yy’
nanoparticles in the grain interior. As the CP and DP reactions are two competitive processes to
lower the total free energy by consuming the solid-solution matrix, the promoted CP formation
induced by the Nb partitioning would also slow down the DP reaction.

To further understand the promotion of CP reaction, we performed thermodynamic
calculations using Thermo-Calc software to determine the effect of Nb concentration on the vy’
phase. Figure 11a shows the calculated volume fraction of the y’ phase of the (CoCrFeNi)os-
xAl3TizNby alloys as a function of temperature and Nb concentration. The volume fraction of the
Y’ phase increases from 15% in the OND alloy to 20 % in the 0.8NDb alloy at 800 °C, which is in
consistent with the experimental results. Moreover, the analysis of the theoretical phase
compositions reveals that Nb is thermodynamically favorable to partition to the y" phase, which

increases the total concentration of y’-forming elements and subsequently the volume fraction of
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the y' phase. However, a further increase of the Nb addition gradually decreases the y’ volume
fraction because excessive Nb additions tend to induce the formation of the Laves phase (Fig. 11b).
The Laves phase consumes the y'-forming elements, including Ni and Nb, thereby reducing the
volume fraction of the y' phase. Therefore, thermodynamic calculations are consistent with our
experimental observations that appropriate Nb addition (0.8 at.%) can promote y' precipitation
without forming the Laves phase.

On the basis of the aforementioned discussion on the DP and CP, the effects of Nb on the
precipitation behavior of the y’-strengthened HEAs can be summarized as follows and
schematically illustrated in Fig. 12. In the Nb-free HEAs, the DP colonies are initiated at the grain
boundaries, whereas the CP nanoparticles are formed in the grain interiors. As the precipitation
reaction proceeds, both the CP nanoparticles and DP colonies grow, resulting in a microstructure
containing a mixture of CP and DP regions. By contrast, in the HEAs with appropriate Nb additions,
Nb tends to segregate at the grain boundaries, which inhibits both grain boundary precipitation and
migration. Thus, the formation of DP colonies at grain boundaries is significantly suppressed.
Moreover, Nb is energetically favorable to partition to the CP nanoparticles by forming
(Ni,Co)3(Al,Ti,Nb) phase with increased number densities and volume fractions. Consequently,
CP formation is the dominant precipitation routine in the Nb-modified HEASs, resulting in a

microstructure containing a uniform distribution of CP nanoparticles throughout the matrix.

4.3 Precipitate-strengthening mechanisms for the y’-nanoparticle-strengthened HEAs

Conventional y'-strengthened HEAS generally comprise a large amount (more than 30 vol.%)
of DP regions, in which DP colonies are irregular in both morphology and distribution, thus

increasing the difficulty of modeling the strengthening response and of understanding the
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strengthening mechanism. The results of this study indicate that an appropriate amount of Nb can
completely suppress DP reaction, leading to the uniform distribution of CP nanoparticles
throughout the matrix. Therefore, these Nb-modified alloys provide a suitable base on which to
understand and model the precipitation strengthening contribution of y’ precipitates in the HEAs.

In precipitation-strengthened alloys, precipitates hinder dislocation motion by forcing them
to shear weak obstacles (particle shearing) or bypass strong obstacles (Orowan bypass), depending
on the precipitate size [45]. Because the critical precipitate size for the transition from particle
shearing to Orowan bypass is unclear for the y’-strengthened HEAS, the strengthening contribution
of y' nanoparticles is separately modeled using the two mechanisms. When the precipitates are
strong obstacles, the increase in yield strength by the Orowan mechanism is given by [45]:

Ao, = 0.4MGbIn(2r /b)
7Z'Lp \/l—v

(4)

where M = 3 is the Taylor factor, G = 78.5 GPa is the shear modulus for the matrix [24], b = 0.255

nm is the magnitude of the Burgers vector of the matrix [24], v = 0.31 is the Poisson ratio [24],

T =+/2/3-r is the radius of the sphere particle on the slip planes, r is the average particle radius

(Table 3), and L, =2F(y7/(4f) —1) is the mean particle spacing. When the particles are weak,

the particle shearing mechanism operates, and strengthening is primarily attributed to three parts,
namely precipitate-matrix coherency (A ocoherency), modulus mismatch (AoGmodulus), and atomic
ordering (Aoorder) [46-48]. The equations for the aforementioned particle shearing mechanism are
as follows [45,49]:

=2.6M (c;g)e"z(—f )2 ®)

Ao r
0.5Gb

coherency
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— 0.0055M (AG)*”? (2 f )2 (L)SmIZ—l ©6)

AGmod ulus E b
AGorder = O81M % (%)UZ (7)

where f is the volume fraction of the precipitates (Table 3), ¢ = 2/3-(Aala) is the constrained lattice
parameter mismatch, where Aa is the difference of lattice constant between the precipitates (3.590
A) and the matrix (3.578 A) [24,50], AG = 8.5 GPa is the difference between the shear modulus
of the y’ phase (87.0 GPa) and matrix (78.5 GPa) [24,51], m = 0.85 is a constant [45], and yaps =
0.20 J/m? is the anti-phase boundary energy of the y' precipitates [52]. Using the experimental data
obtained by APT and TEM (Table 3), the theoretical strengthening contributions from each
individual mechanism were calculated and summarized in Table 3. The experimental values of
precipitation strengthening were determined by the difference in yield strength between the aged
and unaged samples of the 0.8Nb alloy and are also included in Table 3. The Orowan strengthening
contribution is considerably higher than the experimental increment of yield strength in all
conditions, implying that Orowan bypass mechanism might not be operative in the currently
studied HEAs with ultrafine particles. For the particle shearing mechanism, the values of A ccoherency,
Aomodulus, and Aocorder IN the 7.5-min aged condition are approximately 29, 44, and 351 MPa,
respectively; those for the 2-h aged condition are approximately 52, 61, and 361 MPa, respectively;
those for the 8-h aged condition are approximately 70, 74, and 374 MPa, respectively. As
suggested in Ref. [46], the increment in strengthening due to particle shearing is taken as the larger
of (a) the sum of modulus strengthening and coherency strengthening (A ocoherency + A Gmodulus), OF
(b) the order strengthening (A oorder). This is because these two modes (a and b) are sequential, the

former occurring before the dislocation shears the particles and the latter during shearing. As
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summarized in Table 3, Aocorder is much larger than (Aocoherency + Aomodulus) In all the aging
conditions studied, suggesting that the precipitation strengthening should be contributed mainly
by order strengthening. The contributions of order strengthening are approximately 351, 361, and
374 MPa for the 7.5-min, 2-h, and 8-h aged conditions, respectively, which are close to the
experimental values of precipitation strengthening response, namely 323, 383, and 364 MPa,
respectively (Table 3). Therefore, the particle shearing mechanism operates in the y’-nanoparticle-

strengthened HEAS, and order strengthening is crucial in the strengthening of these HEAs.

5. Conclusions

On the basis of the systematic investigation of the Nb effects on the discontinuous and
continuous precipitate microstructures, grain boundary segregation, and mechanical properties of
the (CoCrFeNi)asxAlsTizNbx HEAS, the following conclusions are drawn:

1. The precipitation of y’ precipitates in the CoCrFeNi-based HEAs occurs in the CP and DP
modes. The Nb-free HEAs exhibit a microstructure containing CP nanoparticles in the grain
interiors and DP colonies at grain boundaries. With an appropriate Nb addition (0.8 at.%), the
coarse-sized DP colonies are completely suppressed, leading to the uniform distribution of CP
nanoparticles throughout the matrix. However, excess additions of Nb can lead to the
precipitation of Laves phase at grain boundaries.

2. APT reveals that Nb exhibits segregation at the grain boundaries of the CoCrFeNi-based HEAs.
This segregation plays an important role in suppressing the (1) grain-boundary precipitation
and (2) grain-boundary migration due to the synergistic effects of grain-boundary energy
reduction and solute-drag effects, and the combination of these two factors significantly

inhibits DP reaction in the y’-strengthened HEAs.
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3. In the CP region, APT reveals that Nb partitions to the y' nanoparticles, the partitioning of
which which increases the total concentration of the y’-forming elements. This leads to a high
chemical driving force for the y’ precipitation and also increases the volume fraction of y’
nanoparticles, which is in consistent with the thermodynamic calculations.

4. The 0.8Nb alloy, exhibiting a uniform distribution of y’ nanoparticles throughout the matrix,
achieves a good combination of high strength and ductility. The modeling of precipitation
strengthening indicates that the particle shearing mechanism is operative in the studied alloys
with ultrafine particles, and order strengthening is crucial in the strengthening of the 7y'-

strengthened HEAs.
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Figure captions

Fig. 1. Microstructures of the (CoCrFeNi)osxAl3TisNby alloys in the 8-h aged condition: (a and b)
ONDb, (c) 0.4Nb, (d) 0.8Nb, (e) 1.6Nb, and (f) 2.3Nb. (b) is an enlarged view of the DP and CP

regions in the OND alloy.

Fig. 2. (a) EDS spectrum of the block-shaped phase in the 2.3Nb alloy, and (b) XRD patterns of

the (CoCrFeNi)asxAl3TisNby alloys in the 8-h aged condition.

Fig. 3. (a) SEM microstructure and atom maps of dataset containing grain boundaries of the as-

recrystallized 0.8Nb alloy, and (b) 1D concentration profile of Nb across the grain boundary.

Fig. 4. (a) Atom maps of Co, Cr, Fe, Ni, Al, and Ti of the DP region of the ONb alloy in the 2-h
aged condition, (b) proximity histograms of the DP region in the 2-h aged condition, and (c)

evolution of precipitate composition of the DP region as a function of aging time.

Fig. 5. CP nanoparticles of the ONb and 0.8Nb alloys in different aging conditions: (a) ONb, 7.5

min, (b) ONb, 2 h, (c) ONb, 8 h, (d) 0.8Nb, 7.5 min, (e) 0.8Nb, 2 h, and (f) 0.8Nb, 8 h.

Fig. 6. Proximity histograms of CP nanoparticles of the ONb and 0.8Nb alloys in different aging
conditions: (a) ONb, 7.5 min, (b) 0.8Nb, 7.5 min, (c) ONb, 2 h, (d) 0.8Nb 2 h, (¢) ONb, 8 h, and (f)

0.8Nb, 8 h.

Fig. 7. (a) SAED pattern and (b) dark-field TEM image of the 0.8Nb alloy in the 2-h aged condition.
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Fig. 8. (a) Particle radii and number densities of CP nanoparticles in the ONb and 0.8Nb alloys in
the 7.5-min aged condition, and (b) volume fractions of CP nanoparticles in the ONb and 0.8Nb

alloys as a function of aging time.

Fig. 9. Room-temperature tensile stress—strain curves of (a) the (CoCrFeNi)gsxAlzTisNby alloys in

the 8-h aged condition and (b) 0.8Nb alloy in different aging conditions.

Fig. 10. Fracture surfaces of the (CoCrFeNi)asxAl3TisNby alloys in the 8-h aged condition: (a) OND,
(b) 0.4NDb, (c) 0.8Nb, (d) 1.6Nb, and (e and f) 2.3Nb. (f) is an enlarged view of the fracture surface

in (e).

Fig. 11. (a) Calculated volume fractions of y’ phase in the (CoCrFeNi)osxAl3TizsNby alloys, and (b)

the pseudo-binary phase diagram of the (CoCrFeNi)as-xAlsTisNby system.

Fig. 12. Schematics showing the precipitation mechanism of the y’-precipitate-strengthened HEAS

with and without Nb additions.
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Fig. 1
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Fig. 4 (cont’d)
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Fig. 5
(a) ONb, 7.5 min (b) ONb, 2 h

65 nm  45nm
(d) 0.8Nb, 7.5 min (e) 0.8Nb, 2 h
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(c) ONb, 8 h
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a 3
@1 . co ONb, 7.5 min
——Cr T
S40
5
c
220
=
c
3
c 0
O
®)
5 Al
0 . . ; : ;
-3 -2 -1 0 1 2

Distance (nm)

60, — Co 0.8Nb, 7.5 min

—v—Cr s
sl s, Pty
- Fe W bl
40 i
8
=
220
©
(=
3
c 0
o)
O
5.
0 : : | : :
-3 -2 -1 0 1 2

Distance (nm)

35

© 2020 This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



Fig. 6 (cont’d)
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Fig. 6 (cont’d)
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Fig. 7
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Fig. 11
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Nb-free HEAs strengthened by continuous and discontinuous y' precipitates
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