PHYSICAL REVIEW MATERIALS 4, 053603 (2020)

Grain boundary energy effect on grain boundary segregation in an equiatomic high-entropy alloy
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Grain boundary (GB) segregation has a substantial effect on the microstructure evolution and properties of
polycrystalline alloys. The mechanism of nanoscale segregation at the various GBs in multicomponent alloys is
of great challenge to reveal and remains elusive so far. To address this issue, we studied the GB segregation in a
representative equiatomic FeMnNiCoCr high-entropy alloy (HEA) aged at 450 °C. By combining transmission
Kikuchi diffraction, atom probe tomography analysis and a density-based thermodynamics modeling, we
uncover the nanoscale segregation behavior at a series of well-characterized GBs of different characters. No
segregation occurs at coherent twin boundaries; only slight nanoscale segregation of Ni takes place at the
low-angle GBs and vicinal £29b coincidence site lattice GBs. Ni and Mn show cosegregation of high levels
at the general high-angle GBs with a strong depletion in Fe, Cr, and Co. Our density-based thermodynamic
model reveals that the highly negative energy of mixing Ni and Mn is the main driving force for nanoscale
cosegregation to the GBs. This is further assisted by the opposite segregation of Ni and Cr atoms with a positive
enthalpy of mixing. It is also found that GBs of higher interfacial energy, possessing lower atomic densities
(higher disorder and free volume), show higher segregation levels. By clarifying the origins of GB segregations
in the FeMnNiCoCr HEA, the current work provides fundamental ideas on nanoscale segregation at crystal

defects in multicomponent alloys.

DOI: 10.1103/PhysRevMaterials.4.053603

I. INTRODUCTION

Polycrystalline materials generally consist of a large num-
ber of grain boundaries (GBs) with various characters. In the
GB region, atoms are shifted from their regular lattice sites to
accommodate the mismatch between the adjacent grains [1].
Hence, GBs are of higher-energy state compared to the grain
interior. To minimize their energy, GBs interact with solute
or impurity atoms, resulting in segregation of those atoms
to the GB region [2]. Such GB segregation is of particular
concern because it largely affects many properties of the poly-
crystalline materials [3—-12]. Segregation of some deleterious
elements such as S and Bi to GBs in Ni, for instance, could
alter the atomic bonds in the GB region, decrease the atomic
cohesion, and promote intergranular fracture [4,5]. On the
contrary, segregation of a proper degree of B to GBs can
increase the strength and ductility of alloys by enhancing the
GB cohesion [6-8]. Also, segregation of Ti to W GBs [9]
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and segregation of Mo to Ni GBs [10] significantly increase
the hardness of the nanostructure by stabilizing the GBs and
restraining the GB-mediated softening process.

GB precipitation is another example where the segrega-
tion is believed to play a critical role [13,14]. In classical
nucleation theory, GBs are more favored nucleation sites
than the grain interior as their interfacial energy provides
an extra driving force [15]. In Fe-Mn steels, soft austenite
layers form among the hard martensite crystals due to Mn
segregation to the GBs [16,17] and can serve as mechanical
buffer zones to cracking to improve material ductility [18].
Recent atom probe tomography (APT) studies suggest that the
phase transformation along the GBs can also occur in a way
of spinodal decomposition with the aid of solute segregation
[17,19,20]. All the above facts point to a chemical platform
for engineering GBs through the solute segregation. Hence, it
is crucial to obtain a clear understanding on the mechanisms
of the segregation and possible phase separation and transition
at GBs.

Based on the Gibbs adsorption isotherm, GB segregation
can relate with different thermodynamic and structural vari-
ables of the system [21-24]. For instance, the positive mixing
enthalpy between solute and solvent atoms [3,23], which
is closely related to the bulk solubility [25], increases the
segregation tendency of the solute element [26]. Besides the
nature of solute and solvent atoms, the structures of GBs,
including the index of the GB plane and the misorientation
angle, can influence GB segregation [21,22,27-31]. In an Fe-P
alloy, the enrichment of P was found to be more significant
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at the GB planes with high indices compared to that at GB
planes with lower indices (e.g., {001}, {011} and {112}) [28].
Very low or even no segregation has been observed at coherent
twin boundaries (TBs) in the cases of Cu in Pb [29] and Bi
in Cu [30]. In fact, GB energy is also closely related to the
various GB structures [1,32] and influences the thermody-
namic driving force for GB segregation [21,33,34]. Yet, the
connection between GB energy and the chemical composition
of individual GBs has not been straightforwardly established.

In practice, most engineering materials contain more than
one alloying element of high concentrations. In the past
decades, high-entropy alloys (HEAs), with multiple elements
of similar fractions [35,36], have been introduced showing
excellent mechanical properties including high strength and
good ductility [37,38]. Elemental partitioning or phase sep-
arations can occur in HEA systems [36,39], even in the
equiatomic FeMnNiCoCr alloy, a representative single-phase
HEA of face-centered-cubic lattice structure [40,41]. After
very long annealing of 500 d at medium temperatures (e.g.,
500 and 700 °C), second-phase precipitates including NiMn,
FeCo, and Cr-rich phases form at GBs in the coarse-grained
FeMnNiCoCr alloy [40]. GB segregation also occurs in such
multicomponent alloy systems to alter the GB properties
and structure significantly [42-44]. The interactions among
multiple principal elements and GBs of different characters
endow the elemental segregation to GBs with a far more
complex route [23,45,46]. Little or no knowledge about GB
segregation, especially for substitutional elements to segregate
at the various GBs in HEAs, is available. Therefore, to inves-
tigate the chemical compositions of individual GBs in HEAs
is both scientifically interesting and technically important.

In the present work, we systematically studied the
nanoscale segregation at GBs of several typical characters
(i.e., low-angle GBs, high-angle GBs, and coincidence site
lattice (CSL) GBs] in the equiatomic FeMnNiCoCr HEA
by combining transmission Kikuchi diffraction (TKD), APT
analysis, and thermodynamics modeling. We employed APT
technique to systematically investigate the chemistry (segre-
gation elements, level, and the in-plane segregation patterns)
of different types of GBs, including low-angle GB, coherent
TB, and general high-angle GBs. All GBs were well charac-
terized by TKD technique. In order to understand the origin
of the differences in nanoscale segregation at GBs of different
types, we applied a thermodynamic model using a relative
atomic density parameter and its spatial gradients to describe
GBs with respect to the corresponding bulk. Based on this
model, a relationship was established between the segregation
level and the initial GB energy that closely depends on the GB
misorientation. We discussed the role of ideal segregation en-
ergy and mixing enthalpy of different solute atoms for the ele-
mental segregation to GBs of different characters. The present
work expands the knowledge on GB segregation in multicom-
ponent alloy systems and provides insights for engineering
GBs to optimize material microstructure and properties.

II. METHODOLOGY

A. Sample preparation

The equiatomic FeMnNiCoCr alloy was cast in a vac-
uum induction furnace with high-purity metals. The exact

chemical composition of this alloy is Fe-18.9-Mn-19.9Ni-
20.6C0-20.1Cr-20.5 in atomic ratio based on wet-chemical
analysis. Hot rolling at 900 °C and heat treatment at 1200 °C
in Ar atmosphere for 2h were employed to homogenize the
alloy plate. The homogenized material was cold rolled with
a thickness reduction of 60% and then annealed at 900 °C
for 10 min in Ar atmosphere. To induce GB segregations, the
annealed alloy was aging heat treated at 450 °C for 18 h. All
heat treatments were followed by water quenching.

B. Microstructural characterization

The microstructure of bulk sample was detected by elec-
tron backscattered diffraction (EBSD) method in a Zeiss
1540 XB scanning electron microscope. The EBSD measure-
ments were performed with the acceleration voltage of 15 kV,
aperture size of 120 um, working distance of 13 mm, and step
size of 0.8 um. Needle-shaped APT tips were fabricated using
a dual-beam focused-ion-beam (FIB) instrument (FEI Helios
Nanolab600i) by an in situ lift-out method [47]. The APT tips
were prepared from positions with specific GBs according
to prior EBSD characterization. During sharpening of the
APT tips, the TKD technique embedded in the FIB system
was employed to trace the GB position as well as further
confirm the GB characters. The TKD tests were performed
with the accelerate voltage of 20 KV, beam current of 1.4 nA,
working distance of 4 mm, and step size of 10-20 nm. APT
Instrument of LEAPTM 3000X HR by Cameca was employed
to investigate the chemical composition for all samples at the
atomic scale. About 3 APT samples were prepared and tested
for each GB. The measurements were performed in voltage
mode at 70 K, with a pulse fraction of 15%, a pulse rate
of 200 kHz, and a target detection rate of 0.4% (4 detection
events per 1000 pulses in average). IVAS® 3.8.2 software was
employed for all the reconstruction of three-dimensional atom
maps, visualization, and all data analysis.

C. Density-based thermodynamic model for GB segregation

To understand the dependency of segregation on GB na-
ture, we employ a density-based thermodynamic model to
describe GBs. This model has been recently introduced [48]
and successfully applied in studying GB segregation and
interfacial spinodal in FeMn alloys [49]. Because of their
defected structures, GBs possess excess free volumes and thus
lower average densities with respect to their corresponding
bulk material. The key parameter of the current model is a
relative atomic density field p which varies as p%% < p <
o8 =1 across the GB region. For a flat GB centered at
position x = xg, p(x > £n) = 1 is the relative bulk density
and p(x = xp) = p°% < 1 is the relative GB density value
corresponding to the GB plane. Here 7 is the GB half-width.
There can be, therefore, a relationship established between the
GB and bulk properties when described as a function of this
relative atomic density profile.

Using the density-based free-energy formulation [48], the
Gibbs free energy of the GB can be approximated based on
the available thermodynamic data for its corresponding bulk
phase. For a binary regular solution made of solvent A and
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solute B atoms, the Gibbs energy reads

G(Xg, p) =Xa(Ef p* + (KF + pV§ — TS5)p)
+Xs(EFp* + (KE + pViE — TS§)p)
+ p*Q XuXp + RT[XaIn X4 + Xz InX5], (1)

where the superscript B represents the bulk properties and the
subscripts A and B represent the solvent and solute atoms,
respectively. Here, Q2 is the mixing enthalpy coefficient, T
is temperature, X; is the molar fraction, EiB is the potential
energy, K? is the kinetic energy, pV? is the mechanical
energy, H? = EF + KP + pV?® is the enthalpy, and S? is the
entropy of the pure system made of i atoms. In this study, we
are interested in a material point within the GB plane where
p(x = xo) = pB. For this point, the gradient energy terms
discussed by van der Waals [50] and Cahn and Hilliard [51]
can be neglected for simplicity [48]. The bulk and GB Gibbs
free energy will be G = G(X£, 1) and G2 = G(X§®, p©B),
respectively. For the mixing enthalpy coefficient, we make use
of the first-neighbor approximation [52]:

@

€xp + €
o :Naz(m _ u)

2

where N, is Avogadro number, Z is the coordination number,
€;j is the bonding energy between atoms i and j, and X, (Xp)
is the mole fraction of atoms A (B) with X4 + Xz = 1.

For a flat GB in a pure substance made of atoms A, the
GB energy can be derived using the density-based model

J

as [48]
y = ap(l — p8). A3)

Here «j is a material constant and p©? is the GB density.
For any given GB, p“® is a characteristic property of the
GB, related to its excess free volume, which can be mea-
sured either theoretically or experimentally. The relationships
between GB excess free volume, energy, and misorientation
angle are extensively discussed in the literature. Aaron and
Bolling [53] have shown that generally the GB excess free
volume, AV increases with the misorientation angle that also
results in a higher GB energy. This picture is consistent with
Eq. (3) where a lower GB density results in a higher GB
energy. In fact, it has been shown that [48]

AV x (1 — p9B), “4)

which allows one to establish the connection between the
density-based model and previous studies on the GB excess
volumes (see Ref. [48] for more details). Through this con-
nection we can investigate the relationship between the GB
density p®® and the misorientation angle of the GBs (with the
exception of special GBs) as discussed in Sec. V.

The thermodynamic equilibrium requires equality of the
relative chemical potentials u8 — uf = uS8 — u$® across the
system. This requirement was first discussed by Langmuir-
McLean [54] and Fowler-Guggenheim [55], also known as
the parallel tangent construction, and later used for studying
GB segregation in different materials. Using these conditions
applied to Eq. (1) and assuming that the GB density does not
change during segregation we find the segregation isotherm

XgB XxB (_ [AE® 4 Q1(p%? — 1) + (AK® + pAVE — TASB) (0% — 1) 4+ 2Q[Xf — pGBzng]>
RT ’

= - exp
1—Xx§8 ~ 1-xB

&)

where XS5 is the composition of the GB at its center (o = p%®), AE® = EE — EB, AK? = KE — KB, AVE =V — VB, and
ASB = S5 — S For Q = 0, Eq. (5) reduces to the Langmuir-McLean isotherm [54]:

Xg® XF

AEB(p9% — 1) 4+ (AK® + pAVE — T ASP)(p%® — 1)

1—x® " 1-xp P <_
Combining Egs. (3) and (5) then
X5t Xp

1-X5F ~ 1—xP

RT ) ©)

[AE® +Q)([1 - \/azof — 1) + (AK" + pAVE — TASH([1 =[] = 1) +20[xf - [1 - \/azo]zxgl*]

xexp| —

which gives the GB segregation X5 as a function of bulk
composition XZ as well as initial GB energy y. Equations
(5) and (7) resemble the well-known Fowler-Guggenheim
isotherm [55] but also take the effect of initial GB energy
on the segregation into account. The current-density based

RT '

@)

(

model for GBs allows a quantitative approximation of GB
properties based on the available bulk thermodynamic data.
For further information see Refs. [48,49]. Here we make use
of this model in studying the dependence of GB segregation
on the GB energy.
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FIG. 1. (a) The image quality (IQ) and grain boundary (GB) map
of the HEA aged at 450 °C for 18 h; the inverse pole figure (IPF)
along the sample axis and GB maps of the APT sample with (b) a
low-angle GB of 10°, (c) a TB of 60°, (d) a vicinal X295 GB of 47°,
(e) a high-angle GB of 26°, (f) a high-angle GB of 44°, and (g) a
high-angle GB of 48°.

III. RESULTS

A. Characters of GBs in the annealed plus aged alloy

After aging for 18 h at 450 °C, no new phase is detected
and the alloy remains single phase with an average grain size
of ~9 um according to EBSD analysis. Figure 1(a) shows the
image quality (IQ) and GB character map of the aged bulk
sample. Since the sample has been fully recrystallized, there
are only very few low-angle GBs (<15°) with a fraction as
low as ~3%. The rest of the GBs with higher misorientation
angles (>15°) are mainly composed of general high-angle
GBs (~42%) and special (i.e., CSL) GBs (~54%). The ma-
jority of the CSL GBs are £3 TBs that occupy ~50% and
the other CSL GBs of higher X values only occupy 4%. APT
samples containing low-angle GBs, CSL GBs, and general
high-angle GBs with different misorientation angles were
prepared. Figures 1(b)—1(f) show the inverse pole figure (IPF)
and GB character maps of the APT samples detected during
the preparation process through TKD. There are a low-angle
GB with the misorientation angle of 10° [Fig. 1(b)], a coherent
TB [Fig. 1(b)], and a vicinal £29b GB with the misorientation
angle of about 47° [Fig. 1(d)]. Several general high-angle GBs
were probed and three of them are displayed representatively
here. Their misorientation angles are about 26° [Fig. 1(e)], 44°
[Fig. 1(f)], and 48° [Fig. 1(g)], respectively.

B. Segregations to low-angle GB and special high-angle GBs

Figure 2 displays the APT reconstruction from a low-angle
GB. Based on the orientations of the two grains on both sides
of the GB, the present low-angle GB is not just tilt or twist, but
a mixed GB. Figure 2(a) shows the atomic map of interstitial
impurities C (~0.04 at. %) and B (~0.002 at. %) enriched
at the GB, which is consistent with the previous studies that
impurity C and B atoms easily segregate to the GBs [7,56].
Isocomposition analysis was also applied to the APT datasets
as it can isolate blocks within a specific range of compositions
[57]. The typical Ni 25 at. % isocomposition surfaces viewed
with the GB edge on in Fig. 2(b) and from the GB plane
normal in Fig. 2(c) indicate that the principal element, Ni,
can also segregate to the GB. The very few Ni segregations

L

510 15 20 25 30 35
Distance (nm)

FIG. 2. (a) The atom map of the tip containing a low-angle GB
with C and B atoms, Ni 25 at. % isocomposition surfaces (b) viewed
with the low-angle GB edge on and (c) viewed along the normal of
the GB plane, and (d) the z composition along the direction in (b).

assume the form of isolated small regions distributed sparsely
and randomly within the GB plane [Fig. 2(c)]. Ni segrega-
tion to the low-angle GB with a little increase in its GB
concentration (the peak value is ~28 at. %) is indicated by
the one-dimensional (1D) composition profile along the cyan
arrow across the GB in Fig. 2(d).

Figure 3 shows the APT analysis results for a coherent
TB. The TBs have usually been found to be low or free of
segregations due to their perfect interface structure and low
energy [58-60]. Indeed, we did not observe any segregation
at the TBs in the present alloy either. The homogeneous atom
map in Fig. 3(a) reveals that the impurity C or B does not
segregate to the TB. With the help of volume render map
of Ni [Fig. 3(b)], the position of the TB can be identified
in accordance with the TKD observation in Fig. 1(d). The
Ni 25 at. % isocomposition surfaces viewed with the TB
edge on in Fig. 3(c) and along the normal of the TB plane
in Fig. 3(d) show that tiny Ni segregation regions of few
nanometers in size appeared at only a part of the TB plane.
The 1D composition profile across the TB in Fig. 3(e) also
evidences the extremely low segregation of Ni (the maximum
GB concentration is ~26.5 at. %).

Figure 4 reveals the distributions of principal elements near
a special CSL GB. The GB has some deviations of about
1-4° from the X£29b GB based on the TKD detection. C and
B segregations to the GB mark the GB position clearly in
Fig. 4(a). When viewed with the GB edge on, the Ni 25 at. %
isocomposition surface in Fig. 4(b) evidences that there is also
Ni segregation at the X296 GB. The 1D composition profile
in Fig. 4(c) across the GB indicates that Ni enriches to a
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FIG. 3. (a) The atom map of the tip containing a TB with C
and B atoms, (b) volume render map of Ni isosurface, Ni 25 at. %
isocomposition surfaces (c¢) viewed with the TB edge on, and (d)
viewed from the normal of the TB, and (e) the z composition along
the direction in (c).

peak concentration of ~31 at. % with a little Cr depletion
at the X29b GB. It is evident that the X29b GB [(Fig. 4(c)]
has much higher Ni segregation than the X3 TB [Fig. 3(e)]
consistent with former results that the GBs of higher ¥ values
usually possess higher segregations [61]. The Ni segregation
and Cr depletion along the X£29b GB plane are clearer when
viewed from the normal of the GB plane by the Ni 25 at. %
[Fig. 4(d)] and Cr 15 at. % [Fig. 4(e)] isocomposition surfaces.
The regions of Ni segregation and Cr depletion are distributed
sparsely and homogeneously along the GB plane. Figure 4(f)
shows the 1D composition profile of all elements along the
orange arrow in Fig. 4(d) within the ¥29b GB plane. Each
dashed line in Fig. 4(f) represents the corresponding bulk
composition of the element. Fe, Co, and Mn possess relatively
stable GB compositions with tiny fluctuations around their
bulk compositions. Ni shows segregation while Cr shows
depletion both of low levels. Ni and Cr usually repel each
other at the GB as at regions where Ni segregates, Cr shows
some depletion.

C. Segregations to general high-angle GBs

Figure 5(a) shows the segregation of impurity C and B
at the general high-angle GB of 26° as detected before [20].
There is also Ni enrichment at the GB as shown by the Ni 25
at. % isocomposition surface in Fig. 5(b). Figure 5(c) shows
the 1D composition profile across this general high-angle GB.
Ni enriches obviously (the peak GB concentration is ~35.7
at. %) together with the depletion of Cr. These phenomena are

(@) it

~
o
~

40 —Cr —Mn —Fe —Ni —Co

20 ni

30

o T - 1015 20 25
e C eB A25at. % Ni Distance (nm)
i / 30
@ ® 20 -Co
<30
=\°‘ 20 — Fe

WAl 25at. % Ni WM 15 at.% Cr

FIG. 4. (a) The atom map of the tip containing a vicinal X£29b
GB with C and B atoms, (b) the Ni 25 at. % isocomposition surfaces,
(c) the 1D composition profile along the direction in (b); (d) the Ni
25 at. % isocomposition surfaces, and (e) Cr 15 at. % isocomposition
surfaces in the GB plane and (f) the 1D composition profile along the
direction indicated in (d); the dashed lines indicate the corresponding

bulk compositions. (a), (b) is viewed with the GB edge on and (d),
(e) is viewed along the normal of the GB plane.

also accompanied by slight Mn segregation [the local peak GB
concentration can reach ~24.1 at. % as shown in Fig. 5(c)]
and Fe, Co depletion. The in-plane views of the respective
Ni 25 at. % [Fig. 5(d)] and Cr 15 at. % isocomposition
surfaces [Fig. 5(e)] at the GB indicate that Ni segregation or
Cr depletion does not occur along the entire but just some
separated regions of the GB. More importantly, Ni segregation
and Cr depletion form at the same region of the GB as shown
vividly by Figs. 5(d) and 5(e) as well as further quantitatively
proved by the 1D composition profile within the GB plane in
Fig. 5(f).

C and B also segregate to the general high-angle GB of
44° in Fig. 6(a). The edge-on view of the GB with Ni 25 at.
% isocomposition surface in Fig. 6(b) indicates that Ni also
accumulates at the GB. The 1D composition profile across
the GB in Fig. 6(c) shows that there is a large increase of
Ni concentration (the peak GB concentration is ~43.3 at. %)
at the GB accompanied with a significant depletion of Cr.
At this GB region, Mn also enriches (the peak concentration
reaches ~31.1 at. %) while Fe and Co are depleted. From
the perspective of the GB plane normal, the Ni 25 at. %
isocomposition surface in Fig. 6(d) and the Cr 15 at. %
isocomposition surface in Fig. 6(e) reveal graphically and
directly the segregation of Ni and depletion of Cr at the same
GB regions. The isocomposition surfaces of Ni and Cr take the
shape of strips parallel to each other. Ni segregation together
with the Cr depletion occupy part of the GB plane. The 1D
composition profile within the GB plane in Fig. 6(f) shows
that Ni and Cr show antivariation trend while Mn shows
a synchronous and similar variation trend with Ni in their
GB compositions. The opposite segregation behavior of Ni
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FIG. 5. (a) The atom map of the tip containing a general high-
angle GB of 25.6° with C and B atoms, (b) the Ni 25 at. %
isocomposition surfaces, (c) the 1D composition profile along the
direction in (b); (d) the Ni 25 at. % isocomposition surfaces and (e)
Cr 15 at. % isocomposition surfaces in the GB plane and (f) the 1D
composition profile along the direction indicated in (d); the dashed
lines indicate the corresponding bulk compositions. (a), (b) is viewed
with the GB edge on and (d), (e) is viewed along the normal of the
GB plane.

and Cr is also observed in Fe-Ni-Cr systems with little or
no Mn content [62] that indicates a strong origin for their
antivariation behavior observed here.

The general high-angle GB of 48° also attracts the impurity
C and B as well as the primary component Ni as demonstrated
by the side views of C and B atom map in Fig. 7(a) and
the Ni 25 at. % isocomposition surface in Fig. 7(b). The
1D composition profile across the GB in Fig. 7(c) reveals
that there are significant enrichment of Ni (the peak GB
concentration is ~33 at. %), slight enrichment of Mn (the
peak GB concentration is ~22.6 at. %), and depletion of
Cr, Fe, and Co at the GB. Similar to the above introduced
GBs, the segregation or depletion along the GB of 48° is not
homogeneous but occurs at some local regions. The Ni 25
at. % [Fig. 7(d)] and Cr 15 at. % [Fig. 7(e)] isocomposition
surfaces in the GB plane demonstrate the heterogeneous and
special GB chemistry. To be specific, the concomitant Ni
segregation and Cr depletion arising at the same places are
exhibited as a certain elongated pattern at the GB. Figure 7(f)
reveals the GB composition of all elements more clearly by
analyzing the 1D composition profile along the orange arrow
in Fig. 7(d) within the GB plane. Ni and Mn cosegregate with
a similar variation trend in the GB compositions, which is
opposite to that of Cr.

Along with the high segregations of Ni and Mn at the
general high-angle GBs (e.g., misorientations of 44° and 48°),
there is a certain pattern of the elemental redistribution in
accordance with our early results [20]. The compositional
modulation of Ni and Mn at these general high-angle GBs
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FIG. 6. (a) The atom map of the tip containing a general high-
angle GB of 44° with C and B atoms, (b) the Ni 25 at. % isocompo-
sition surfaces, (c) the 1D composition profile along the direction in
(b); (d) the Ni 25 at. % isocomposition surfaces and (e) Cr 15 at. %
isocomposition surfaces in the GB plane and (f) the 1D composition
profile along the direction indicated in (d); the dashed lines indicate
the corresponding bulk compositions. (a), (b) is viewed with the GB
edge on and (d), (e) is viewed along the normal of the GB plane.

is a characteristic feature of spinodal decomposition. The
local elemental enrichment is high enough to shift the GB
state into a spinodal regime thermodynamically and then
the GB segregations can act as precursor states for spinodal
decomposition [17,19,20,49].

IV. DISCUSSION

A. Relationship between GB segregations
and GB misorientations

In the current experiments, the GBs of different characters
show different levels of segregation of the principal
substitutional elements after aging treatment. The segregation
levels of the interstitial C and B should also depend on the
GB characters [63], but their concentrations are far lower
(about two orders of magnitude) than the principal elements
and have no obvious varying trend. So, GB segregations of C
and B are not discussed here. The average composition of the
Ni segregation regions at the GBs is displayed in Fig. 8(a).
The bulk composition in the grain interior (taken as GB of
0°) was employed here as a reference for comparison. Among
the five components, Ni shows the highest enrichment and Cr
shows the highest depletion for all the GBs. Ni and Mn show
a similar rising trend while Cr, Fe, and Co possess a similar
decreasing trend correspondingly in their GB compositions.
The segregations of Ni and Mn at the high-angle GBs are
strong, but only little amount of them segregate at the low-
angle GBs. Besides, there are some abnormally low values at
some special high-angle GBs, such as the TB and the vicinal
229b GB. The compositions at the TB are almost equal to that
in the grain interior except for very little enrichment of Ni.
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FIG. 7. (a) The atom map of the tip containing a general high-
angle GB of 48° with C and B atoms, (b) the Ni 25 at. % isocompo-
sition surfaces, (c) the 1D composition profile along the direction in
(b); (d) the Ni 25 at. % isocomposition surfaces and (e) Cr 15 at. %
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profile along the direction indicated in (d); the dashed lines indicate
the corresponding bulk compositions. (a), (b) is viewed with the GB
edge on and (d), (e) is viewed along the normal of the GB plane.

The above Ni 25 at. % isocomposition surfaces of all the
samples imply that Ni segregations do not occupy the entire
GB plane as sketched in Fig. 8(b). Moreover, the shapes of Ni
segregation regions at the GB are usually quite thin because
their sizes along the normal of the GB plane are much smaller
than their sizes in the GB plane. Thus, we employed the area
fraction of Ni segregation per unit GB area to further measure
the extent of Ni segregation at the GBs in Fig. 8(c). The area
fractions are all smaller than 100% as the Ni segregation never
takes up the entire GB plane. Based on these area analyses,
there is no segregation in grain interior and almost no seg-
regation at the TBs. Small segregation area was observed at
limited regions of the low-angle GB, vicinal CSL GB and
the general high-angle GBs of low misorientation angle. For

general high-angle GBs of higher misorientation angles, the
area fraction of Ni segregation regions can reach higher than
50% per unit GB area implying a high Ni segregation.

B. Relationship between GB segregation and GB energy

According to the results summarized in Fig. 8, the GB
segregation has a strong correlation with the GB nature.
Especially, it appears that the GB segregation is sensitive to
the misorientation angle of the GBs. Yet, there are a number
of variables to describe GBs crystallographically, such as the
index of the GB plane, the rotation axis, the GB misorientation
angle, and so on. For simplicity and clarity, the structure-
dependent GB energy is employed here to reveal the correla-
tion between the GB nature and segregation. Previous studies
has revealed that GB energy increases with the misorientation
angle with the exemption of some special CSL GBs [64,65].
The current similar varying trend of Ni and Mn segregation
amount [Fig. 8(c)] implies that the level of segregations
closely relates to the GB energy.

Such a relationship between the GB energy, GB misorien-
tation angle, and GB segregation level can be described by
using an atomic density parameter, as a first-order measure
of the GB nature. The density-based thermodynamic model
for GBs is presented in Sec. III. A detailed derivation of this
mode can be found in Ref. [48]. Here, the GB density p%8
is related to the GB excess free volume AV and represents
the deviation from a defect-free bulk structure as discussed
in previous studies [53]. In fact, we have a linear relation
AV o (1 — p©B), i.e., a GB with a lower density should have
a higher excess free volume [48]. Similar to the excess free
volume, the GB density is an average quantity within the GB
plane [66]. Thus in the current-density based model we ne-
glect the structural heterogeneity within the GB plane. The
current-density based model has been successfully applied to
study Mn segregation to the GBs in FeMn alloys [49].

In the current thermodynamic description, Eqgs. (3) and (5)
give the direct relationship between the initial GB energy y
and the GB composition XS# when it is in contact with a given
bulk with the composition XZ. In general, the level of the
segregation depends on (i) the difference between the GB free
energies for solute and solvent atoms as well as (ii) the ten-
dency for mixing between them, as reflected in the Gibbs free-
energy formulation [Eq. (1)] and the segregation isotherms
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[Eq. (5)]. The first driving force in Eq. (5), also known
as ideal segregation energy, is equal to AEB(p®8* — 1)+
(AK? + pAVE — T ASB)(p®8 — 1) which is the only driv-
ing force in Langmuir-McLean isotherm [Eq. (6)]. This en-
ergy contribution reflects the difference in the GB and bulk
environment. From this relation, it is clear that for a GB
with a lower density, the deviation from the bulk energy
increases and thus the driving force for segregation increases
as well. The remaining terms inside the exponential function
Q(p%B* — 1)+ 2Q[XE — pGB2XBGB] is related to the interac-
tion between the solute and solvent atoms in a binary system.
It is important to note that the latter contribution does also
include a term which depends on the GB composition X5%.
Using the current model, we show that the ideal segregation
energy and the mixing enthalpy can both have a strong depen-
dence on the GB nature represented by the density parameter
%8B, This of course depends on the significance of AE® and
Q. If the second term vanishes (2 = 0), Eq. (5) reduces to
the Langmuir-McLean isotherm [54] [Eq. (6)] but includes the
dependency of segregation isotherms on the GB density.

In order to perform a qualitative study of the segregation
behavior and its relation to the initial GB energy in the
current HEA, a simplification of the multicomponent system
is necessary. According to the experimental results, the main
segregating elements are Ni and Mn while Fe, Cr, and Co
are depleted from the GBs. Considering the facts that (i) the
initial system is equiatomic, (ii) a single-phase substitutional
FCC structure was characterized for the current alloy and
(ii1) the segregating and depleting elements at the GB each
follow a very similar trend [see Fig. 9(c)], one can simplify
the segregation problem to a semi-binary system with initial
composition (Fe, Cr, Co)(Ni, Mn) in which (Ni, Mn) segre-
gate against (Fe, Cr, Co). This means in our thermodynamic
notations for a binary AB system, B = (Ni, Mn) is the “so-
lute mixture” and A = (Fe, Cr, Co) is the “solvent mixture.”
Using this simplification, we can extract the enthalpy and
entropy of the solute and solvent mixtures, necessary for our
thermodynamics analysis, from the available databases. For
the potential energies, the cohesive energy of each element
is taken and we apply K? + pV® = H? — EF. The enthalpy
and entropy of FCC_A1 (Ni, Mn) and (Fe, Cr, Co) mixtures
at 723 K are HE = 10.3 kJ/mol, S5 = 68.5 J/mol/K, H? =

20.0 kJ/mol, S = 67.1 J/mol/K, respectively. These data are
extracted from THERMOCALC TCFE9 database [67]. In order
to obtain the potential energy of these mixtures the cohesive
energies of individual elements are averaged that gives EZ =
—355.0 and EF = —410.7, respectively [68]. Based on these
values, AEB = 55.7 kJ/mol, AK®? + pAVE = —66.4 kl/mol,
and AS® = 1.4 J/mol/K are obtained.

For the mixing enthalpy coefficient €2 [Eq. (2)] one can use
a similar averaging logic. Here the bonding energies of (Ni,
Mn) solute mixture and (Fe, Cr, Co) solvent mixture can be
calculated as Qpp = Qnimn and Q44 = Qpecrco- For the pair
bonding energies we have

Q;j = 4AH;;. ®)

The mixing energy coefficient can be approximated by
averaging all possible mixing pairs in which Ni and Mn
replace Fe, Cr, or Co atoms. For this scenario:

Q = Qup = §(Qnicr + nico + Qcrco + Lreni + Qreco
+ QFeCr + QMnCr + QMnCo + QFeMn)

- (O~4QNiMn + 0-6QFEC1’CO)' (9)

A further approximation also is possible in which higher-
order exchange possibilities can be explored. These are, how-
ever, omitted in the current analysis for simplicity and due
to lack of information. The input values required to calculate
Eq. (9) are listed in Table 1. These data are extracted from
THERMOCALC TCFE9 database [67]. The enthalpy of mixing
for simplified equiatomic (Ni, Mn) and (Fe, Cr, Co) solute
and solvent mixtures with FCC_A1 structure at 723 K are

TABLE I. Enthalpy of mixing for binary alloys based on THER-
MOCALC TCFE9 database. These values are used to calculate the
mixing enthalpy of the mixture. The units are kJ/mol.

Mn Fe Cr Co
Ni —-4.9 —4.9 1.3 —-1.6
Mn -2.0 —4.8 —-1.8
Fe 2.7 -2.9
Cr 4.5
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HE = —4.9 and H? = +3.2 J/mol, respectively. A negative
enthalpy of mixing for Ni and Mn (the solute mixture) in-
dicates the tendency of these elements to attract each other
while for the Fe, Cr, and Co (the solvent mixture) the enthalpy
of mixing is positive with the tendency of demixing. For our
simplified alloy, we obtain @ = —3.9 kJ/mol. Comparing
this result against the largely positive potential energy and
the negative enthalpy of mixing for the NiMn solid solution
one may expect a decomposition of this solid solution when
the appropriate heat treatment conditions are provided. In
fact, NiMn ordered phase formed in the same alloy after
heat treatment at 500 °C for a long period of time [45]. GB
segregation of Ni and Mn evidenced in the current study can
accelerate the decomposition kinetics of this HEA at GBs.
Interestingly, the CrMn mixture has a negative enthalpy of
mixing, similar to the NiMn (Table I). The Mn and Cr atom:s,
however, are found to show an antivariation at the GBs. Here
it is possible that opposite segregation of Ni and Cr affects the
segregation behavior of Mn. The opposite segregation of Ni
and Cr is also observed in other Fe-Ni-Cr systems with little
or no Mn content [62].

Using these thermodynamic values, we obtain the GB
segregation level as a function of GB density based on Eq. (5).
Figure 9 shows the results from the current model versus
the experimental measurements. The solid line in Fig. 9(a)
presents the experimental results recomputed from Fig. 8(a)
for the semibinary system (Fe, Cr, Co)(Ni, Mn). Here we
simply add the concentration of Ni and Mn as solute atoms
and Fe, Cr, and Co, as solvent atoms. In terms of the solute
segregation, a similar trend has been observed in the experi-
mental data and the density-based thermodynamic modeling
when it is studied as a function of the relative GB density. We
have considered p®® € [0.9, 1] in our modeling calculations.
The values for the GB density represent its deviation from
the bulk structure (p® = 1). Although it is difficult to quantify
Y8 values, the relationships among the GB energy, excess
free volume and misorientation angle have been studied in-
tensively. Aaron and Bolling [53] found that the excess free
volume of different GBs is proportional to their misorientation
angle. For a low-angle GB, they have shown that

AV = apf(a; —1nb), (10)

where a higher excess free volume (equivalent to a lower
GB density) results from a larger misorientation angle 6.
Here oy and «; are materials parameters. Equation (10) is
obtained based on the Seeger and Haasen [69] and Read and
Shockley treatments [70]. Based on this relation and Eq. (4)
that describes the relationship between GB density and excess
free volume, one can see that a lower GB density is expected
for higher misorientation values. While TBs and low-angle
GBs are known for their small excess free volume (smaller de-
viations from the bulk structure), the deviation from the bulk
structure increases with increasing misorientation angle and
the general high-angle GBs reveal largest deviations from the
bulk, showing lowest density. These results are well consistent
with the general dependency of the excess free volume and
GB energy on the misorientation angle as discussed by Aaron
and Bolling [53] and Li [71].

In this study, we have observed only lower Ni segregation
at TBs and low-angle GBs but higher segregation of Ni+Mn
in disordered high-angle GBs. The current thermodynamic
analysis shows that the tendency of Ni and Mn for mixing is
indeed the main driving force for segregation in this case. This
is further assisted by the fact that Fe, Cr, and Co do not like to
mix at high concentrations giving a positive enthalpy of mix-
ing for equiatomic FeCrCo. The density-based model suggests
that GB made of higher Ni+Mn content is expected to show
lower energy. The higher the initial GB energy, the higher the
initial driving force for segregation. For general high-angle
GBs (with the exception of special high-angle GBs), lower
GB density is expected as they are saturated with the high
free volume per unit area. GBs with higher excess free volume
(lower density) exhibits higher GB energy [Eq. (3)]. Hence
there is a larger driving force for Ni+Mn to segregate to the
high-angle GBs. In contrast, low-angle GBs and TBs show
almost no excess free volume and a density close to the bulk
density that results in lower driving force for GB segregation.
The apparent relationship between the GB segregation and
GB misorientation is thus due to the essential role of GB
energy (density) in the elemental segregation as demonstrated
by our density-based model. A further detailed study requires
atomistic thermodynamic assessment of HEAs as well as a
segregation model for multicomponent systems that can be
developed based on the current-density based model.

V. CONCLUSIONS

We systematically investigated the chemical compositions
of individual GBs in the equiatomic FeMnNiCoCr HEA after
aging treatment using APT technique and thermodynamic
modeling. A series of GBs with different misorientations
and energies was employed to fully explore the mechanism
of nanoscale segregation at the varying GBs. Based on the
experimental and modeling results and analysis, the following
conclusions can be drawn:

(1) Elemental segregations of different levels are observed
at different types of GBs. Almost no segregation occurs at the
TB and only Ni enriches slightly at the low-angle GB and the
vicinal £29b GB. Higher levels of Ni and Mn segregations
occur at general high-angle GBs of higher misorientation
angles.

(2) Ni and Mn tend to show cosegregation at general
high-angle GBs while other elements, i.e., Fe, Co, and Cr,
are repelled from the GB region. There is also compositional
modulation of Ni and Mn at the GB that can work as possible
precursor states for spinodal decomposition. Thermodynamic
analysis shows that the main driving force for segregation is
the large tendency of Ni and Mn to mix while Fe, Cr, and Co
prefer to demix when compared to an equiatomic solution.
Especially, the Ni and Cr that have a positive enthalpy of
mixing show opposite segregation tendency.

(3) The results of the density-based thermodynamic model
by consideration of GB density and elemental mixing en-
thalpy coincides well with the experimental results. It shows
that the GB energy plays a key role in the elemental segre-
gations under thermodynamic equilibrium. GBs with higher
energy (lower density or higher excess volume) are stronger
traps for solute atoms.
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