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Grain boundary (GB) fracture is arguably one of the most important reasons for the catastrophic failure of
ductile polycrystalline materials. It is of interest to explore the role of chemical distribution on GB defor-
mation and fracture, as GB segregation becomes a key strategy for tailoring GB properties. Here we report
that the inhomogeneous chemical distribution effectively inhibits GB fracture in a model CoCrNi medium
entropy alloy compared to a so-called ‘average-atom’ sample. Atomic deformation kinematics combined
with electronic behavior analysis reveals that the strong charge redistribution ability in chemical disor-
dered CrCoNi GBs enhances shear deformation and thus prevents GB crack formation and propagation.
Inspects on the GBs with different chemical components and chemical distributions suggest that not only
disordered chemical distribution but also sufficient “harmonic elements” with large electronic flexibility
contribute to improving the GB fracture resistance. This study provides new insight into the influence
mechanism of GB chemistry on fracture behavior, and yields a systematic strategy and criterion, from
the atoms and electrons level, forward in the design of high-performance materials with enhanced GB
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1. Introduction

Grain boundaries (GBs) are essential defects for polycrystalline
materials, playing a key role in the unexpected fracture of mate-
rial by acting as preferential sites for damage nucleation and prop-
agation. An intuitive example is the significant embrittlement of
nanocrystalline metals characterized by a large volume fraction of
GB regions [1-4]. GBs act as dislocation sources and sink simulta-
neously during plastic deformation, all of which can lead to dam-
age and fracture at boundaries [5-10]. These GB-dislocation inter-
action induced GB damage and fracture are also responsible for
stress corrosion cracking [11-13] and fatigue fracture [14,15] in
metallic structural materials. Furthermore, the segregation of im-
purities on GB can often reduce the GB cohesion significantly and
thus lead to intergranular brittleness [16-22]. Therefore, it is still of
interest to study the GB fracture behavior of ductile metals, since
GB damage happens in many service scenes. Abundant studies on
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the intergranular fracture mechanism elucidated that the ductile
or brittle response of GB to crack propagation depends upon the
GB misorientation [7,23,24], GB chemistry [25-28], GB complex-
ion [17,29-31] and crack advance direction [32-34]. Ultimately, GB
fracture is fundamentally atomistic in nature, manifested by the in-
ability of GB atomic strains to be adequately accommodated by lo-
cal atomic rearrangements.

As such, it is natural to propose that GBs with a strong
ability to accommodate atomic strain are desired to restrain
GB fracture. This idea has been substantiated by the fact that
Cu/CuZr nanocrystalline-amorphous nanolaminates can exhibit su-
perior tensile ductility than nanocrystalline Cu alone, which can be
attributed to the high-capacity sinks for dislocation of the disor-
dered amorphous intergranular film [35,36]. Impaired by these, Ru-
pert and coauthors successfully improved the ductility of nanocrys-
talline Cu-Zr alloys to a high fracture strain of 56% by introducing
amorphous intergranular films in GBs [2,37]. Recently, Wei et al.
also found that amorphous ceramic grain boundaries in nanocrys-
talline nickel can coordinate deformation and thus improve plas-
ticity of nanocrystalline nickel [38]. The finding that disordered GB
structures can improve plasticity by delaying or preventing crack
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formation provides a new strategy to suppress GB fractures, which
is promising for improving mechanical properties through GB en-
gineering.

The excellent fracture resistance of such disordered GBs is most
commonly attributed to their large GB excess free volume, which
enhances the atomic shuffling events during GB-dislocation inter-
actions and thus mitigates damage. However, it has been found
that the introduction of non-equilibrium GBs with large excess
free volume in elemental tungsten cannot suppress the intergran-
ular fracture [39]. This suggests that the GB excess free volume
alone, which is sensitive to the GB topological features, may not
be the only factor determining the GB fracture resistance. Indeed,
the aforementioned disordered GB structures are often obtained by
element segregation, where the topological disorder and chemical
disorder are coupled together. It is thus of interest to explore the
role of inhomogeneous chemistry distribution on the GB deforma-
tion and fracture, since GB can be concentrated in multi-principal
solution with disordered chemistry even if in a dilute multicom-
ponent alloy [40]. Given the tendency that changing the GB chem-
istry becomes one of the key strategies for tailoring GB properties,
it would be meaningful if we could specify how the GB chemistry
affects the GB fracture response.

The recently emerging high/medium entropy alloys (H/MEAs)
or called complex concentration alloys (CCAs) can serve as good
model systems for studying such issues, because their intrinsic
chemical inhomogeneity is beneficial to decouple the entangled
topological and chemical disorder. It was found that CoCrNiFeMn
HEA and its derivations exhibit a rapid decrease in ductility by in-
tergranular fracture at intermediate temperatures due to the nano-
clustering of multi-principal elements in GB [41,42]. Yang et al.
discovered that nanoscale chemical disordered GB layer driven by
multi-element co-segregation can effectively prevent brittle inter-
granular fractures by enhancing dislocation motilities in a NiCo-
based HEA with ordered superlattice structure [43]. These results
seem to highlight the role of chemical inhomogeneity in inhibiting
GB fracture. It still needs to clarify how the chemical inhomogene-
ity controls the GB atomic shuffling and fracture mode. Such in-
formation is important for the design of suitable GB chemistry for
enhancing GB strength and toughness in the infinite composition
space of HEAs.

Precise characterization of atomic motion and cracking events
within GB by experimental observations is an extremely difficult
enterprise, especially for the HEAs that exhibit severe structure
distortion and chemical fluctuations [17,44-46]. Atomistic com-
puter simulations, in this respect, allow one to focus on the atomic
deformation evolutions and interactions, and have proven to be
an invaluable tool for the study of GB behaviors [6,7,18,33,34,47-
51]. We therefore resort to MD simulations combined with first-
principles DFT calculations here, to elucidate the atomic and elec-
tronic level origin and pathway of GB deformation and fracture.
For simplicity, we take the ternary NiCoCr medium entropy alloy,
which exhibits an excellent combination of mechanical properties
including high strength, large ductility, and high fracture toughness
at ambient-to-cryogenic temperatures [52-55], as a model system
to minimize the complex element interactions while retaining its
disordered chemistry.

2. Methods
2.1. Molecular dynamic GB tension simulation

Several symmetrical tilt GBs including X17(140)[001],
329(730)[001] and X5(210)[001], which have the same [001]
tilt axis, but different tilt angles, were chosen as model systems
representing typical high-angle GB and different spatial arrange-
ments of polyhedral packing units. The bi-crystal models contain
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two identical symmetrical tilt GBs separated by a sufficient thick-
ness of ~18 nm, as shown in Fig. 1(a). A wire geometry is used
here to allow for shear offsetting and necking. The cylindrical wire
samples containing ~1000,000 atoms with a diameter of 19 nm
and height of 36 nm were cut from the initial bi-crystal blocks, as
illustrated in Fig. 1(a). To create chemically disordered GB chem-
istry, the lattice is randomly occupied by Ni, Co and Cr with equal
molar ratios (see Fig. 1(b)). The bi-crystal samples are remodeled
to pseudo-element models by adopting the derived hypothetical
pure average-atom interatomic potential which bears the same
bulk properties of equiatomic CrCoNi HEA but no chemical fluc-
tuation [56,57], to eliminate the effect of chemical inhomogeneity
(see Fig. 1(c)). For X5(210)[001] GB, three different GB atomic
topological structures are considered, which are obtained by GB
structural transition via isothermal annealing at different tem-
peratures, as detailed in Ref. [45]. They include orderly “Kite”
structure units (labeled R-K/A-K GB), partially ordered “Filled Kite”
(R-FK/A-FK GB) and disordered “pre-melting” (R-PM/A-PM GB)
structures (see Fig. 2).

MD simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package
[58] with a DFT-calibrated embedded-atom potential for CrCoNi
HEAs by Li et al. [59]. Periodic boundary conditions were applied
in the y direction, and the free-boundary condition was applied
in the x and z direction. The models were deformed under tensile
loading by applying a constant strain rate of 108 s—! perpendicular
to the GB plane (y direction) by using the NVT ensemble equations
of motion for a temperature of 10 K, at which thermal perturba-
tions and GB diffusion are somewhat suppressed. The visualization
of the atomic configurations was performed using the Polyhedral
Template Matching (PTM) method [60] implemented in the OVITO
software [61].

2.2. Molecular statics mode-I crack propagation simulation

We also examine the explicit simulation of crack-tip processes
by using a mode-I crack propagation simulation based on molec-
ular statics, taking various %5 (210) GBs as examples. Cylindrical
bi-crystal configuration with a radius of 19 nm and thickness of
18 nm containing a ¥5 (210) GB along the central plane is adopted
here, as shown in Fig. 1(d). Before the loading process, an atom-
ically sharp crack is introduced at the center by displacing the
atoms according to the linear-elastic (LEFM) solution for the near
field displacements around a crack tip under plane-strain condi-
tions [62]:

_KI r % ) 0
ux_E /Ecos (2)[1—2v+sm <2>j|
K (0 2 0
Uy == /2nsm(2)|:]—2v+cos <2):|

where Kj is the mode-I stress intensity factor, r and 6 are the cylin-
drical coordinates with the crack tip position. G is the shear mod-
ulus and v is the Poisson’s ratio, both of which values are very
close in CrCoNi potential and average-atom potential, as shown in
Table 1.

The crack is loaded by assigning an incremental displace-
ment field according to the mentioned LEFM equation, which
corresponds to an increment of stress intensity factor by
AK; = 0.01 MPa m'/2, based on the position of a new crack tip,
step by step. After that, the crack configuration is relaxed with the
FIRE algorithm with a convergence criterion of 10-8 eV/A, when
the atoms in the boundary layer (with a thickness of 10 A) were
kept fixed in order to prescribe the predefined stress intensity

(1)

(2)
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Fig. 1. (a) Bi-crystal wire model containing two identical GBs. The surface atoms are removed to exhibit GB position: (b) representative GB structure with random chemical
distribution, (c) representative GB structure with average atom potential. The blue, yellow and green spheres denote Co, Cr and Ni, respectively. (d) Schematic illustration of
the setup for simulations of mode I grain boundary cracks.

Average-atom Random

S ‘ CNCING)
9.0 9% 0 a 099 95 0
)
090,924,920 %R 517(530).20.20 00 8

v oY 39 00 . 0" 0% 0% L0
0 9°QO° 29 090090 09

o W N ) Q
9, @ '0 %~ a 9, 0,0
20,99 95 0A%17(530) 9,20 %0 94

™

°
b)e® @ 00" 9% e

3 o/ : o 9 ] o @w.;ﬁﬁ",»«

. . < A\

a Oa %a 3)00,90,?045ﬁﬁa->:29(730)\°°o.°0n°0n
0 a 0o Y00 Y00 %00 %)()'%0a"0e 00 Qs %0,

0200035900 3%00 2000 Log oa"oo eeegpgoo 39

< > N B
, 0D DS _,ﬁ_\ o A0 ‘
0 e St > e

Ll

o ¢ e0© 9o : 0 0© QAP A0 30
2 002°%% 0 al517140)© % 0 22 % 0 02 L0022 00 QRN 00220022

- )

8989 Q
0-Fk3 9.,

3
R
s {).
8% 0% 8% 3% 0
y fe ) e Nt
AO'A 9 8& o 3. .A-25(210)—Pl\?a °°a °@m :

Fig. 2. Magnification of the GB structures for (a-e) average-atom GBs and (f-m) chemical disordered GBs after relaxation. Established repeating structural units are indicated
by black lines.

Table 1
Bulk modulus (B), Shear modulus (G), Poisson’s ratio (v), intrinsic (y;s) and unstable (y )
stacking fault energy calculated by CrCoNi potential and average-atom potential.

Sample B(GPa) G (GPa) v Vist (mJ/m?) [56]  yysr (mJ/m?) [56]
Random 203.3 71.84 0.355 —-14.97 310.34
average-atom  208.3 77.46 0.346 —25.46 321.34
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while the atoms belonging the inner region are allowed free evolu-
tion under the constraints of the boundary region. Periodic bound-
ary conditions are used along the cylinder axis, which corresponds
to the crack front direction and the GB tilt axis ([001] direction).

2.3. First-principles calculations

To further study the physical mechanisms of GB atomic de-
formation, DFT calculations were carried out using a plane wave
method, as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [63]. A category of quasi random (210) surface super-
cells containing 120 atoms was generated through a Monte Carlo
(MC) algorithm using the Alloy Theoretic Automated Toolkit (ATAT)
package developed by Alex van de Walle et al. [64]. These random
(210) surface supercells were then transformed symmetrically to
create the sandwich X5 (210) STGB supercells with Kites GB con-
figuration.

The quasi-static tensile simulations are conducted using a
method described previously by Roundy et al. [65]. The lattice vec-
tors of the supercells are deformed incrementally in the direc-
tion orthogonal to the GB plane. At each deformation step, the
structure and atoms are relaxed such that all the average resid-
ual components of the Hellmann-Feynman stress tensor orthogo-
nal to the applied strain and the average force on each atom are
below 0.1 GPa and 0.01 eV/A, respectively, while keeping the ap-
plied strain fixed. A gradient-corrected functional in the Perdew-
Burke-Ernzerhof (PBE) form was used to describe the exchange and
correlation interactions in DFT [66]. Electron-ion interactions were
treated within the projector-augmented-wave (PAW) method [67].
A sufficiently high energy cutoff of 380 eV was adopted for the
plane-wave basis set expansion. Brillouin zone integrations were
performed using 3 x 3 x 1 Monkhorst-Pack k-point grids. In the
energy minimization process, structures were optimized until the
atomic forces become less than 0.01 eV/A. Collinear spin polariza-
tion (ISPIN = 2) is enabled in all the calculations.

3. Results and discussion
3.1. Effect of chemical inhomogeneity on GB structure

We begin by investigating the relaxed GB atomic structures
with random chemical distribution and pseudo-elemental chem-
istry, where the total atomic number is equal. A magnified view
of the various GB structures is shown in Fig. 2. For the equilibrium
GBs with different misorientations, all the pseudo-elemental GBs
exhibit a regular GB structure with continuously repeating struc-
tural units (SUs) (Fig. 2(a-c)), as marked by black lines. The chem-
ical disordered GBs (Fig. 2(f-h)) show these repeating units as well,
despite the interior angles of such kite shapes structural units be-
ing slightly different. This suggests that the disordered chemical
distribution cannot drastically alter the equilibrium GB structure.
Similar result was also found in the X11(332)[110] STGB for Cu-
NiCoFe HEA [68]. By comparing the structure for a series of ran-
dom [110] tilt GBs, Farkas [69] demonstrated that the chemical dis-
ordered GBs exhibit less local non-planar structures and average
dislocation content than the corresponding “average atom” GBs.
We failed to observe similar results since the dislocations are in
oblique planes in the [100] tile GBs studied here, which are diffi-
cult to form only by structural relaxation. Even so, apparent struc-
tural distortions are found in the chemical disordered GBs, result-
ing in extra unidentified atoms and even affecting the GB width.
Such distortion can be contributed to the apparent difference in
interatomic bond length between different atom pairs [45].

Fig. 2(c-e) and (h-k) shows the atomic structure of X5(210)
GBs with various topological structures and chemical distributions.
In comparison, the effect of chemical disorder on GB structure is

231

Journal of Materials Science & Technology 153 (2023) 228-241

more pronounced with increasing topological disorder. As men-
tioned, the introduction of chemical disorder on the ordered A-
K GB leads to only moderate structural distortions without fun-
damental structural changes. Despite the shape of the structural
units being overall similar for A-FK and R-FK GB, the atomic pack-
ing within the structural units is severely distorted and more dis-
ordered for R-FK GB, presenting a semi-disordered topological dis-
tribution (see Fig. 2(d) and (i)). For the topological disordered PM
GBs, the chemical randomness leads to a higher width and atomic
density, as shown in Fig. 2(e) and (k). These suggest that chemi-
cal disorder aggravates structural disorder. Even so, the topological
disorder for these GBs is roughly with the order of A-K<R-K<A-
FK<R-FK<A-PM<R-PM, suggesting that chemical disorder does not
change the topological state fundamentally.

3.2. Overall damage evolution

Fig. 3 shows the tensile stress-strain behavior of the various
considered GB configurations. Interestingly, the overall trend of
stress-strain response can be classified by GB chemistry rather
than GB type and GB atomic topological distribution. After the ini-
tial stress drop, the pseudo-element bi-crystals exhibit a signifi-
cant strain softening behavior, manifested as a continuous decrease
of flow stress with strain as shown in Fig. 3(a) and (c). In con-
trast, for chemical disordered bi-crystals, a stress plateau is ob-
served after initial stress drops, resulting in a higher failure strain,
see Fig. 3(b) and (d). This stress plateau corresponds to a stable
plastic flow process. The distinct stress-strain response indicates a
different deformation or failure mode between pseudo-elemental
and chemical disordered GBs. The observation on the deforma-
tion snapshots near the failure stage reveals that all the consid-
ered pseudo-elemental GBs are fractured by cracking, including
the various GBs with different misorientations (see Fig. 3(a)), and
the same GB with different topological structures where the thick-
ness, atomic arrangement and atomic density are quite different
(see Fig. 3(b)). This suggests that under this pseudo-elementary
GB chemistry, the GB fracture properties cannot be fundamentally
changed by altering atomic topological distribution alone, even if
topological disordered structures are formed. A similar result was
found in elemental tungsten, where disordered GBs with large ex-
cess free volume failed to suppress intergranular fracture [39]. In
contrast, the fracture mode can change abruptly by introducing
chemical inhomogeneous, as demonstrated by the distinct fracture
behavior between A-K and R-K GBs that exhibit the same ordered
GB atomic stacking but different GB chemical distributions. Indeed,
all the chemical disordered GBs are uncracked even if the corre-
sponding bi-crystals are fractured by intragranular necking at large
strain. These results highlight the decisive role of chemical hetero-
geneity in inhibiting GB fracture.

For simplicity, in the following analysis, we focus on the six
¥5(210) GBs with different chemical distributions and topologi-
cal structures. Fig. 4 shows the detailed structural evolution of
A-PM GB and R-PM GB, which represent the pseudo-elementary
and chemical disordered GB respectively. In the early stage of plas-
tic deformation, these two classes of GBs exhibit similar evolution
processes. In both GBs, dislocations are initiated from the interior
of the GB rather than from the free surface, suggesting that the
incipient plastic behavior is not affected by the presence of high
energy surfaces within the circular nanowire geometries. As the
strain increases, more dislocations emanate from GBs and propa-
gate inside until annihilation at free surfaces. After that, a crack is
nucleated at the intersection of free surface with A-PM GB, which
propagates continuously along GB and causes fracture eventually
(see the last two frames in Fig. 4(a)). Conversely, the R-PM GB
is deformed homogeneously without any obvious cracks or voids,
and necking instability occurs at the interior of grain finally (see
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Fig. 3. Tension stress-strain responses of various GB configurations. (a) Pseudo-element GBs and (b) chemical disordered GBs with different GB types; (c) Pseudo-element
GBs and (d) chemical disordered GBs with the same GB type but different atomic topological structures obtained by annealing of X5(210) GB. The deformation snapshots
near the failure stage are provided inset, in which the FCC, HCP and amorphous structures are colored in purple, cyan and gray, respectively. The surface atoms (with a

thickness of 5 A) are deleted for easy observation.

Fig. 4(b)), suggesting a strong GB deformability for these chem-
ical disordered GBs. The statistical results of dislocation number
near GB show that there is no significant difference in disloca-
tion density between A-series and R-series models, which can also
be inferred from their approximate stacking fault energy shown in
Table 1. Therefore, the different fracture behavior between R-series
and A-series GBs is caused by the chemical disorder.

In order to give a more quantitative sense of the toughening ef-
fect of disordered GB chemistry, we have traced the damage evo-
lution for all the considered X5(210) GBs. A surface atom tech-
nique based on the distribution of Voronoi volumes is adopted to
quantify the GB damage evolution, since the formation of cracks
or voids leads to an increase in atomic Voronoi volume. A thresh-
old Voronoi volume of 17 A3, larger than the average value of 10-
15 A3 in equilibrium, was used to identify the GB-damaged atoms.
Fig. 5(a) shows the number of void atoms as a function of strain
for each GB. A significant increase in the number of voids is found
in the pseudo-element GBs after ~7% strain, at which point abun-
dant dislocations have formed in the GBs (see Fig. 4). This sug-
gests that the nucleation of cracks is related to the GB-dislocation
interaction at the early deformation stage. Inversely, only a small
fraction of voids are identified in the chemical disordered GBs af-
ter large deformation, which are associated with necking-induced
surface damage.

The formation of GB voids and cracks usually has been at-
tributed to the strain/stress localization caused by GB-dislocation
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interaction [70,71]. It has also been suggested that the high stress
triaxiality n, which is defined as the ratio of the hydrostatic stress
to the von Misses effective stress, is the driving force for the for-
mation and growth of void and crack [37,72-75]. A large 1 de-
notes a hydrostatic stress domination state, which is apt to void
and crack growth. Otherwise, shear deformation dominates for a
small 1 value. As demonstrated in Fig. 5(b), a concentrated high 7
region is observed within A-PM GB region, which could produce a
void immediately with a very small increment in the applied strain
(6.9% to 7.0%). This suggests that stress triaxiality 1 can be used to
characterize the damage-related atomic property.

We calculated the average stress triaxiality n in both the
pseudo-element and chemical disordered GBs as a function of ap-
plied strain, and the results are shown in Fig. 6(a) and (b) respec-
tively. Overall, the peak stress triaxiality n in pseudo-element GBs
is much higher than chemical disordered GBs, corresponding to the
aforementioned results that pseudo-element GBs are more apt to
crack. A closer comparison reveals that both the initial and the in-
cremental 1 values in pseudo-element GBs are much higher than
that of corresponding chemical disordered GBs. Fig. 6(c, d) shows
the spatial distribution of stress triaxiality » at various strain states
for A-PM and R-PM GBs. Initially, the 1 in GBs is higher than intra-
granular, indicating that GBs are more vulnerable to damage nucle-
ation. As the GB dislocation increases, the concentrated high stress
triaxiality is alleviated in some GB regions due to atomic shear de-
formation. Even so, the remainder high 7 region in A-PM GB still
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box), (d) the high n region at a slightly higher strain & = 7.0%.

promotes the nucleation of voids, which, in turn, leads to a high 7,
region ahead of the crack tip, as shown in Fig. 6(c). As such, voids
constantly form ahead of crack tip with high 7, driving crack prop-
agation. While for chemical disordered GBs the peak 7 value is rel-
atively lower, suggesting a shear dominate atomic deformation that
prevents void or crack formation. As shown in Fig. 6(d), although
the n in GB is also slightly higher than the interior, there is no
obvious high 1 concentrated region in the representative R-PM GB.
Based on the above analysis, the high stress triaxiality accumulated
during the early deformation is responsible for the nucleation of
voids in these pseudo-element GBs.
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3.3. GB crack propagation

In order to exclude the possible highly over-driven situation
for crack propagation during high strain rate MD loading, we per-
formed a mode-I crack propagation simulation based on molecu-
lar statics by using a K-test methodology [34,76,77]. Fig. 7 plots
the GB crack propagation distance as a function of applied stress
intensity factor. As shown, the crack propagation distances in the
chemical disordered GBs are far less than pseudo-elemental GBs,
regardless of atomic topological distribution and crack direction.
This clearly demonstrates the strong fracture resistance of chem-
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Fig. 7. (a) Pseudo-elemental and (b) chemical disordered GB crack advances as a function of applied stress intensity along [2 1 0] and [2 1 0] directions.

ical disordered GBs, which is in qualitative agreement with the re-
sults observed in direct GB tension simulations. To understand this
trend in theory, we calculated the critical stress intensity factor
(Kig) according to the Griffith theory for all considered GBs and
the results are listed in Table 2. As shown, the theoretical cleav-
age stress intensity factor is more sensitive to GB topology than
chemistry, in which the Kj; between counterpart pseudo-element
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Table 2
Theoretical cleavage stress intensities for all grain
boundaries studied here.

GB KIG (MPa m”z) GB K|G (MPE! m”z)
A-K 0.89 R-K 0.82
A-FK 0.65 R-FK 0.69
A-PM 047 R-PM  0.52
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and chemical disordered GBs is very close and it decreases signif-
icantly with the increase of disorder with the order of K>FK>PM
in both. Indeed, the Griffith criterion for crack propagation in terms
of continuum properties neglects the underlying atomic nature and
the complex low-energy surface topography that changes the local
crack tip stress intensity. At atomic scale, crack-propagation resis-
tance should be characterized by the force required to break the
bonds directly at the crack tip region rather than a global en-
ergetic criterion [18,25,34]. The complex discrete atomic arrange-
ment within GB provides many high toughness regions that can
arrest the crack tip and thus require a higher stress intensity fac-
tor for crack growth, as so-called bonding trapping effect. In this
light, the discrepancy between theoretical predictions and simula-
tion results actually reflects the complex interactions of GB atoms,
which would be more pronounced in the chemical disordered GBs.

Fig. 7 also shows a significant difference in the trend of crack
growth curves between pseudo-elemental and chemical disordered
GB, suggesting a different crack propagation path between them.
For pseudo-elemental GBs, the crack propagation distance in-
creases stair-stepping with increasing stress intensity. This trend
is somewhat disturbed in topological disordered APM GB, which
further weakened in chemical disordered GBs. Furthermore, crack
propagation in pseudo-elemental GBs exhibits an apparent direc-
tional anisotropy and topological dependence, as manifested by the
apparent difference in crack growth rate for different directions
and GB topologies in Fig. 7(a). While for chemical disordered GBs,
the crack growth rate is independent of atomic topology and crack
direction, as shown in the inset of Fig. 7(b). All of these suggest
that the chemical distribution characteristic of GB atoms is a cru-
cial factor in GB fracture for such HEAs, overwhelming the crack
direction and the GB topology.

The stair stepping of crack advance in A-K and A-FK GBs can be
attributed to the periodicity of the structural unit, in which the
bond-breaking energy is different in different sites within these
structural units [25]. Usually, the directional anisotropy of a crack
can be explained by means of Rice theory which defined a criti-
cal stress intensity factor for dislocation nucleation on a slip sys-
tem available at the crack tip, which depends on the relative ori-
entation between the slip system and crack system [78]. How-
ever, there are no slip planes containing the crack front in current
3.5(210)GB so that any emission is on oblique planes, which is out-
side the scope of the Rice theory [18]. Therefore, the directional
anisotropy of GB crack propagation can be understood in terms
of the bond trapping effects. But this does not imply the absence
of bond trapping effects in topology disordered APM GB and all
chemical disordered GBs, although the periodicity and the direc-
tionality of crack propagation are diminished or even disappeared.
Instead, it can be understood by considering the random distribu-
tion of high energy trapping sites in these disordered GBs.

Figs. 8 and 9 show the key atomistic configurations during
crack propagating along [2 1 0] direction of pseudo-elemental and
chemical disordered GBs, respectively. As shown in Fig. 8(al), or-
dered A-K GB begins to cleave at 0.92 MPa m'/2, which is close to
the theoretical value predicted by Griffith theory. After that, the
crack propagates discontinuously with increasing stress intensity
factor. For A-FK GB, the critical stress intensity for crack propaga-
tion is 0.97 MPa m'/2, 50% higher than the theoretical value shown
in Table 2. After that, a local atomic rearrangement occurs at crack
tip, which hinders the crack from propagating until the load has
been increased to 115 MPa m!/2. This rearrangement process is
repeated for loading and results in a gentle stepwise advance of
crack tip. Similar processes are found in the A-PM GB, in which
crack begins to advance at a high load of 1.12 MPa m!/2 that more
than twice the predicted theoretical value. The large stress inten-
sity factor for crack propagation in A-FK and A-PM GB suggests
strong lattice trapping effects and fracture resistance in them. It
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should be noted that for these pseudo-element GBs in both direc-
tions, there is no dislocation emission from the crack tip until the
complete fracture. This may relate to the fact that there are no slip
planes containing the crack front in current ¥5(210) GB that any
emission is on oblique planes, which requires high loads exceed-
ing the fracture thresholds for them. Therefore, the trapping ef-
fect exhibited in the A-FK and A-PM GBs may arise from the local
atomic rearrangement at crack tip, which leads to local plasticity
via atomic shear.

Fig. 9 shows the crack evolution in chemical disordered GBs
with increasing stress intensity. As shown, the cracks in all the
chemical disordered GBs advance very slowly even under a high
stress intensity. Examining the atomistic configurations reveals that
the crack tips undergo substantial reconstruction and form a local
amorphous region with increasing loads. Similar amorphization at
the crack tip was also observed in CrMnFeCoNi HEA by MD sim-
ulations [79] and experiment [80]. It should be noted that partial
dislocations can be observed ahead of the crack tip at a higher load
of ~1.4 MPa m'/2 in R-K and R-FK GBs along [2 1 0] direction. Even
though, the obvious tip reconstruction is the main reason for pre-
venting crack propagation, since the emission of dislocation results
from the combination effect of high stress state and rearrange-
ment of crack tip atoms. Such tip reconstructions not only change
the crack tip geometry and topology, i.e. blunting and amorphiza-
tion, but also diminish the stress concentration around crack tips
through a complicated “plastic” process. In turn, these amorphous
crack tip regions can trigger atomic plastic deformation through
the ongoing operation of the shear transformation zones during
loading. This may be responsible for the absence of dislocation in
the crack tip for highly amorphous R-PM GBs. All of these reduce
the driving force for crack propagation and thus prevent it effec-
tively. By comparison, the atomic rearrangements at crack tips for
pseudo-elemental GBs are very limited even if in the topological
disordered A-PM GB. This suggests that the GB chemical hetero-
geneity effectively facilitates structural rearrangement at crack tip
and hence prevents crack propagation.

Recall that high stress triaxility is an important driving force
for crack nucleation and growth. The distinct crack propagation be-
havior of pseudo-elemental GBs and chemical disordered GBs can
also be explained by their different stress states of crack tip atoms.
Take the R-K GB under stress intensity factor of 1.00 MPa m!/2 as
an example, we plotted the stress triaxiality distribution along GB
in Fig. 10(a). An obvious stress peak appears at the crack tip, in
good agreement with the results observed in GB tensile simula-
tions shown in Fig. 6. Fig. 10(b) shows the evolution of the max-
imum of stress triaxiality in crack tips for all considered ¥5(210)
GBs. Interestingly, the stress triaxiality undulates periodically with
increasing stress intensity factor, in which the drop points roughly
correspond to the crack advance processes. All of these highlight
the dominant role of high stress triaxiality on crack propagation.
In current K-test simulations, a larger normal tensile stress com-
ponent is required to endow Model I fracture [81], resulting in a
respective high tip stress triaxiality. Nonetheless, the tip stress tri-
axiality in chemical disordered GBs is still much lower than that
in pseudo-elemental GBs, again in agreement with the MD tension
results, indicating a much lower driving force for crack propaga-
tion and thus much slower crack growth rate for the chemical dis-
ordered GBs.

3.4. Atomic mechanism for preventing GB fracture

Note that the considered NiCoCr MEA models are obtained by
random occupying of different elements without any intended seg-
regations. Even so, these random NiCoCr GB models show opposite
fracture behaviors of the pseudo-elementary GBs. This highlights
the positive effect of disordered chemical distribution on fracture
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resistance. To understand the atomic origin of the chemical dis-
order controlled GB toughening, a comprehensive analysis of the
GB atomic kinematics such as slip vector [82], dilatation and shear
factors [83] is performed based on the GB tensile results. Fig. 11(a)
shows the dependence of average GB atom slip vector on the ap-
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plied strain, in which the surface atoms (with a thickness of 5 A)
are deleted to eliminate surface effects. The atomic slip vector de-
fines the relative displacement between atoms and their surround-
ings, and can be calculated by 5% = . Y b (x*B — X*B), where
n is the number of nearest neighbors of atom « and ns is the num-
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ber of slipped nearest neighbors, superscript ¢ denotes the inter-
atomic vectors of atom « and 8, and x*#-X®P represent the vector
differences of o8 between deformed and reference configurations.
As shown in Fig. 11(a), the atomic slip vector in all the ¥5(210)
GBs increases slowly with strain in early stage, followed by a rapid
increase due to dislocation emission. Thereafter, the slip vectors in
the pseudo-element GBs increase continuously due to GB crack for-
mation and propagation, while it tends to be constant for chemical
disordered GBs. As shown in the inset of Fig. 11(a), the slip vec-
tors in the GBs with similar topology are comparable at the initial
deformation stage that controls the stress triaxiality accumulation
and thus damage nucleation, in which the slip vectors in topolog-
ical full disordered GBs (A-PM and R-PM) are higher than others.
This suggests that the atoms in topology disordered GBs possess a
higher mobility and promote GB atomic shuffling.

The minor difference in the slip vector between A-series and R-
series GBs at the damage incubation stage suggests that the atomic
displacement behavior alone is insufficient to explain the large
difference in the fracture behavior between pseudo-element and
chemical disordered GBs. Actually, the deformation of GB atoms is
intertwined by atomic shear and dilatation or contraction, where
the atomic shear reflects the degree of plastic deformation while
atomic dilatation contributes to crack/void formation [73,84]. To
characterize the relative degree of atomic shear deformation and

237

dilatation, we calculate the ratio of dilatation factor to shear factor
(named dilatation-shear ratio), which are calculated by introducing
the scalar products of decoupling shear and dilatation deformation
tensors [83]. This dilatation-shear ratio can also qualitatively re-
flect the stress triaxiality, since both reflect the competition be-
tween atomic shear and expansion.

Unlike the slip vector, the atomic dilatation-shear ratio depends
on the GB chemistry rather than the GB topology, as indicated by
the distinct fracture modes between A-series and R-series GBs. At
the damage incubation stage, the dilatation-shear ratios in pseudo-
element GBs are significantly higher than that in chemical disor-
dered GB, regardless of the GB topology, as marked by the dot-
ted box and enlarged in the inset of Fig. 11(b). After that, the
dilatation-shear ratio in pseudo-element GBs increases continu-
ously and rapidly, which is associated with the continuous void
formation and crack propagation. However, for chemical disordered
GBs, the dilatation-shear ratio fluctuates around a constant value
after a slow increase, which corresponds to stable GB plastic de-
formation without significant damage. The low dilatation-shear ra-
tio for such chemical disordered GBs suggests a shear-dominated
atomic deformation, as evidenced by the drastic atomic rearrange-
ment at the crack tips during static fracture simulations. This also
corresponds to the low stress triaxiality and high fracture resis-
tance for chemical disordered GBs.
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To explore how the inhomogeneous chemical distributions af-
fect GB fracture resistance, we systematically analyze the depen-
dence of atomic dilatation-shear ratio on their local chemical en-
vironment. The results are shown in Fig. 12, where the statisti-
cal data are collected from the atomic chemical and kinematical
properties at strain £<7% in all the chemical disordered GBs. As
shown in Fig. 12(a), there is no significant difference in the atomic
dilatation-shear ratio between the principal elements of Co, Cr and
Ni, suggesting that the atomic deformation kinematics are insen-
sitive to the element type. It is expected that the dilatation-shear
ratio should depend on the local chemical environment governing
the energy landscapes for atomic deformation.

Fig. 12(b-d) shows the dependence of dilatation-shear ratio of
GB atoms on their neighbors. As seen, the dilatation-shear ratio in-
creases with the number of nearest Co and Ni neighbors, while it
decreases continuously with the number of nearest Cr atoms. This
suggests that voids or cracks are more prone to nucleation and
growth in Ni- or Co-rich regions, while Cr-rich sites contribute to
the inhibition of crack formation and propagation. A similar result
that voids prefer to nucleate in Ni rich environment was found in a
CrCoNi HEA after shock simulations [85]. Our previous first princi-
ple study has shown that the structural relaxation induced atomic
shear strain increases with the number of surrounding Cr atoms,
for which Cr-containing chemical bonds exhibit drastic structure
distortion [45]. This suggests that the atoms in Cr-rich environ-
ments tend to shear deform to reconcile the severe interatomic
bond distortions, leading to a lower dilatation-shear ratio that pre-
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vents the formation of voids and cracks. In this light, the excel-
lent fracture resistance of chemical disordered GBs may be con-
nected to the bonding distortions, which would be highlighted by
the presence of Cr.

The dependence of dilatation-shear ratio on their local chemi-
cal environment, summarized in Fig. 12, provides quantitative ev-
idence for the chemical dependence of GB atomic kinematics and
hence the GB fracture behavior. To explore the underlying mecha-
nism responsible for this chemistry dependence, the electronic be-
havior of GB atoms is analyzed in terms of their electronic distri-
bution and charge transfer during deformation. The charge trans-
fer analysis reveals a significant positive correlation (with a cor-
relation coefficient of 0.55) between transferred charge (AQ) and
shear strain, as shown in Fig. 13(a). This indicates that the atomic
deformation is related to the local electron redistribution. Specif-
ically, it highlights the role of charge transfer on shear deforma-
tion that avails to reduce dilatation-shear ratio. Similar observa-
tion was also found in metallic glass, in which increased charge
transfer contributes to the softening of shear modulus [86]. More-
over, detailed analysis of the electronic structures in several BCC
transition metals and alloys shows that the potential for shear de-
formation can be enhanced through Jahn-Teller distortion [87]. As
demonstrated by Qi and Chrzan [87], if there are partially occupied
and symmetry-related degenerate orbitals near the Fermi level, the
bonding will deform to break this symmetry and thereby split the
degenerate orbitals to lower the total energy of the alloy. The same
concept has been used to explain the BCC-BCT-FCC transition for
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transition metals, where phase transition has been found to de-
pend on the number of electrons whose variation can shift the
Fermi energy level [88].

In this study, charge transfer increases the driving force for the
Jahn-Teller distortion by shifting the local Fermi level, which in-
creases the population of symmetry-equivalent orbitals close to
Fermi level. The breaking of symmetry during the Jahn-Teller dis-
tortion induces preferential shear deformation instead of volume
dilatation, resulting in a lower dilatation-shear ratio, as demon-
strated in Fig. 13(b). Fig. 13(c) shows the atomic charge transfer
as a function of local chemical environment. As shown, the trans-
ferred charge (AQ) increases with the neighboring Cr atoms and
decreases with Ni and Co, which is opposite to that of dilatation-
shear ratio shown in Fig. 12. The electronic shells of Ni and Co are
nearly saturated and difficult to gain or lose electrons, while the
d-band of Cr is only partially filled and tends to transfer charge
to form covalent bonds. The lower dilatation-shear ratio in the Cr-
rich environment suggests that the atoms within a flexible elec-
tron environment tend to shear deformation and favor reducing
the dilatation-shear ratio.

The results illustrated in Fig. 13(a-c) suggest that the substan-
tial charge transfer in Cr-rich environment contributes to the inhi-
bition of void formation by enhancing shear deformation through
the Jahn-Teller distortion. The significant difference in the fracture
mode between pseudo-element GBs and chemical disordered GBs
may originate from the difference in their electron redistribution
capabilities. Evidence for this is that the transferred charge in pure
Ni and random NiCo is significantly less than that in random Cr-
CoNi GB under the same axial strain, as shown in Fig. 13(d). For
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pure Ni GB, the atoms possess a homogeneous electronic struc-
ture with a nearly full d-band, suggesting limited electron re-
distribution capability. A similar situation would also appear in
the pseudo-element GBs which possess a homogeneous chemistry,
even though the d-band would be underfilled by considering the
hypothetical averaging of atomic natures of Ni, Co and Cr. In con-
trast, the inhomogeneous atomic distribution in chemical disor-
dered GBs leads to a fluctuant electron distribution that is prone
to transfer atomic charge during deformation. Particularly, the ran-
domly distributed Cr atoms with partially filled d-shell and thus
larger electronic flexibility can serve as a medium to enhance the
charge transfer [89], as manifested by the stronger electron redis-
tribution ability of CrCoNi GB than random NiCo GB. The stronger
charge redistribution ability of chemical disordered CrCoNi GBs
enhances shear deformation through Jahn-Teller distortion, which
lowers the dilatation-shear ratio and thus prevents void formation
and GB fracture.

Beyond the present analysis, the prospect of chemical disor-
der preventing GB crack formation and propagation raises an-
other interesting question as to whether chemical order or com-
position dominates this. Recall that the atoms within Cr-rich
environments exhibit shear-dominated deformations with a low
dilatation-shear ratio due to the electronic flexibility of Cr, sug-
gesting a constructive role of Cr in preventing void formation.
In this regard, sufficient Cr content within GB is required to en-
sure an adequate charge redistribution capacity that facilitates
shear deformation and hence prevents cracking. To prove this, ad-
ditional MD tension tests were performed on several bi-crystals
with different compositions involving pure Ni, chemical disor-
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dered NiCo and Nig3Co4,Crys, the results are shown in Fig. 14.
As shown, the GBs with few Cr or non-Cr tend to fracture
through cracking. It also shows that the amount of dislocation
in the crack surface increases with Cr content with the order
of Ni<NiCo<Nig3C04,Crq5<Niz4Co33Cr33, suggesting an increasing
plastic deformation with Cr content and degree of disorder.

With respect to the local chemical order, for which the pres-
ence, nature, and effects are all topics of current interest and de-
bate, a moderate charge redistribution ability and thus a moder-
ate resistance to void/crack and fracture is expected. As shown in
Fig. 14(e), the CrCoNi bi-crystal with pronounced local chemical or-
der (called clustered GB, see details in our previous study [45]) also
exhibits a typical crack induced GB fracture behavior under tension
loading. Clustered Ni and preferred Co-Cr bonding in this clustered
GB limits the electron redistribution and thus reduces the atomic
deformation compatibility during deformation, leading to cracking
and fracture. This provides a possible atomic-scale explanation for
the experimentally observed grain boundary cracking in the ho-
mologous CrMnFeCoNi HEAs with the nano-clustering of Ni and Cr
separately [41]. Comparing chemical disordered GBs and clustered
GBs with the same composition suggests that the disordered GB
chemistry is one of the necessary conditions to ensure GB fracture
resistance.

Based on the above analysis, it can be concluded that not only
disordered chemical distribution but also sufficient “harmonic ele-
ments” possessing large electronic flexibility contribute to improv-
ing the GB fracture resistance. Even if the analysis focuses only on
CrCoNi MEAs, we envision that both H/MEAs and traditional alloys
can achieve strong GB fracture resistance by enhancing the elec-
tron redistribution ability through elaborate alloying addition and
manufacturing method. In this study, the excellent GB deformabil-
ity and fracture resistance of chemical disordered CrCoNi GBs may
result from their strong charge redistribution ability which primar-
ily originates from the partially filled d-shells of Cr. This could also
be another factor, besides the outstanding strain hardening ability,
responsible for the exceptional damage tolerance of CrCoNi MEA
and CrCoNiFeMn HEA [53,54,79]. Similar elements with partially
filled d-shells, such as Fe, Mn, Mo and Zr should also play a posi-
tive role in impeding GB fracture. For example, the significant im-
provement of ductility in nanocrystalline Cu by introducing Cu-Zr
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amorphous intergranular films via Zr segregation [2] may benefit
from the partially filled d states of Zr. This agreement is reassuring
and provides a chemical understanding of the GB fracture behavior,
yielding a new strategy for the design of high-performance mate-
rials with enhanced GB fracture resistance.

4. Conclusions

The chemical inhomogeneity effects are evaluated for
217(140)[001], X29(730)[001] and X5(210)[001] symmetric
tilt GBs. We have further studied the atomic and electronic level
pathway and mechanism for GB deformation and fracture in the
model CrCoNi alloys, by taking X5 (210) STGB as a representative.
The following conclusions can be drawn from this work:

(1) Inhomogeneity chemical distribution inhibits GB fracture effec-
tively for the considered high angle GBs. The GBs with disor-
dered chemical distribution show excellent fracture resistance,
regardless of their atomic topology configuration and misorien-
tation. Whereas the corresponding pseudo-element GBs, which
bear the same bulk properties of equiatomic CrCoNi MEA but
no chemical fluctuation, are prone to fracture via crack initia-
tion and propagation along GB.

GB atomic deformation kinematics, which plays a pivotal role in
the fracture resistance, depends largely on GB chemical distri-
bution. The dilatation-shear ratio that characterizes the relative
degree of atomic shear deformation and dilatation in chemical
disordered GBs is much lower than that of pseudo-element GBs.
Not only disordered chemical distribution but also sufficient
“harmonic elements” with large electronic flexibility contribute
to improving the GB fracture resistance. First principle elec-
tronic behavior analysis reveals that the stronger charge redis-
tribution ability of chemical disordered CrCoNi GBs enhances
shear deformation through Jahn-Teller distortion and thus pre-
vents crack formation and GB fracture. Their strong charge
redistribution ability is the result of adequate Cr atom with
partially filled d-shells in cooperation with the disordered GB
chemistry.
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