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ARTICLE INFO ABSTRACT
Keywords: Grain boundary diffusion of Cr in a near X 11(113)[110] Ni bicrystal is measured over a temperature interval
Nickel

between 503 K and 1203 K using the radiotracer technique. The grain boundary diffusion coefficients, Dy,
and the triple products, P = s § - Dy, are determined in the C- and B-type kinetics regimes, respectively,
Segregation with s being the segregation factor and 6 the grain boundary width. Opposite to expectations, two distinct
Radiotracer diffusion contributions to short-circuit diffusion along the nominally single interface are distinguished and related to
DFT calculations the existence of two macroscopic facets with distinct grain boundary inclinations and, as a result, distinct
Atomistic simulation structures. The experimental results indicate that the segregation factor of Cr in Ni is about unity, which is
fully supported by ab initio calculations. Using classical atomistic simulations, Ni grain boundary self-diffusion
coefficients are calculated for the symmetric and asymmetric facets. The computational simulations reveal
accelerated self-diffusion kinetics along the asymmetric facet, attributing this phenomenon to the presence of
disconnection-like defects. This elucidates the experimentally observed diffusion dynamics of chromium atoms,
thereby corroborating the heterogeneous mechanisms governing atomic migration across distinct facets.

Grain boundary diffusion
X>11[110] boundaries

1. Introduction major role in the propagation of the stress corrosion-driven cracks [7,
8]. Many of these processes are controlled by diffusion in the vicinity

Ni-Cr and Ni-Cr-Fe-based alloys are used in various industrial of grain boundaries.
applications over a wide range of temperatures starting at about 550 K Grain boundaries (GB) are planar defects in a crystalline material
for nuclear components up to more than 1300 K for aeronautical appli- that separate differently oriented grains [9]. They exhibit a higher
cations due to their good oxidation resistance and excellent mechanical number of crystallographic degrees of freedom compared to the bulk

properties at high temperatures [1-3]. It is well known that the pres-
ence of Cr enhances the oxidation resistance by forming a thin layer of
chromium oxide at the surface, which protects the material from further
oxidation [4-6].

However, in highly corrosive atmospheres (e.g., hydrogenated water
in the temperature range of 573-623 K), these alloys are susceptible to
stress corrosion cracking and intergranular crack initiation, which may
lead to an early failure of the engineering components. The selective
oxidation of Cr-depleted areas predominantly at the crack tips plays a

crystal. Depending on specific structures, GBs possess an excess free
volume (compared to the bulk), facilitate GB sliding during creep [9]
and are typically preferred diffusion pathways in a polycrystalline
material [10]. Grain boundaries play an important role in processes
such as recrystallization, grain growth, sintering, segregation and stress
corrosion cracking [11,12]. They can also act as sites for heterogeneous
nucleation during phase transformations [12,13]. The properties of GBs
can be controlled through appropriate thermo-mechanical treatment
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and/or by applying specific solidification routes [14]. Atomic trans-
port along GBs must be taken into account in phase transformations
and deformation processes, especially at high temperatures [15-17].
Using radiotracer diffusion measurements, the existence of structural
GB phase transitions was discovered [18,19] and they have become a
subject of intensive studies [20-23].

GB diffusion of Ni and Cr in polycrystalline pure Ni and Ni-Cr
based alloys was already investigated at high temperatures [24,25], but
studies at low temperatures (T < 873 K) are rare [26].

So far, all studies on Cr GB diffusion in Ni or Ni-based alloys
were concentrated on polycrystalline materials and the kinetic prop-
erties of general (random) high-angle GBs were addressed [24,26].
Investigations on bicrystals are more fundamental and could provide
basic information on the structure-property relations, as it was found,
e.g., for solute GB diffusion in Al [27-31], Cu [18,32-35] or Ag [36,37]
bicrystals. In Ni bicrystals, GB diffusion was measured only for selected
low-angle tilt and twist boundaries [38]. Diffusion measurements on
a single grain boundary provide a sensitive probe to structural and
compositional changes of GBs, though they are challenging with respect
to the demands to detect low concentrations of the diffusing element,
especially at low temperatures [39].

The present paper is focused on radiotracer measurements of Cr GB
diffusion and segregation in near 11(113)[110] Ni bicrystals. The use
of bicrystals allows one to experimentally investigate diffusion along a
single grain boundary with a presumably well defined structure, serv-
ing as a basis for establishing a quantitative correlation with density
functional theory (DFT)-based calculations and atomistic simulations
using empirical interatomic potentials. Such combination of radiotracer
measurements and DFT calculations enabled an accurate estimation of
Cr segregation and GB diffusion kinetics.

The present experimental measurements are fully supported by
zero-Kelvin DFT calculations of interface structure and the Cr segre-
gation at different GB sites. Furthermore, molecular dynamics (MD)
calculations with empirical interatomic potentials are employed to
examine the propensity of the X11(113)[110] interface in Ni to structural
transitions at elevated temperatures and analyze the impact of GB
inclination, i.e. the deviation from the perfectly symmetric boundary,
on GB self-diffusion. Finally, large-scale MD simulations were used to
investigate the atomistic structure of the asymmetric ¥11[110] GBs
that allowed an adequate explanation of the experimental findings.
The employed cross-scale experimental-atomistic MD-ab initio Ansatz
revealed a unique contribution of disconnection-like defects of GB
structures and their role in atomic transport.

2. Methodology
2.1. Sample preparation

Ni bicrystals were fabricated by a modified Bridgman technique
using high-purity (99.999 wt%) ingots. Single crystalline seeds were
carefully oriented to obtain a common [110] tilt axis for the two crystals
and a nearly perfect symmetric (113) GB plane.

The grown Ni bicrystals were cut into discs with a thickness of
approximately 1 mm by spark erosion and were mechanically polished
using a standard metallographic procedure in order to achieve a mirror-
like surface finish. These discs were pre-annealed at 518 K for 4 h and
subsequently at 1211 K for 16 h in an evacuated quartz tube filled with
high purity (5N) argon for stress relaxation. Subsequently, the samples
were annealed at the temperatures and for the times of the intended GB
diffusion measurements to produce equilibrated structures, including
equilibrium segregation of spurious impurities.
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2.2. Microstructure characterization

The samples for microstructural analyses were prepared by standard
mechanical polishing with abrasive SiC papers down to 5 pm grid size,
following by grinding using 3 and 1 pm diamond suspensions and
finally using an OP-S suspension.

The bicrystal quality and crystallography of the GB plane were in-
vestigated by electron back-scatter diffraction (EBSD) using a scanning
electron microscope (SEM, FEI Nova Nano SEM 230) at an acceleration
voltage of 20 kV. The tilt angle and the working distance were fixed at
70° and 15 mm, respectively. The clean-up process to neighboring CI
over 0.2 was performed after the EBSD maps were measured. Typically,
a step size of 200 nm was used.

A 3D-EBSD investigation was performed using successive plane par-
allel sectioning by grinding with the determination of the EBSD maps
for each section. The plane coordinates (x, z) in different sections were
aligned using the micro-indents of known geometry as markers that
were placed along the GB on both sides at reasonable distances from
the interface. The depth coordinate y was determined by weighing the
sample of known geometry and density before and after each grinding
step on a micro-balance (accuracy of about +0.1 pg).

2.3. Radiotracer experiments

The radioisotope >1Cr (half-life of 27.7 days) was used in the form of
a highly diluted HCI solution. The original tracer solution was further
diluted with double-distilled water in order to achieve the required
specific activity of the tracer material. The radioactive solution was
deposited using a drop-and-dry technique and the samples were sealed
in an evacuated quartz tube filled with high purity (5N) argon. The dif-
fusion annealing treatments were performed in the temperature interval
of 503 K-1303 K. The temperature of the furnace was continuously
measured using a Ni-NiCr thermocouple with an accuracy of +1 K.

The diameter of the diffusion-annealed samples was reduced by at
least 0.5 mm (the exact value was larger than the bulk diffusion length
/D, by at least a factor of five) in order to remove the effects of lateral
and surface diffusion. Here D, and 7 are the volume diffusion coefficient
and the diffusion time, respectively.

Subsequently, the samples were sectioned in a plane-parallel man-
ner using a high precision grinding machine [40]. The thickness of each
section was determined by measuring the mass difference before and af-
ter grinding using a high precision micro-balance. The relative specific
activity of each section was measured using an intrinsic Ge detector
equipped with a 16 K multi-channel analyzer to count the decays of
the 51Cr isotope emitting y-quanta with an energy of 320 kV [41].

2.4. SIMS measurements

The SIMS measurements were carried out to estimate the bulk
diffusion coefficient of Cr in the present Ni material at a relatively
low temperature of 873 K to verify the reliability of the extrapolation
of the existing bulk diffusion data [42-45] within the whole range of
the intended GB diffusion experiments. The Ni bicrystal sample was
prepared for the diffusion study according to the procedure detailed in
Ref. [40]. At first, the sample was subjected to the heat treatment at
the temperature of diffusion annealing for three times the duration of
the actual diffusion experiment to achieve equilibrium conditions. The
heat treated sample was carefully polished and subsequently a 5 nm
thick layer of natural Cr was deposited and subjected to the diffusion
annealing at 873 K for 15 h inside an evacuated and sealed quartz tube
to avoid oxidation while annealing.

SIMS measurements were carried out using a Cameca IMS 7f appa-
ratus and a duo plasmatron (O,)* source. Primary ion beam current
and energy were set to 50 nA and 5 keV, respectively. The sputtered
area was 150 pm?. This area was carefully selected to be reasonably far
from the grain boundary in order to provide reliable volume diffusion
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data. To minimize roughening during the sputtering, the chamber
was purged with a small pressure of oxygen. The isotopes 12C, 160,
50¢r, 52Cr, 54Cr, 5Fe, 58Ni, ONi, 64Ni were recorded. The sputtering
rate (and therefore sputtering depth) was estimated by measuring the
crater depths after sputtering using a Dektak 8 contact profilometer
manufactured by Bruker. After straightening of the signal, the depth
was measured as the height difference between the average height
in the crater center and the sample surface. For each crater, three
profiles were measured and the average value of the three profiles was
considered as the final crater depth.

2.5. Atomistic simulations with empirical interatomic potentials

We performed molecular dynamics (MD) and molecular statics com-
puter simulations to both find possible grain boundary structures on an
atomic level and to study the resulting self-diffusion in these structures.
We used LAMMPS [46,47] with an embedded atom method (EAM)
potential for Ni [48]. Additional testing of the stability of the GB
structure at high temperatures was also carried out with an earlier
version of this EAM potential [49]. Some calculations with respect to
Cr segregation at Ni GBs were performed using the angular-dependent
potential (ADP) for the Ni—Cr system [50].

2.5.1. Grain boundary structure

Grain boundaries can exhibit different microstates, even for the
same macroscopic, bicrystallographic parameters [21,51-57]. These
microstates can influence segregation [58-60] and/or diffusion [18,
19]. They can be treated thermodynamically as equivalents to bulk
phases [61,62] and are called GB phases [56] or complexions [21,54,
55].

We sampled the possible complexions of the X11 GB by molecular
statics simulations. Two fcc crystallites were created with (52), (113),
(110) and (332), (113), (110) surfaces, respectively, and joined along
the y direction to produce a ¥ 11(T13)[110] tilt grain boundary. The
resulting unit cell has a size of approximately 8.255x 160x2.489 10\3 and
contains 264 atoms. Periodic boundary conditions were applied along
x and z (tilt axis direction and parallel to the grain boundary), while
the y direction (normal to the grain boundary) had open surfaces. This
unit cell was repeated from 1 to 5 times in the x direction and from 1
to 3 times in the z direction (different supercells were generated). To
sample the possible states, we applied 121 different relative displace-
ments between the crystallites (within the xz plane) and minimized the
potential energy of the system (the y-surface method [63]).

It is known that this procedure by itself is still insufficient to find
all possible structures, because instead of joining two fully occupied
crystallographic planes at the GB, it is also possible that low-energy
GBs result from the joining of partially occupied planes [20,64]. We
therefore repeated these simulations, but introduced GB vacancies by
randomly removing atoms in the GB. If there are Ngp atoms in the
designated GB region, we systematically sampled the removal of 1, 2,
..., Ngg — 1 atoms for all displacements and supercells.

In addition to this search at 7' = 0 K, we also performed MD simula-
tions at an elevated temperature to see if additional high-temperature
complexions occurred. We chose an annealing temperature of 1400 K,
as a temperature that is high enough to enable diffusion and com-
plexion transitions within the MD timescale, but which is low enough
to avoid GB premelting/disordering. We ran simulations for 30 ns
on a system of size 500 x 190 x 50 1083 (422,400 atoms) with open
boundaries in x and y direction and a barostat at ambient pressure in z
direction. The open boundaries enable diffusion-controlled complexion
transitions [20]. For these simulations, we both started from the low-
energy X11 structure found using the molecular statics sampling, and
from a structure with 1200 vacancies introduced in the GB region
(cf. Ref. [20]). To verify the obtained results, we repeated these sim-
ulations with an older EAM potential [49], which yielded equivalent
results, but which will only be discussed where relevant later.
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2.5.2. Diffusion simulations

We studied the diffusion process on the atomistic scale for the exper-
imentally relevant GB configurations. The simulations were carried out
only for Ni diffusion (i.e. self-diffusion). However, it can be expected
that the calculated characteristics should be close to the characteristics
of Cr diffusion, since the segregation factor is almost equal to unity,
as it was found by DFT calculations, see Section 3.5.2 below. Diffusion
calculations for Cr atoms (in the dilute limit) using the existing Ni—Cr
potential [50] were not performed, since such a study would be highly
expensive in terms of the computation time.

The investigation was divided into two parts: (1) study of the dif-
fusion characteristics of a single vacancy and (2) large-scale atomistic
simulation of self-diffusion in the spirit of a numerical experiment.

Several finite-temperature MD simulations were performed to cal-
culate the volume diffusion coefficients for a single vacancy D)*. A
computational box consisted of 499 Ni atoms arranged in a fcc lattice
with one empty site. Each calculation was carried out in the NPT
ensemble to maintain zero pressure and temperature 7. The diffusion
coefficients were extracted from the sum of the squared displacements
(ériz) of all N atoms in the simulated system during the calculation time
z

N
DY =y 512 /6. )}
—~

We found that MD time-length ¢ = 20 ns is sufficient for a reliable
determination of D?*. To study the vacancy diffusion coefficients in
ZII(TB)[IIO] tilt GB, similar MD calculations were performed for a
simulation cell containing two GBs and a single vacancy within one of
them. The simulated system consisted of 30375 atoms and had periodic
boundary conditions. The diffusion coefficients Dy were estimated
from the displacements of atoms in the GB region with a thickness of
6 = 1 nm. It should be noted that the typical value of § when analyzing
experimental data is usually taken to be 0.5 nm. In our simulation, we
used the value of 1 nm to capture the entire vacancy trajectory near the
GB. For this calculation, only displacements along the tilt axis z were
taken into account: Dy = Y, 822/(21)

The calculated vacancy diffusion coefficients were “converted” into
the self-diffusion coefficients (D, and Dy,) by multiplying by the va-
cancy concentration:

D, = D\”/“C - exp (TS — E\’f”")/kBT] (2)
and
Dy, = Dgg“ 1+ exp (TS - Eg,fc)/kBT] 3

where kjp is the Boltzmann constant and S$Y* = 2kj is the vacancy
formation entropy [65,66]. The formation energies of a vacancy for
volume and GB cases (E!* and E”gc) were calculated with the static
calculations similar to recent works [67,68]. The fitting parameter 5
was used to account for the diversity of different energy/entropy values
of vacancy sites near the GB. We obtained # = 0.16 by comparing Dy,
estimated from Eq. (3) with the results of the large-scale direct MD
simulation.

In large-scale modeling, the GB diffusion coefficients were calcu-
lated from the direct MD simulation of average atomic displacements in
spherical nanoparticles containing two grains. The similar method was
used recently to calculate GB self-diffusion coefficients in Fe [67] and
Nb [68]. Following the experimental findings, two different types of
GBs were simulated: (1) perfect (symmetric) ¥ 11(T13)[110] GB and (2)
asymmetric GBs with the same misorientation but with an inclination
angle of 15°. The applied inclination is larger than in the experimental
part, but the value of the inclination angle mainly affects the density
of linear defects (fast diffusion channels), which are the subject of the
study (see below). The simulated nanoparticles consisted of 459330
atoms. The large-scale simulation involves two consecutive stages: an
annealing stage and a main MD run. The annealing stage is necessary
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Fig. 1. (upper panel) EBSD image of the sample surface with indicated macroscopic facets (yellow dotted lines) of the interface between the two grains (noted Crystal 1 and
Crystal 2). The microindents are used for exact determination of the GB inclination via serial sectioning by mechanical grinding. Note that the image is stretched to represent the
whole sample. The crystallographic orientations of planes parallel to the sample surface are color coded according to the inverse pole figure map shown as insert. Three facets,
F,, F|, and F, are identified and the horizontal red line shows the orientation of the central facet F,. The traces of the facets F, and F, are slightly inclined with respect to F, at
about 3°. (bottom panel) Schematic (without keeping the right proportions to highlight the inclinations) visualization of the GB plane in the Ni bicrystal with a central symmetric
facet F, with the normal vector 7, perpendicular to the sample surface, and two outer asymmetric facets, F, and F,, with the normal vectors #, and 7, inclined with respect to
iy. The angles w; measure the deviations of the facets from the symmetric orientation. The diffusion direction is indicated (along the y axis).

to achieve the equilibrium concentration of point defects inside a GB.
The performed annealing time was 2 ns. The diffusion coefficients Dy,
were estimated from the main MD run, which was set to be two times
longer than the annealing stage. The value of D, was calculated as
Y622 /(2tN,;), where the summation was performed over all atoms in
the GB region N,,. The thickness of the GB region was 1 nm and 1.5 nm
for symmetric and asymmetric facets, respectively (the difference in
thickness is due to a more complex structure of the asymmetric facet).

2.6. Ab initio calculations of Cr GB segregation

The first principles calculations were conducted using the Vienna
Ab Initio Simulation Package (VASP) [69-72] using the projector-
augmented wavefunctions (PAW) framework [72,73]. The system was
modeled with spin-polarization to allow for magnetic moments on all
atoms. We chose the Perdew-Burke-Ernzerhof (PBE) [74] flavor of
the GGA xc-functionals as these are known to well reproduce bulk
properties of Ni [75]. The energy cutoff was set to 400 eV and the k-
point density was chosen as 40 A~1. The force criterion for the ionic
relaxations was set to 9 x 103 eV/A. These settings converged the
segregation to 0.01 eV/atom and lead to a lattice parameter of 3.515 A
in good agreement with experiment [75].

The GB energies are computed as

E,—-E
gb slab
e )

with Ey, and E,, are total energies of the GB cell and a slab cell with
the same number of atoms but no GB defect inside, respectively, where
A corresponds to the area of the GB. The GB segregation energy was
calculated from GB slabs and a bulk reference using [76]

Eqoq = (Eg) = Egp) = (Egry = Epuy). 5)

Here, E,, and Eng’ denote the pure and the Cr decorated GB simula-
tion slabs, whereas Ep,, and Eg;lk correspond to the bulk reference
structures without and with a Cr atom. The bulk reference structure
is a cubic fcc cell with 256 atoms. For the GB slabs, the CSL GBs
25(012)[100] and 211(T13)[110], where the latter was selected in
accordance to the observed structure in the bicrystal. Both GB struc-

tures contain 76 atoms and a vacuum layer on top to allow for GB

relaxations normal to the GB plane. While the X5 GB has a relatively
open structure corresponding to high energy GBs, the 11 GB has an
atomic coordination closer to the bulk fcc with a relatively low energy.

3. Results and discussion
3.1. Microstructure characterization

Since GB diffusion and segregation depend on the crystallographic
parameters of the interface [12], including both the grain misorienta-
tion [33] and/or the boundary inclination [77], we performed a careful
3D-EBSD examination of the Ni bicrystal.

A panoramic view composed of a series of EBSD images of the
whole surface of the Ni bicrystal is shown in Fig. 1(a), that substan-
tiates the existence of two grains with an average misorientation of
49.6° + 3° corresponding to a X11[110] grain boundary and the GB
plane near (113). Though, a very careful inspection reveals that the
GB plane does not intersect the sample surface along a straight line
and several macroscopic segments are seen, indicated by yellow dotted
lines in Fig. 1 (upper panel). On the sample surface, the side facets are
inclined with respect to the central one at about 3°. This inclination
is highlighted as deflections of the outer yellow lines for the facets F;
and F, with respect to the orientation of the central facet F,, which
corresponds to the symmetric GB with the boundary parallel to the
(113) crystallographic plane, thin red line in Fig. 1 (upper panel). The
diffusion direction, which is normal to the sample surface, is found to
be almost perpendicular to the determined tilt axis [110].

The results of a 3D-EBSD study are schematically shown in Fig. 1 (bot-
tom panel). Two types of macroscopic segments are identified. The
central one, F, represents a symmetric >11(113)[110] GB facet with the
GB plane oriented perpendicularly to the sample surface, i.e. parallel to
the macroscopic diffusion direction in the radiotracer measurements.
The two outer segments correspond to the asymmetric facets F, and
F, with the GB plane inclined totally at about 11° = 1° (F}) or 20° + 1°
(F,) with respect to the symmetric plane. The corresponding inclination
angles w; and w, are shown in Fig. 1(b) as angles between the normal
directions to the GB segments, #; and #,, and that direction for the
symmetric facet. The GB planes for the facets F; and F, were found
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to correspond approximately to the (332) and (853) crystallographic
planes, respectively.

This specific shape of the grain boundary in the Ni bicrystal was
checked to remain unchanged after annealing treatments mimicking the
diffusion measurements.

3.2. Volume diffusion

3.2.1. SIMS analysis of Cr volume diffusion

Reliable volume diffusion data are imperative for a correct analysis
of GB diffusion. Cr bulk diffusion in pure Ni was measured by Monma
et a. [42], Rzickova and Million [43], Jung et al. [44], and by Gheno
et al. [45]. To provide precise data on Cr GB diffusion, especially
at lower temperatures of the intended GB diffusion measurements,
we re-examined Cr bulk diffusion in the present Ni material to take
into account a potential impact of spurious impurities present in the
bicrystalline material.

The raw data obtained by SIMS were analyzed using the procedure
described in Ref. [40]. For both diffusion samples (after diffusion an-
nealing at 873 K for 15 h) and the reference sample (without annealing
to obtain the so-called “zero-profile”), only the data obtained at depths
after stabilization of the 160 signal was completed, corresponding to the
stationary regime, were used. The signal of >2Cr, the most abundant Cr
isotope, was normalized by the signal of °*Ni, to avoid a difference of
the obtained data due to ion beam intensity and crater size variation
from one crater to another and to be able to compare thus the data
from different craters. After the subtraction of the zero profile data,
the obtained concentration profiles of Cr diffusion were fitted using the
solution of Fick’s second law for a constant source and a semi-infinite
sample,

Dt

c(y,t):c5+(c0—cs)erf<m>, (6)
2 v
where c, is the background level, the cg is the experimental signal
given with respect to the reference coordinate y,,. Although a relatively
small thickness of the natural Cr layer was deposited on the sample
surface, the constant source conditions held in the present conditions of
diffusion at 873 K. Moreover, pure Cr was still observed on the sample
surface after the diffusion experiment. As a result, only a relatively
small fraction of the applied Cr atoms diffused in the sample. The
relatively large penetration depth of about 100 nm has not to be
misleading, since the SIMS signal represents a relative intensity, which
is proportional to the Cr concentration.

The concentration profile measured by SIMS and analyzed using
Eq. (6) is presented in Fig. 2.

An analysis of the combined literature [42-45] and the present data
results in the following temperature dependence of Cr volume diffusion
in pure Ni in the temperature interval of 815 K < T < 1573 K (Fig. 3),

D" = (1.99557) 107

276.6 +3.0) kJ 1
X exp <——( * ) /m0> m2s~!

RT )

where R is the universal gas constant and 7 the absolute temperature.
This Arrhenius-type approximation is used in all relevant estimations
below. Note that the data points at the temperatures close to the
melting point, T > 1573 K, are not included in the fit due to expected
anharmonic contributions [66], similarly to other fcc metals [79].

Fig. 3 substantiates that volume diffusion of Cr in Ni is consistently
measured and Eq. (7) can be used for a reliable analysis of GB diffusion
data, including moderate and even lower temperatures.
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Fig. 2. Concentration profiles of 52Cr bulk diffusion in Ni at 873 K for 15 h measured
by SIMS. The solid line represents the fit according to Eq. (6).
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Fig. 3. The present data (red circle) for volume diffusion of Cr in pure Ni in comparison
with the literature data of Gheno et al. [45] (squares), Jung et al. [44] (triangles
down), Monma et al. [42] (diamonds), et al. [43] (triangles up). The black solid line
represents the common Arrhenius-type fit to the complete data set according to Eq. (7).
The experimentally measured Ni self-diffusion data reported by Maier et al. [78] (blue
dashed line) are shown for comparison with the present results of MD simulation (blue
spheres). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

3.2.2. Atomistic study of Ni self-diffusion

In order to test the performance of the used inter-atomic potentials
and the developed calculation scheme, Ni volume self-diffusion was
simulated first. Since the available Ni-Cr interatomic potentials [50]
was not yet tested for GB structures and diffusion calculations, we
focused on Ni self-diffusion using a reliable and extensively utilized
EAM potential [48].

In Fig. 3, the MD simulation results for the volume self-diffusion
coefficients are shown. The vacancy concentration was estimated with
the formation energy E* = 1.57 eV obtained in the static calculations.
The calculated values are in perfect agreement with the experimentally
measured Ni self-diffusion data [78]. Furthermore, the Ni self-diffusion
rates are close to the measured Cr diffusion coefficients, Fig. 3. The
similarity of the Ni self-diffusion and Cr diffusion coefficients was also

confirmed in various experimental works [43,78].
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Fig. 4. The penetration profiles of Cr diffusion in Ni bicrystals in the C-type (a) and B-type (b) kinetic regimes. y is the penetration depth.

Table 1

Experimental conditions (temperature 7 and time ) and the determined diffusion parameters of the radiotracer experiments (the parameters « and f are defined by Egs. (8) and
(16), respectively). The uncertainty of the Dy, values is typically below 20%, if not explicitly specified. Kinetic regimes of GB diffusion are specified.

T ' Dv 1 Ds{)aw Dfl;m pslow p/ast a ﬂ.\'[aw B fast fxluu.' Regime
K 10* s 107 m 1077 m? s7! 1071 m? s7! 1073 m3 s7! 1072 m3 s7!

503 86.4 9.99 x 1078 - 0.0456 - - 2.5x% 10° - - - C

603 25.9 1.11x 1073 0.27 1.49 - - 2.3x 10! - - 0.99 C

703 25.9 4.95x10™* 1.58 15.8 - - 5.0x 107! - - 0.97 BC

803 25.9 8.59x 1073 - - - 0.0655 29%x 1072 - 1.3x 100 - B

903* 25.9 7.92x 1072 - - 0.219 0.363 32x1073 570 9.5x 10° 0.99 B

1003 25.9 0.469 - - 1.12 2.57 53x107* 14 320 0.96 B

1103 25.9 2.01 - - 4.52 30.2 1.3x107* 0.73 49 0.99 B

1203 1.08 1.38 - - - 23.7 1.8x 1074 - 4.9 - B

@ The uncertainty of the determined value of P/%' is large, up to +46% and —82% due to a relatively short branch relevant for the corresponding contribution.

3.3. Radiotracer GB diffusion measurements

The way to analyze the grain boundary penetration profiles cru-
cially depends on the kinetic regime in which the measurements are
performed. The key parameter is the value of the Le Claire parameter
a [80],

a= , ®

relating GB segregation factor and the effective grain boundary width,
s - 8, with the corresponding bulk diffusion length in the grain. Gener-
ally, a is unknown for solute diffusion due to the segregation factor
s, which is unknown a priori. § is the GB width measured to be
0.5 nm [25,81].

The SIMS measurements of Cr diffusion in poly-crystalline high
purity (5N) Ni indicate a segregation factor of about unity [26]. This
behavior will be confirmed by the present experiments and the theo-
retical analysis, see Section 3.5.2 below. Therefore, the grain boundary
diffusion regimes can directly be established ‘on demand’ by a proper
choice of the annealing time 7 at the given temperature 7. According to
the present knowledge [82], the grain-boundary diffusion corresponds
to Harrison’s C-type regime (lower temperatures and/or shorter dif-
fusion times) if the Le Claire parameter « is larger than 1 and the
B-type condition (higher temperatures and/or longer diffusion times) is
satisfied if @ < 0.1. An interval of 0.1 < « < 1 represents the transition
regime BC (for a theoretical estimate of the limits of diffusion regimes
see also Ref. [83]).

In order to analyze the grain boundary diffusion kinetics and the
penetration profiles in the B-type regime, the volume diffusion coeffi-
cients of Cr in Ni assessed by Eq. (7) are used.

3.3.1. C-type diffusion regime

In Fig. 4(a), the concentration profiles measured under the C-type
regime conditions are shown. The profiles measured at 603 K and
703 K reveal unexpectedly two distinct contributions that follow the
shape predicted by the Gaussian solution of the diffusion problem
(the logarithm of the tracer concentration decreases linearly with the
penetration depth squared),

2 2
¢ = A5 exp __yl + AT® exp| - Y . ()
4 pstowy 4Dfa.vtt
gb gb

Here ¢ is the relative specific activity of the layer, which is proportional
to the solute concentration, y is the penetration depth, A*/*¥ and A/
are the corresponding pre-factors and Dsf;’“’ and Dg ‘;”' are the pertinent
diffusion coefficients. At T = 503 K, only one branch, presumably the
“fast” contribution, was reliably resolved.

Since a consistent classification of the contributions in terms of
specific segments is not straightforward and can be done in a self-
consistent manner only after an analysis of the complete diffusion data
set, Section 3.4, we are first distinguishing them as relatively “slow”
(near surface, steeper branch) and relatively “fast” (deeper, shallower
branch) branches. This simple classification facilitates a correct process-
ing of the experimental profiles at any given temperature.

In this way, two grain boundary diffusion coefficients, D;{J"w (D; :‘"),
are determined as

; 1 dlné
Dslaw — (= , 10
S < 9y > (o

fast

using the “short” penetration depths (and similarly for ng

“long” penetration depths).
Such a shape of the penetration profiles was frequently observed
during the GB diffusion measurements on polycrystalline materials and

using the
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a number of factors may potentially induce two distinct GB diffusion-
related branches [82]:

(i) a hierarchy of short-circuits in the material, i.e. a co-existence of
different types of GBs, like low-angle and high-angle GBs [84]
or nano-crystalline GBs and interfaces between clusters of these
nano-grains [85,86];

(ii) GB motion during diffusion annealing [87-89];

(iii) non-linear segregation of the diffusing element (solute) at the
GBs [90,91].

Cases (i) and (ii) are not relevant in the present investigation since
we are studying diffusion in a single stationary boundary.’ The curved
concentration profiles can correspond to a non-linear segregation in
a single GB [91] under the B-type diffusion regime only, since the
solute segregation does not affect the shape of the penetration profiles
measured in the C-type regime.”? Moreover, we have systematically
applied very low amounts of the radiotracer solution to deal with low
concentrations of the Cr atoms in the bicrystals. Thus, the reason (iii)
can also be ruled out.

Such non-classical shape of the penetration profiles of GB diffusion
in a bi-crystalline sample was observed previously [92] and it may be
explained by the further factors:

(iv) a structural multiplicity of a single interface as it was proposed
by Rabkin et al. [92];

(v) a co-existence of macro-facets with strongly different inclina-
tions which might be characterized by different diffusivities [77].

The latter scenario seems to correspond to the results of the micro-
scopic characterization applying 3D orientation imaging microscopy,
Section 3.1. It will be further examined using molecular dynamics (MD)
simulations, Sections 3.6 and 3.7, and a diffusion analysis, Eqs. (11)—
(19), see below. As a result, the co-existence of macro-facets with
strongly different inclinations, scenario (iv), as a unique reason of the
appearance of the two branches in the penetration profiles will be
verified, Section 3.1.

The relevant parameters of this diffusion experiment and the deter-
mined grain boundary diffusion rates are summarized in Table 1. The
value of the parameter a is estimated assuming that the segregation
factor s = 1. If Cr atoms segregate at the Ni GB, the value of the
parameter a would be larger, confirming that the conditions of the
C-type regime, a > 1, are satisfied.

The derived diffusion data allow estimating the relative fractions
of the GB segments (facets) with distinct diffusivities. The pre-factors
Aslow and A/ can be written as,

' oM slow
A:lou/ - f (11)
/ﬂ.Dslowt
gb
and
. QM ffast
afor = 2MT 12

fast ’
\/Jngh t

with fslow 4 gfest = 1 Here fslow (f/e") is the area fraction of the
“slow” (“fast”) branch of the Ni GB; M is the amount of the deposited
radiotracer per unit area of the specimen surface; and 2 is the fraction
of the tracer material diffused in the sample via the grain boundary. If
surface diffusion is infinitely slow (frozen), £ can be estimated as Q2 ~
5/L, where L is the specimen diameter (the GB length on the sample
surface). Note that one may introduce a numerical factor in the above

1 Note that special care was taken to pre-anneal the samples at a higher
temperature of the subsequent diffusion annealing treatments to avoid GB
motion.

2 As it was mentioned, a strong, also non-linear solute segregation will shift
the upper limit of the C-type kinetic regime to higher temperatures [82].
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relation, and its exact value is determined by the sample geometry.
If surface diffusion would be infinitely fast, £ would approach unity.
In reality, ©Q attains a value between these two extremes and can be
estimated from the magnitude of the drop of the tracer concentration
near the sample surface. However, its exact value is not required for
the current analysis.

The value of f%/°“ (and correspondingly of f/%, f/ast =1 — fslow)
can be determined as,
fslow gstow D;Low 1/2

1- fslow -

13
Afast fast
ng

The determined values of f*/° is given in Table 1.

3.3.2. B-type diffusion regime

The diffusion experiments under the intended B-type regime con-
ditions were performed at five different temperatures in the range of
803 K — 1203 K and the penetration profiles are shown in Fig. 4(b).

According to Le Claire [93], who numerically approximated Suz-
uoka’s exact solution [94] considering the results provided by Levine
and MacCallum [95], the grain-boundary related tails of the pene-
tration profile have to be almost linear in the coordinates of In¢
against y'2. However, similarly to the case of C-type diffusion, two
distinct contributions of short-circuit diffusion are seen at the depths
exceeding those affected by volume diffusion, i.e. y > 54/D.t, see
Table 1. By distinguishing systematically “slow” and “fast” branches,
these contributions are approximated as,

= leow exp (_qslawyl.Z) + Bfast exp (_qfastyll) . (14)

The pertinent slopes, ¢*/°“ = —dIné/dy'? or ¢/*' = —dIné/dy'?,
approximating the corresponding branches of the penetration profile,
allow the determination of the values of the triple products [10],

/D _
= séDf;{;’W =133 Tv (1) 5/3 as)

and an equivalent expression for P/%, The exact expression for the
triple product is determined by the value of the second Le Claire
parameter f, which describes the relation between grain boundary and
volume diffusion,

Psl ow

Pslaw

2D\/Dyi
and a similar expression for #/%'. The exact expressions for Ps/°%
(P/%") as a function of the value of g*/° (p/5") are provided by Kaur
et al. [10]. In the case of f < 10, the exact Suzuoka solution [94] was
used to derive the corresponding triple product values.

The diffusion parameters and the determined values of the triple
products P*'*¥ and P/% are summarized in Table 1. At T = 803 K only
one (“fast”) branch was reliably resolved. Only few data points indicate
the presence of the “slow” branch at T = 803 K, but one cannot derive
reliable diffusion data for D“’b"'” at this temperature.

Following the same interpretation as for the C-type measurements,
which will be supported by detailed microscopic observations, Sec-
tion 3.1, a co-existence of two GB segments is assumed. According to
Giithoff et al. [88], the following relations hold for the pre-factors B*/°%
and B/,

ﬂslow — (16)

s8I (%) QMfslouvD3/4ll/4
leow — a7)

x\/ Pslow

and

8T (%) QMffastD3/4tl/4
Bfast = (18)
A/ Pfast
Here M and Q have the same meaning as in Eqgs. (11)-(12), and I is
the Euler gamma function.
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Fig. 5. Arrhenius diagram for grain boundary diffusion of Cr in the Ni X11 bicrystal in
the B- (filled squares and circles) and C-type (open squares and circles) kinetics regimes.
The diffusion data are classified as relatively “slow” and “fast”, circles and squares,
respectively. The directly measured GB diffusion coefficients Dy, in the C-regime are
multiplied by 6§ = 0.5 nm and fitted together with the measured triple product values
P in the B-regime. The Cr GB diffusion rates measured in polycrystalline Ni using the
radiotracer method [24] (violet dashed line) and by SIMS [26] (violet stars) are shown
for comparison. Moreover, the calculated Ni GB self-diffusion rates for the symmetric
(triangles up and diamonds) and asymmetric (triangles down) facets are added. The
results of both simulation methods (large-scale direct MD and the coefficients based
on the MD study of single vacancy diffusion) are shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Thus, the fraction of the “slow” segment can be determined from
the relation which is similar to above Eq. (13),

slow stow \ 1/2
=3 L , (19)
1-— fslow B/fast Ppfast

fslow

and the results are summarized in Table 1. Note that the estimated
fraction of the “fast” segments, varying between 1 to 3%, contradicts
apparently the results of the macroscopic examination, Fig. 1, from
which a ratio of about 70/30 for asymmetric/symmetric facets can
be elucidated. This apparent contradiction will be resolved by the
large-scale atomistic simulations, see below.

3.3.3. Transition BC regime

At 703 K, the diffusion experiment is found to be in the transition
regime BC with the Le Claire parameter a ~ 0.5 (see Table 1). According
to the analysis by [82], the processing of such profiles as measured
under the C-type conditions results in an acceptable uncertainty (the
“correct” value is underestimated by 50% to 100%). If the profile is an-
alyzed as measured under the B-type conditions, the uncertainties will
be larger [82]. Therefore, we have processed the profile as measured
under the C-type regime, Fig. 4(a). Two distinct contributions can be
recognized again.

3.4. Temperature dependence of Cr GB diffusion

The measured GB diffusion rates are plotted in Fig. 5 in the Arrhe-
nius coordinates.

Since the measured penetration profiles indicate the existence of
two distinct contributions to the GB diffusion transport, a careful
analysis of the corresponding temperature dependencies can provide
valuable insights into the physical reasons for such a phenomenon.
At the highest temperatures, T > 1200 K, only one contribution can
reliably be recognized and contributions of two branches are clearly
seen at 1103 K, 1003 K and 903 K, Fig. 5. The determined triple
products P/ corresponding to the deepest (shallow) branches of the
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penetration profiles follow a single Arrhenius line with the results at
T = 1203 K, filled squares in Fig. 5. On the other hand, the Ps/*®
values corresponding to the steeper branch reveal a different Arrhenius
dependence, filled circles in Fig. 5.

The “slow” and “fast” branches, as revealed by the concentration
profiles, are characterized by diffusion parameters which reasonably
follow two distinct Arrhenius-type temperature dependencies, Fig. 5.
This behavior strongly supports the view that the branches seen at dif-
ferent temperatures correspond systematically to the same microscopic
features at all temperatures. Thus, we conclude that the given Ni grain
boundary has different segments which are characterized by P/*'" and
Pslow GB diffusivities, and P/ >» Ps'o% at the temperatures above
800 K.

At T < 803 K, the measurements were performed in the C-type
kinetics regime (or in the transition BC regime at T = 703 K). The
corresponding GB diffusion coefficients D,,, multiplied by § = 0.5 nm,
are plotted in Fig. 5 as open squares (Déb‘m) or circles (D;{)”'”). The
GB diffusivities represented by squares and circles in Fig. 5 are seen
to follow common Arrhenius-type dependencies, though some minor
deviations might be anticipated.

The fact that the P/*" and 6 - Dfl;m or Pslo and & - D5 values
follow their common (but different) Arrhenius lines allows several
conclusions. First, the value 5§ = 0.5 nm seems to be a reasonable
estimate of the GB width for the Ni grain boundary for the studied
temperature range, in line with previous findings [25,81]. Second,
the Cr segregation factors s at Ni Y11 GB are about unity for both
contributions or both segments of the interface.

Considering the entire datasets, the grain boundary triple products
P for the “fast” and “slow” contributions to Cr diffusion along the given
Ni GB are,

103 + 6 kJ/mol
PIet = 6710 x 107 exp (—iT/mo> m? 5! (20)
and

120 + 9 kJ /mol
Pl = 1938 5 107V exp <—iT/m°> m’ 57! @1

respectively.

Comparing the presently measured bicrystalline data with the triple
products reported for the polycrystalline counterparts (5N purity) [24,
26] one can observe, that the Ni X11[110] GB presents a special case. In
polycrystalline Ni, Cermék [24] found that Cr diffuses with a relatively
high activation enthalpy of about Q = 190 kJ mol~! in the temperature
range between 858 K and 1208 K (see Fig. 5, violet dashed line). Gheno
et al. [26] confirmed those results and extended the temperature range
down to 623 K performing the measurements in the C-type kinetics as
well (see Fig. 5, violet stars). Note that the Dy, values were measured
by Gheno et al. in the C-type kinetics [26] and the double products
8- Dy, are shown in Fig. 5 (with § = 0.5 nm).

The activation enthalpy of Cr diffusion in the Ni X11[110] GB for
both branches is found to be smaller than in polycrystalline Ni and
one can safely conclude that such interfaces were not present in the
polycrystalline material used in the previous studies. However, the
absolute Dy, values measured by Gheno et al. [26] show a large scatter
and are generally not very different from the Dy, values measured for
the slower facet type in the Ni X11 bicrystal, Fig. 5.

Summarizing the experimental observations, we conclude that two
distinct branches are resolved on the concentration profiles and the
derived diffusivities follow two distinct Arrhenius-type temperature
dependencies in the temperature interval examined. This behavior
correlates qualitatively with the presence of two types of macroscopic
facets distinguished for the X11[110] boundary, but not quantitatively.
Is the symmetric or asymmetric facet corresponding to the “fast” diffu-
sion contribution? Or should one look for another explanation? Is s ~
1 a reliable approximation of the Cr segregation at the Ni 11(113)[110]
GB? These issues will be addressed by atomistic simulations.
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Table 2
Ab initio determined segregation energies of Cr at different positions of the Ni X11(113)
[110] and X5(012)[100] GB compared to the literature data [76,97] (in eV/at).

Layer Efﬂ;‘ Ef;g Efei' [76] Ef;g Ref. [97]
0 —0.035 —0.058 —0.05 —0.06
1 0.006 -0.115 -0.12
2 -0.015 —0.060 —-0.06
3 0.029 —0.020 —0.02

First, the ground state structure of the Ni X11(113)[110] GB will be
determined by an extended structure search using empirical potentials.
Then, the thermal stability of the atomic structures with respect to
potential GB phase transitions will be examined, since such transitions
might affect the experimentally measured diffusion properties. The
segregation tendency of Cr to the ground state GB structure will be
determined by DFT calculations. Finally, large-scale MD simulations
will provide an interpretation of the experimental findings.

3.5. Theoretical analysis of the equilibrium GB structure and GB segregation

3.5.1. Structure search with empirical potentials

To study the ground state atomic structure of the X11(113)[110] GB
in pure Ni, we performed a structure search using two EAM poten-
tials [48,49] as described in the Methods section. The minimum energy
structure at 0 K, Fig. 6(a) right, is composed of kites as highlighted in
Fig. S1(c) in the Supplementary Materials. For the main EAM potential
used in this work [48], we obtain a GB energy of 0.47 J/m? and an
excess volume (the excess free volume per unit area) of 0.16 A. The
results of the analysis of GB excess values for the structure search are
shown in Fig. S1(a)—(b) in the Supplementary Material. We could only
find variations of the kite structure, separated into defective versions
with vacancy-like and interstitial-like defects in the GB (snapshots in
Supplemental Fig. S1(c)-(d)).

MD simulations of the GB annealed at 1400 K do not lead to any
structural changes. Starting the annealing simulation with pre-inserted
vacancies in the GB only leads to the same defective kite structures
observed already in the 0 K structure search. However, even for the
defect-free GB, a slight offset in z direction between the (110) planes
could be observed at higher temperatures, exemplified in Fig. 7.

A temperature sweep from 50 K to 1650 K with periodic boundary
conditions shows that this offset does not exist at low temperatures
but starts at around 1100 K for the main EAM potential used in this
work [48]. For the earlier potential [49], which we only used as
a comparison, the critical temperature was roughly 1500 K instead.
The transition from zero offset to a finite offset is connected to very
small energy differences and could either be interpreted as a change
of microstate [96] or as a complexion transition. Proof of the latter
would require thermodynamic analysis of discontinuities in the excess
properties [56,57], which was not possible due to the noise in the
data being greater than the (small) energy changes. We nevertheless
mention this change, because it might affect the kinetic properties in
the GB, see Sections 3.6 and 3.7.

3.5.2. Ab initio calculations

Using the atomistic structure of the X11(113)[110] interface, ab
initio calculations were performed and compared to calculations on
the high energy X5(012)[100] GB. The DFT-optimized structures are
shown in Fig. 6(a). While the 5 GB exhibits relatively open structure
units, the key features of the ¥11 GB are smaller units resulting in
a more dense and bulk-like structure. This is also mirrored in the
GB energies, Eq. (4), and the GB excess volume (in round brackets
below), which were determined as 0.46 J/m? (0.12 A) and 1.28 J/m?
(0.32 A) for the 11 GB and the X5 GB, respectively. Furthermore,
these DFT calculations confirm the applicability of the EAM potential
which predicted the X11(113)[110] GB energy of 0.47 J/m?.
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Fig. 6. Theoretical calculation using DFT of (a) CSL GBs X5(012)[100] and
Z11(113)[110] labeled with layer number. (b) Segregation energy as a function of solute
location.

The segregation tendency of Cr to these Ni GBs was evaluated using
Eq. (5). The resulting GB segregation profiles for both GBs are presented
in Fig. 6(b). The segregation tendencies differ between the two GBs
with the 11 GB exhibiting significantly lower segregation tendencies
than the ¥5 GB. The strongest segregation energy for the 11 GB is
—0.035 eV, whereas the >5 GB presents a maximum segregation energy
of —0.115 eV, i.e. more than three times stronger. In addition, the >11
GB features only one type of segregation sites in contrast to three more
for the X5 GB, making the latter a much more favorable interface for
Cr segregation.

Thus, the DFT study predicts marginal, if any, segregation of Cr
atoms to the Ni 211 GB with the symmetric GB plane, sc, ~ 1 reflecting
its compact structure in contrast to a stronger segregation tendency for
the ¥5 GB with its more open structure. This conclusion is in good
agreement with the results and interpretation of the present radiotracer
diffusion measurements, see Fig. 5.

Still, two major problems remain unresolved. First, which of the
facets, the symmetrical or asymmetrical one corresponds to the “slow”
(“fast”’) GB branch? Second, the area fraction of the facets is about 70
to 30, respectively, while the “fast” branch corresponds to about 1%
of the GB plane, according to the analysis of the radiotracer diffusion
measurements, Table 1. We are going to address these questions with
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Fig. 7. Snapshots of the MD simulations illustrating the change of offset between (110)
planes during heating. Atoms of the different grains are shown in different colors
(yellow and blue). The arrows at the higher temperature indicate the parallel shift
of the grains along the tilt axis. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 3
Calculated formation energy of point defects in bulk and inside
Z11(113)[110] GB.

energy EAM DFT [98]
Ec (eV) 1.57 1.43
Egc (eV) 1.30 -

Es (eV) 3.95 4.07
E;g“ (eV) 2.23 -

the help of classical MD simulations, which enable to perform kinetic
GB simulations with larger system sizes and at longer time scales than
those used in DFT calculations.

3.6. Vacancy-mediated diffusion in the symmetric 11 GB

We used finite-temperature MD simulation to reveal the basic mech-
anisms of GB diffusion. First, the symmetric tilt X11(113)[110] GB is
studied. Table 3 shows the calculated formation energies of vacancies
(EY* and E”“) and self-interstitial atoms (E““ and E””) for the bulk
crystal and the Y11 GB, respectively. For the bulk valgues, the predic-
tions of the EAM potential agrees well with DFT calculations [98]. From
the calculated energies it is clear that the GB diffusion is controlled by
the migration of vacancies, since E¥}¢ < E;;)”, as in the bulk case.

The calculated diffusion coefficients of a single vacancy are shown
in Fig. 8. Diffusion of vacancies inside GBs occurs much faster than in
the bulk. Figs. 3 and 5 also show the calculated self-diffusion coeffi-
cients obtained from D' multiplied by the vacancy concentration. In
general, the MD results are in good agreement with the experimental
data on Cr diffusion.

Among other things, the MD simulation with the single vacancy
revealed a slight change in the activation energy of diffusion along

10
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Fig. 8. The calculated temperature dependence of the vacancy diffusion coefficients in
the bulk and inside the symmetric X11(113)[110] GB.

symmetric X1 1(713)[1 10] GB at T ~ 1050 K, which correlates with the
existence of the specific structural transition described in Section 3.5.1
and illustrated in Fig. 7. This indicates that this parallel shift of the
grains along the tilt axis may affect the kinetic properties of GB. In
such a case, one might expect deviations from the otherwise linear
Arrhenius-type temperature dependencies for both, “slow” and “fast”
contributions. Since the experimental data, Fig. 5, do not reveal ex-
plicit kinks in the corresponding temperature dependencies (slight, but
systematic deviations might be anticipated, though), we leave a closer
analysis to future work.

3.7. Large-scale MD simulation of GB diffusion

The computationally most expensive method in this work is the
large-scale MD modeling. The basic idea of this method is that the
concentration of vacancies in a large simulated crystal containing a
surface should reach an equilibrium value after an annealing stage [67,
68]. We applied this method to study the self-diffusion for the sym-
metric and asymmetric, i.e. with a non-zero GB plane inclination,
>11(113)[110] GBs. The modeling scheme and structure of the simulated
asymmetrical facet are shown in Fig. 9.

As a most important result, after annealing, the asymmetric facet
turned out to be transformed into a combination of regions with an
ideal Y11 GB and a network of linear defects (i.e., disconnections),
providing an average non-zero inclination of the GB plane. These dis-
connections are found to be channels for fast atomic diffusion along the
GB plane, similar to ordinary dislocations in the crystalline bulk [99—
101].

Fig. 10 displays a sequence of snapshots from the large-scale MD
simulations. These snapshots clearly show that the diffusion mecha-
nism depends on the character of the simulated facet. For the sym-
metric facet, the surface emits vacancies that control the diffusion
process. However, for the asymmetric facet, the formation of point
defects (vacancies and self-interstitial atoms) takes place inside the
disconnections.

The linear density of the disconnections inside the simulated GB
is probably 5-10 times higher than in the experiment. In fact, the
distance between the simulated disconnections is comparable to the
size of the disconnection core (see Fig. 9). Thus, the calculated diffusion
coefficients are of the same order as the diffusion coefficients of the
pipe diffusion along the disconnections. The directly calculated Ni
self-diffusion coefficients for both facets are shown in Fig. 5. The
calculated activation energies for the symmetric facet (1.77 eV) and
the asymmetric facet (1.12 eV) agree well the measured values.
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Fig. 9. Large-scale MD simulations of GB self-diffusion. (a) A scheme of the spherical particle used in the simulation. The GB plane is marked in grey, red dashed lines indicate
the GB region where the self-diffusion coefficients were evaluated. (b) Slice of the simulated particle with the asymmetric facet. The color of the atoms corresponds to the results
of the common neighbor analysis: green atoms indicate an fcc lattice, and blue atoms indicate defects (or a highly distorted structure). The inset shows the disconnection inside
the GB. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Snapshots of the large-scale MD simulation. Only atoms with large displacements from the initial equilibrium positions (more than 1.3 A) in the thin GB region are
shown. This representation allows one to trace the migration of atoms. (a) The symmetric facet at 7 = 1510 K. (b) The asymmetric facet at 7 = 1140 K.

The ratio of the cross sections of the diffusion channels related
to symmetric and asymmetric facets, A;,, and A, respectively, de-
termines the relative diffusion fluxes along these short circuits, as
they are seen in the experiment. For diffusion along the symmetric
211 GB, Ay, ~ &+ Ly, where L, is the length of the trace of the
symmetric facet on the sample surface. Assuming that diffusion along
the asymmetric facet is concentrated within the disconnections, their
Cross section, Ay, i Aggym ~ 52 “(p;Lygym) Where p; is a linear density
of the disconnections on the GB plane (depending on the angle of
inclination). Thus the ratio can be estimated as A,/ Ay, = p;6 = 0.01
for the present experimental conditions.

Thus, the atomistic MD simulations confirm that the existence of
the symmetric and asymmetric facets does explain the results of tracer
diffusion measurements, even quantitatively. Since the Ni GB self-
diffusion rates along the asymmetric facet significantly, by several

orders of magnitude, exceed those along the symmetric facet, Fig. 5,

11

it is safe to assume that the same relation holds for Cr GB diffusion as
well. This conclusion is supported by very similar bulk diffusion rates of
Ni and Cr in Ni, Fig. 3, and minor segregation of Cr atoms to the Ni >11
GB (corroborated also within a model of GB diffusion in binary solid
solutions [102,103]). Moreover, the activation energies of Cr diffusion
along “fast” and “slow” branches are very similar to those for Ni
self-diffusion along asymmetric and symmetric facets, Fig. 5. Even the
relative fractions of the “fast” and “slow” paths, f/%/fs/o% are similar
to the ratio of the cross sections for asymmetric and symmetric facets.
We conclude that the appearance of the disconnection-like defects
within the asymmetric facets influences decisively the corresponding
diffusion rates.

This behavior might be of a general nature and, probably, such
an explanation might be applicable to the above-mentioned study of
Rabkin et al. [92] on a Cu X3 incoherent twin boundary.
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3.8. Diffusion along an interface with line defects

So far, the diffusion rates of Cr atoms along the asymmetric facet
with a network of disconnection-like defects was characterized by a
single GB diffusion coefficient, Df;”’ . However, the atomistic simu-
lations reveal significantly enhanced diffusion rates along the linear
defects within such a boundary. Below we are proposing a model of
the corresponding short-circuit diffusion that allows several estimates.

The analysis is based on the framework elaborated previously by
one of the co-authors for the treatment of short-circuit diffusion in a
complex microstructure with a hierarchy of the diffusion paths [85,
86,104] (these developments were also systematically elaborated in
a recent textbook [82]). Accordingly, an asymmetric macro-facet is
considered as composed of “ideal” nano-facets (let the size of these seg-
ments be d;, and the corresponding diffusion coefficient Dob) delimited
by a network of linear defects (which are characterized by the diffusion
coefficients Ddb and the size of the defect cores §,). The linear GB
defects are considered as disconnection-like ones and are distinguished
by the index “?”. We assume that D, <« D’ < D¢ .

For Cr atoms, we have to account for a potentiagl segregation to these
defects and the relevant segregation factor, sgb, is the ratio of the Cr
concentration within the defects “cores”, cffb, to that within the “ideal”
nano-facets of the GBs, cgb, s”b = c”’b /C§b~ il

The present expelrirnentalg comigitions correspond to the A-type ki-
netics of short-circuit diffusion within the asymmetric facets, since

ngt > d,. Simultaneously, one has to account for the type B or type
C diffusion along these interfaces with respect to the bulk diffusion.
Thus, we are dealing either with B-A or C-A kinetics in a hierarchic
microstructure according to the Divinski et al. classification [104]. In
this paper, we will concentrate only on the diffusion transport along
the given GB.

Then, the effective diffusion coefficient along the asymmetric facet,
Dgf;‘”, is [10,82]

(22)

fast _ d 0
ng = Tng +(1- T)ng,

where 1 — 7 and ¢ are the fractions of time spent by a diffusing
atom within the “ideal” nano-facets and the disconnection-like defects,
respectively, and
54 6,/d
~ gbdd/ 0 . (23)
1+ sgbéd /dy

When sgbéd Jdy < 1, ng”‘“ ~ (sgbéd /dO)Dgb + ng. Alternatively, if
sgbéd/do > 1, D'g;m ~ DY, since 7 ~ 1.

Since the DFT calcuﬁations of Cr segregation tendencies at asym-
metric facets would be highly demanding, we employed atomistic
simulations using the ADP potential of Howells and Mishin [50]. First,
we evaluated the performance of the ADP potential for predicting the Cr
segregation energies for the symmetric £5(012)[100] and Z11(113)[110]
GBs, by comparing the results with the current DFT data, Fig. 6. The Cr
segregation energies at the positions 2 and 3 of the ~11(113)[110] GB
are negligible (less than —0.01 eV/at) in full agreement with the DFT
data, but a moderate segregation is predicted for the sites 1 and 0, about
—0.095 and —0.106 eV/at, respectively. For the ¥5(012)[100] GB, the
calculated segregation energies are largest at the site 2 in Fig. 6(a), left
panel, and equal to —0.278 eV/at. However, no segregation is predicted
for the site 1 using the ADP potential, though this site is most attractive
according to the DFT calculations, Table 2. We conclude that the ADP
potential potentially overestimates the total segregation tendency of Cr
to Ni GBs (note that the multi-site segregation model has to be used in
this case [105-107]) and the corresponding results have to be treated
with caution.

We evaluated the segregation energies for different sites of the
asymmetric facet shown in Fig. 9. At 0 K, the segregation energies are
less than 0.04 eV/at for all positions belonging to the “ideal” nano-
facets (thus fully in line with the DFT results for the symmetric facets
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of the X11 GB), but some positions within the disconnection-like cores
reveal the segregation energies of about —0.2 eV/at (with respect to the
positions within the crystalline bulk).

The effective segregation factor, s/

o for the asymmetric facet
can be written as s{é’"' = [1 + 8,/dy(s, - 1)]sgb, where sgb ~ 1is
the segregation factor for the “ideal” nano-facets, i.e. the ratio of Cr
concentration within those facets to that within the crystalline bulk.

Now, some estimates can be drawn using the results of the atomistic
simulation, Fig. 9(b), using 6, = 0.5 nm and d, = 5 nm. The effective
segregation factor for the asymmetric facet is nearly unity at T > 700 K
and it may increase to 5 or even 10 at 600 or 500 K. However, since
these values are probably overestimated, a general correctness of the
analysis of the experimental data assuming small values of s for the
asymmetric facet, too, is confirmed.

The value of r is about unity at T < 700 K, suggesting that
the measured Cr diffusion coefficients nga‘” correspond indeed to the
diffusion rates within the disconnection-like cores, ng. Assuming that
the diffusion rates along the symmetric facet, D“g"”, and those for
the “ideal” segments of the asymmetric facet, D b are similar, we
conclude that the disconnection-like defects revealg faster rates of the
diffusion transport by one to two orders of magnitude with respect to
the “defect-free” compact interfaces.

At higher temperatures, the value of r decreases to about 0.4 at 7' =

1200 K. However, the ratio P/a / pslow (sf st s"‘”") (Df ast /D”"“’) ~
gb gb gb gb

Dg“ / D;{:’W still corresponds roughly to the diffusion enhancement

within the disconnection-like defects of the asymmetric facets.
4. Summary and conclusions

Grain boundary diffusion of Cr is measured in a Ni X11[110] bicrys-
tal applying the radiotracer technique. The measurements are per-
formed in an extended temperature interval in both B- and C-types of
kinetic regimes.

Although tracer diffusion is measured along a (nominally) single
interface in a bicrystalline material, two diffusion branches are system-
atically resolved, a relatively “slow” and a relatively “fast” one. These
experimental findings correlate with the presence of distinct (macro-
scopic) facets of the boundary, which were identified as symmetric
facets and asymmetrical ones.

The analysis of the tracer diffusion data suggests that Cr marginally
segregates to the Ni GB, s¢, ~ 1, and the diffusional GB width 6 is about
0.5 nm. These evaluations hold true for both diffusion contributions.

The interpretation of the segregation factor from the tracer diffusion
data as s¢, ~ 1 is fully supported by DFT calculations for the symmetric
facet of the Ni X11(113)[110] GB. This result is related to its compact
structure with atomic coordination close to bulk fcc, whereas it is
demonstrated that a more open interface structure, like the X5 GB,
would result in a significantly stronger segregation tendency.

Atomistic simulations of Ni GB self-diffusion are employed to pro-
vide insights into possible reasons behind the observed separation of
the tracer diffusion results into “fast” and “slow” branches, predicting
that the area fraction of the “fast” diffusion branch is only a fraction of
a percentage of that of the “slow” branch, whereas about a 30/70 ratio
was found between the areas of the symmetric and asymmetric facets.

First, the atomistic simulations evidence directly that the “fast”
(“slow”) GB diffusion branch corresponds to the asymmetric (symmet-
ric) facet of the Ni 11 GB. The asymmetric facet is found to contain a
network of GB defects (disconnections) which decisively contribute to
the enhanced diffusion transport. Furthermore, this diffusion transport
is largely confined within the corresponding GB dislocation (or discon-
nection) cores, which ultimately resolves the apparent contradiction
between the fraction of the macroscopic facets and the relative fraction
of the “fast” diffusion branch.

Thus, the diffusion enhancement along the disconnection-like de-
fects with respect to the “defect-free” GBs is estimated for the first
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time and it is shown to approach several orders of magnitude at low
temperatures.

Second, the GB structure is found to evolve continuously with in-
creasing temperature revealing features of a continuous GB transition.
These findings from the atomistic simulations correlate with a minor,
but systematic deviation of the Cr GB diffusion coefficients from the
anticipated linear Arrhenius-type temperature dependence.

Finally, the present study highlights the importance of the GB
disconnection (dislocation) network, for a reliable prediction and de-
scription of the kinetic and thermodynamic properties of GBs. The
presence of these defects can substantially change and even determine
the diffusion rates of elements along GBs.
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