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Segregation-induced ordered
superstructures at general grain
boundaries in a nickel-bismuth alloy
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The properties of materials change, sometimes catastrophically, as alloying elements and
impurities accumulate preferentially at grain boundaries. Studies of bicrystals show that
regular atomic patterns often arise as a result of this solute segregation at high-symmetry
boundaries, but it is not known whether superstructures exist at general grain boundaries
in polycrystals. In bismuth-doped polycrystalline nickel, we found that ordered,
segregation-induced grain boundary superstructures occur at randomly selected general
grain boundaries, and that these reconstructions are driven by the orientation of the
terminating grain surfaces rather than by lattice matching between grains. This discovery
shows that adsorbate-induced superstructures are not limited to special grain boundaries
but may exist at a variety of general grain boundaries, and hence they can affect the
performance of polycrystalline engineering alloys.

any properties of polycrystalline metals

and ceramics are intimately linked to

the structure and composition of their

grain boundaries (7). Alloying elements,

dopants, and impurities are often pre-
sent in higher concentrations at grain bounda-
ries than in grain interiors, an effect known as
grain boundary segregation or adsorption. Seg-
regation can enhance macroscopic properties (2)
but often leads to severe degradation of proper-
ties and performance (3, 4). Understanding how
and why this degradation occurs at the atomic
scale is a crucial step toward engineering inno-
vative materials that can resist such deleterious
effects.

A recent advance in materials engineering is
the discovery that grain boundaries behave in a
phase-like manner, transitioning from one state
to another as a function of temperature and com-
position (5-8). The term “complexion” has been
introduced to distinguish such interfacial states
from bulk phases (9). Complexions have been
discovered at dislocations (10), twin boundaries
(I1), and stacking faults (12), and they play a role
in nanocrystalline alloys (13). However, the exact
structural arrangement of adsorbates within com-
plexions and the resultant impact on properties
are still largely unknown.
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The atomic structure and solute segregation
of grain boundaries are often analyzed by trans-
mission electron microscopy (TEM) in ceramics
(2, 14-18) and metals (4, 19-21); more recently,
atom probe tomography (APT) has become a
useful tool for grain boundaries because of its
complementary analytical strengths (22-24). How-
ever, only a handful of studies have examined the
structural arrangement of adsorbates at general
grain boundaries in polycrystalline materials [e.g.,
(15-18, 20, 21)]. Some degree of grain boundary
adsorbate periodicity was evident in a few of these
studies, such as along one side of nanometer-thick
intergranular “glassy” films in Si;N, (16-18), but no
evidence of widespread adsorbate-induced grain
boundary superstructures has been reported. In
contrast to these studies, TEM studies on special
high-symmetry boundaries, such as tilt (2, 4, 14, 19)
and twist (25) boundaries in artificial bicrystals,
often reveal striking, periodic patterns of segregated
elements—for example, in Bi-doped Cu (4) and
rare earth-doped alumina (2). We also note that
an interface reconstruction has been observed at a
Ni-Al,O5 phase boundary (26).

Unlike the grain boundaries in high-symmetry
tilt or twist bicrystals, the majority of grain bound-
aries in polycrystalline materials are of mixed
twist and tilt character. Mixed boundaries are
sometimes called “random” or “general” grain
boundaries (27). The common definition of a gen-
eral grain boundary is one with a large inverse
coincidence (X > 29) (8). Although this X-based
definition has received criticism (28), it is widely
used (29), so for the purposes of the present work,
a general boundary is simply one that lacks ap-
preciable lattice coincidence. General grain bound-
aries are populous in polycrystalline engineering
materials and are often weaker mechanically and
chemically than higher-symmetry special grain
boundaries, and thereby can limit macroscopic
properties and performance. Hence, understand-

ing these performance-limiting grain boundaries
is critical to enhancing our ability to engineer
next-generation materials (8, 30).

Our previous work on liquid-metal embrittle-
ment of Ni by Bi showed two Bi-rich layers visible
at the grain boundary with linear periodicity (21).
However, it was unclear whether the segregated
adsorbate atoms had superstructures. Here, we
present experimental results from scanning TEM
(STEM) and simulated results from density func-
tional theory (DFT) to demonstrate that a variety
of periodic adsorbate superstructures form at
naturally occurring, randomly selected general
grain boundaries in Bi-infused polycrystalline
nickel. We discovered that the grain boundary
reconstructions at these boundaries are not driven
by the grain boundary misorientation, as commonly
believed, but by the crystallographic orientation
of the grain boundary plane. In this way, these
grain boundary reconstructions are strongly anal-
ogous to surface reconstructions, which are also
driven by the crystallography of the terminating
surface and which alter the two-dimensional trans-
lational symmetry of the interface, influencing
surface diffusion coefficients (31I), electronic char-
acteristics (32), and other physical properties.

We randomly selected 12 grain boundaries
from a Bi-infused Ni polycrystalline specimen and
examined them by aberration-corrected STEM
(table S1 and figs. S1 to S14)) (33). The Ni-Bi alloy
has the equilibrium solidus composition at 700°C,
which we estimated to be 0.22 atomic percent Bi
in Ni based on recent CALPHAD data (34). The
misorientation of all 12 randomly selected grain
boundaries was determined via a detailed Kikuchi
diffraction pattern analysis. Calculations (35) done
with these misorientation data showed that 11 of
the 12 boundaries were general grain boundaries
with X values greater than 500 (table S1). One
of the 12 boundaries was determined to be a X3
twin boundary. Bi adsorbate superstructures were
discovered at many of the general grain bounda-
ries, and the Bi segregation was confirmed by
energy-dispersive x-ray spectroscopy (fig. S15).

We use two different categories of notation to
describe the Bi adsorbate superstructures: (i)
When discussing the arrangement of Bi atoms
within the grain boundary plane, we use Wood’s
notation (36) [e.g., Fig. 1 shows a C(2x2) recon-
struction] or matrix notation (37) (e.g., Figure 2
includes results for the [5-511] reconstruction,
which cannot be clearly represented by Wood’s
notation), both common in surface science. (ii)
When discussing how the Bi adsorbate atoms
appear when viewed from the side in projection
(i.e., as in TEM images), we refer to the number
of Bi atoms that appear to be sitting on top of a
given number of Ni atoms (e.g., Fig. 1B shows a
2Bi/4Ni superstructure, the side view of Fig. 1A
parallel to [010]).

We observed the simplest Bi adsorbate pattern
of 2Bi/4Ni for the (100) grain boundary facet
(Fig. 1, A to D). The (110) grain boundary facet
(Fig. 1, E to H) exhibits a 3Bi/6Ni superstructure
when viewed from the side parallel to [111]. Both
of these superstructures reduce to an apparent
1Bi/2Ni superstructure when viewed from the
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side, if the primitive repeat unit is considered.
Finally, the (111) grain boundary facet (Fig. 1, I
to L) exhibits a 10Bi/16Ni superstructure when
viewed parallel to [110], which reduces to a 5Bi/
8Ni primitive repeat unit. Additionally, we ob-
served a 5Bi/10Ni superstructure (fig. S22) on
the (111) boundary plane.

The TEM images in Fig. 1 are two-dimensional
projections and do not provide the three-
dimensional atomic arrangements in the plane
of the grain boundary. To address this issue, we
conducted DFT calculations of relaxed-surface
free energies for various low-energy superstruc-
tures for the corresponding low-index crystallo-
graphic planes (Fig. 2). The atomic models from
the DFT calculations form Bi superstructures
nearly identical to the experiments when viewed
from the side (Fig. 1). We note that although DFT
surface calculations in general may not capture
the key features of grain boundaries in other alloys,
our previous work (38) has shown that surface
DFT calculations are a reasonable approximation
for grain boundaries in Ni-Bi alloys because (i)
the total energy of Ni-Bi grain boundaries can be
predicted with tolerable accuracy from the en-
ergies of the two surfaces alone, and (ii) the Bi-Bi
atomic bonds across the Bi-rich bilayer at the
grain boundary are weak relative to Bi-Ni bonds
on either side of the boundary. This latter point
is demonstrated by the bonding charge distribu-
tions illustrated in Fig. 2, as discussed below.

The grain boundaries we analyzed in the ex-
perimental images were taken from Bi-saturated
Ni specimens in equilibrium with the Bi-rich lig-
uid, as we prepared them under liquid-metal
embrittlement conditions, although some local

variations in Bi chemical potential likely exist
because of kinetic factors (33). In the case of the
(100) and (111) grain boundary facets in Fig. 1, the
DFT-calculated surface superstructures (Fig. 1, A
and I, and figs. S26 and S28) correspond to a
superstructure that exists in a low-energy state
for at least one chemical potential (Fig. 2, A and
C). For the (100) surface, one low-energy super-
structure is the C(2x2) surface reconstruction
(fig. S20), as shown in Fig. 1A. For the (111) sur-
face, the (8x8) reconstruction (fig. S23) is one
of the stable reconstructions based on the DFT
surface calculations, as shown in Fig. 1I. In ad-
dition, the [5-511] structure (fig. S22) on a Ni(111)
surface has comparable energy to the (8x8) re-
construction (Fig. 2C) and is also considered as
a stable structure. For the (110) surface (Fig. 1E),
DFT calculations show that three different re-
constructions (figs. S21 and S27) have similar
energy at a chemical potential near the bare Ni
surface: (2x2), C(2x2), and a randomly centered
superlattice of C(2x2) that we term (2x2)-RandC.
This similarity suggests a superstructure for the
(110) surface in which the basic motif is (2x2)
with random centering (in Fig. 1E, atoms that
are half white and half magenta represent Bi
sites that are randomly occupied). This random
occupation of the centering atoms is consistent
with Fig. 1, G and H, where variable-intensity Bi
columns contrast with the strong intensity of the
other columns. Taken together, we suggest that
superstructures in Bi-doped Ni grain boundaries
closely resemble surface reconstructions.

The surface free energy varies as a function of
chemical potential for a series of different Bi-
based superstructures based on our DFT calcu-

lations (Fig. 2, A to C). Charge density figures
(Fig. 2, D to F) depict the bonding between Ni
and Bi atoms for three model superstructures,
two at surfaces and one at a grain boundary, in
which red indicates increased charge density and
green indicates a depletion of charge. Our figures
illustrate relaxed surface and grain boundary ge-
ometries together with the bonding charge den-
sity Ap(7), defined as

Ap(r) = phg(r) — pX5 (1) — pE™(r) (1)

where p5° indicates a self-consistent interacting
charge density, p™®™© indicates a superposition of
isolated atomic charge densities, and the subscripts
Tot, Ni, and Bi respectively refer to the complete
Bi-on-Ni structure, the Ni atoms alone, and the
Bi atoms alone. Hence, Ap highlights the charge
transfer due to Bi-Ni and Bi-Bi chemical bonding.

Positive pSC between atoms (red in Fig. 2, D to
F) indicates formation of chemical bonds occu-
pied by electrons drawn away from the atoms,
resulting in negative pSC (green in Fig. 2, D to F)
surrounding the atoms. Figure 2D shows that
on an unreconstructed 1x1 Bi monolayer, the Bi
atoms bond to each other but do not bond to the
Ni surface. In the C(2x2) structure (Fig. 2E), the
atoms bond to the Ni surface but not to each
other. The grain boundary charge density figure
in Fig. 2F shows the bonding of Bi to the adjacent
Ni surfaces, whereas the lack of charge density
across the boundary suggests a marked loss of
cohesion (38, 39). This result is consistent with
the effect of liquid-metal embrittlement in this
system, which is to drastically reduce the cohe-
sive strength across the grain boundaries.
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Fig. 1. Atomic-scale segregation—induced superstructures in the Ni-Bi
system. (A to D) (100) crystallographic facets; (E to H) (110) crystallographic
facets; (I to L) (111) crystallographic facets. These facets belong to grain
boundaries #7, #2, and #5, respectively (table S1). HAADF-STEM images of
Bi-based grain boundary superstructures [original images, (C), (G), and (K);
averaged images, (D), (H), and (L)] show periodic arrangements of Bi atoms
that are crystallographically related to the underlying nickel grains. Surface
DFT calculations produce Bi-based superstructures [(A), (E), and (I)] that
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are not counted.

exhibit the same periodicity as the Bi adsorbate atoms in the HAADF-STEM
images [(C), (D), (G), (H), (K), and (L)] when viewed from the side as
two-dimensional projections [(B), (F), and (J)]. The HAADF-STEM images
in (D), (H), and (L) have been averaged following the algorithm in (51)

to help to determine the exact location of the Bi atoms. Note that the
3Bi/6Ni two-dimensional superstructure in (F) appears as 3Bi/6Ni when
viewed in this direction if the lower-intensity, randomly centered Bi atoms
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General grain boundaries in Bi-infused Ni ex-
hibit a morphology that comprises alternating
facets (Fig. 3A). Atomic-resolution images of
these facets (Fig. 3, B to E) reveal Bi-based su-
perstructures similar to the superstructures in
Fig. 1. Two crystal planes, one from each grain,
join at each facet to produce the grain bound-
ary. We determined the crystallographic indices
of the four marked boundary planes in Fig. 3A
by standard electron microscopy methods to be

a (322)/vicinal (110) pair (N1/N2) and a vicinal
(101)/(795) pair (N3/N4). With these results (figs.
S16 to S19), we generated an atomic model (Fig. 3F)
of the grain boundary in Fig. 3A.

The faceting of the grain boundary appears to
be driven by the formation of a low-energy crys-
tal plane on one of the adjacent grain surfaces,
which is a known energy-lowering mechanism
(40). Bi segregation to the grain boundary is also

an energy-lowering mechanism, and these two

mechanisms occur such that the net result is Bi
segregation to faceted grain boundaries, some
of which contain low-index facets. In the case of
the grain boundary in Fig. 3, two of the boundary
surfaces happen to be of {110} type. Interest-
ingly, these low-index grain surfaces are only
vicinal (figs. S18 and S19); the grain boundary
plane is not exactly parallel to the beam direction
when the crystallite is aligned to a low-index
zone axis. In contrast, the high-index surfaces on

A B
50— w T 50~ ‘ T 50— T
0 "N 0
— I3 — BCCEE O
o< Bare p(2x2) = < . __(2x2)-RandC{ S Bare W
s surface T s lpe 3 surface V3xV3
© -501 N ©-50 SRelll © 501 N R
€ £ : g [5-511] AN
= = : = (3x3)
100\ -100f -100f [2012]
Ni (100) surface Bulk Bi Ni (110) surface Bulk Bi--- > > Ni (111) surface Bulk Bi >
- | | | . | | | 1 N
W0 ——=5 9 05 o5 10 ———=5 9 05 o0 0.5
Aug; [eV] Autg; [eV]

Fig. 2. Results of DFT calculations for Ni-Bi free surfaces and a grain
boundary. (A to C) DFT calculations of surface free energy as a function

of chemical potential for various Bi-based superstructures on three different Ni
surfaces: (A) Ni(100) surface, (B) Ni(110) surface, and (C) Ni(111) surface. (D to

F) Charge density models based on DFT calculations: (D) unreconstructed
[i.e., (1x1)] Bi monolayer on the Ni(100) surface; (E) C(2x2) superstructure on
the Ni(100) surface; (F) £5-120 grain boundary. In these charge density models,
red indicates increased charge density and green indicates charge depletion.

Fig. 3. Grain boundary facets in Bi-doped Ni. (A) HAADF-STEM image
of a general grain boundary in Bi-doped Ni, which contains micrometer-
sized facets. The grain boundary plane pairs (“grain boundary surfaces”)
of one facet are marked as N1 and N2 (green) and those of a second facet
are marked as N3 and N4 (yellow). (B to E) HAADF-STEM images of
the four grain boundary facet planes (with inset atomic diagrams) showing

Yu et al., Science 358, 97-101 (2017) 6 October 2017

the arrangement of Bi atoms at the grain boundary: (B) N1, (C) N2,

(D) N3, (E) N4. (F) Schematic model of the atomic structure of these two
grain boundary facets. In this model, the grain boundary is intentionally
separated by nanometers to show the grain boundary facet surfaces.
These HAADF-STEM images were obtained from grain boundary #2
(table S1).
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the opposite side of these boundaries are nearly
exactly (322) and (795), which consist of {111}
terraces separated by single-atom-height steps.

The microfacets visible in the general grain
boundary can be seen on the intergranular frac-
ture surfaces in scanning electron microscope
images (fig. S30). These facets are evidence of the
well-known faceting transitions (41, 42) caused
by adsorbed impurities at grain boundaries.
Atomic-resolution high-angle annular dark field
(HAADF)-STEM imaging of the grain boundary
facet surfaces present along the 11 general grain
boundaries in this study, containing a total of
27 facets (table S1 and figs. S3 to S13), shows that
approximately 22% (6 of 27 facets) were termi-
nated by low-index planes and the remaining
78% (21 of 27 facets) were vicinal to low-index
planes. Of the 27 facets, we identified superstruc-
tures on only 10 facets because of limitations
related to STEM imaging and sample geometry.
Four such facets were low-index planes and six
facets were high-index vicinal planes (table S1
and figs. S24 and S25).

‘We plotted the crystallographic orientations of
the grain boundary facets on a stereographic tri-
angle (Fig. 4A). The stereographic projection is a
common graphical method for visualizing crystal-
lographic data (43). Here it illustrates that many
planes are centered about the 111 and 203 poles
of the stereographic projection. Interestingly, the
majority of grain boundary surface planes exist
along the two edges of the stereographic trian-
gle that run from 001 to 111 and from 001 to 101,
demonstrating that these grain boundary sur-
faces can be produced by pair combinations of
these low-index planes (table S2 and fig. S25).

The Bi-Bi atomic spacing in these adsorbate su-
perstructures is large relative to the distances be-
tween Ni atoms (Fig. 4B). Because we determined
these Bi-Bi distances from STEM images, they
could be shorter, as they are projected distances.
Nonetheless, our histogram indicates a ~3.25 A
lateral spacing between Bi atoms, which sits be-
tween the first (3.07 A) and the second (3.53 A)
Bi-Bi nearest-neighbor distances in pure Bi metals
(44). Furthermore, the lateral Bi-Bi distances do
not match the Ni-Ni atomic distances [1.74 A on
(100) planes; 2.10 A on (110) and (111) planes] in
pure Ni. The minimization of strain energy from
the large atomic size and bonding length mis-
match from the pure metals is a reasonable expla-
nation for the formation of the Bi superstructures
at the grain boundaries.

Although the primary effect of these Ni-Bi grain
boundary superstructures is the embrittlement of
the metal, grain boundary superstructures could
potentially play a role in electronic, magnetic, and
diffusion-related properties as well. It is already
known that dopant-based grain boundary com-
plexions can change the electrical resistivity of
thick-film resistors (45) and the coercivity of Nd-
Fe-B magnets (46) and could affect the giant spin
Hall effect in the Cu-Bi system (47). If the complex-
ions in these systems form ordered superstruc-
tures, the change of two-dimensional translational
symmetry at the grain boundaries would have an
impact on related physical properties. Moreover,
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Fig. 4. Grain boundary facet orientations
and Bi-Bi distances at grain boundaries in
Bi-doped Ni. (A) Statistical frequency of grain
boundary plane orientations plotted on a
stereographic triangle, which includes orientation
information for 27 grain boundary facet planes
analyzed from 11 general grain boundaries.
Numbers of observations of each plane orientation
appear within the squares; squares with the
same number are colored alike. (B) Histogram of
the projected in-plane Bi-Bi distances, showing
a peak around 3.0 to 3.5 A, which is between the
first and second nearest neighbor Bi-Bi bond
length in Bi metal. Inset: A representative STEM
image in which the Bi-Bi distance is labeled.

drawing an analogy to the well-known diffusion
anisotropy that occurs on reconstructed metal
surfaces (48), diffusion through superstructures
at grain boundaries will likely be anisotropic,
and this behavior could potentially be exploited
to engineer anisotropic microstructures with
enhanced properties.

The discovery of Bi segregation-induced su-
perstructures at general grain boundaries greatly
enriches our limited knowledge of the atomic struc-
ture of complexions and may offer new insights
into a spectrum of structure-related grain bound-
ary properties such as plasticity, diffusivity, and
conductivity. We suggest that ordered grain bound-
ary superstructures may indeed be a general,
although not necessarily universal, feature of
polycrystalline materials. This suggestion is based
on an analogy to the reconstruction behavior of
free surfaces, in which adsorbates often form pe-
riodic structures [e.g., Bi on Cu (49)] but can also
form disordered overlayers [e.g., S on Cu (50)].
Additional studies using TEM and complementary

techniques such as APT are needed to determine
whether segregation-induced grain boundary
superstructures exist in other polycrystalline
metals, especially in systems with strong attractive
adsorbate-metal pair interactions.
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Giving grain boundaries more structure

The properties of metals change depending on the composition and structure of grain boundaries in
polycrystalline materials. Yu et al. discovered a surprising grain boundary superstructure in a nickel-bismuth alloy.
Previously, the structure was only known to exist in a specific type of uncommon grain boundary, and experiments had
focused on bicrystals. Unexpectedly, this alloy has grain boundary superstructures across a wide range of boundaries in
polycrystalline samples. This likely also occurs in other alloys, which opens an avenue for grain boundary engineering to
tune the physical properties of metals and ceramics.
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