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of mechanical properties.

Introduction

Grain boundaries impact nearly all material properties, which
is usually represented by simply referring to the mean grain
size d as the controlling property parameter. As an example,
the coercivity of magnetic materials scales with 1/d down to
approximately the width of a Bloch domain wall. Below this
critical dimension, the grain size—coercivity scaling changes
to d® due to an altered domain wall pinning mechanism.! Simi-
larly, strength increases with decreasing grain size, as utilized
in fine-grained and nanocrystalline materials, where grain
boundaries obstruct the path of dislocations.? Again, below
a certain dimension in the range of 10 nm, the deformation
mechanism alters from dislocation—grain-boundary inter-
actions to grain-boundary sliding and shear coupled grain-
boundary motion,® causing a softening.

Often grain boundaries are treated as one type of defect
among others in materials. This is usually based on gener-
alized (continuums) trends deduced from macroscopic prop-
erty measurements. However, grain boundaries have a rich
“cosmos” in atomic structure, chemistry, and secondary
grain-boundary defects (steps, facets, grain-boundary dislo-
cations,...) spanning a multidimensional space* considering
all the above-mentioned aspects and for this reason, individual
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Failure processes are often linked to interfaces, their atomistic structure and chemistry.
Therefore, a detailed understanding of failure processes requires knowledge of structural
and chemical interface states as a prerequisite. Recent advances in transmission electron
microscopy and atom probe tomography allow this information to be gathered with the
highest spatial and chemical resolution. Insights on how strength, ductility, and toughness
can be manipulated by grain-boundary complexions (i.e., grain-boundary state transitions)
due to their impact on grain-boundary cohesion as well as dislocation-grain-boundary
interaction processes have been recently gained. Making use of the multidimensional space
spanned by grain boundaries concerning their atomic structure, chemical composition, grain-
boundary inclinations and defects will enable new concepts for grain-boundary engineering

grain boundaries in a polycrystalline material are expected to
behave differently. Recent examples show this for the elec-
trical resistivity of grain boundaries in pure Cu® or thermal
stability against grain growth in Cu-Zr alloys.%’

The chemistry of grain boundaries directly affects equilib-
rium properties such as grain-boundary energy, entropy, and
enthalpy, as well as their nonequilibrium properties, such as
mobility, cohesive strength, and grain-boundary diffusion and
sliding resistance. The composition therefore affects not only
the properties, but also materials processing and microstructure
development. Just using ‘d” is often not enough, and to shed light
on the property variations imposed by grain boundaries a detailed
knowledge of their structure and chemistry is a prerequisite.

This article focuses first on the methods to probe the
structure and chemistry of GBs by atomic resolved transmis-
sion electron microscopy (TEM) techniques and atom probe
tomography (APT), which offer unprecedented spatial and
chemical resolution. We will then address localized experi-
ments and atomistic simulations for a detailed understanding
on the impact of individual grain boundaries on strength and
failure. The overview includes the paradigm change that grain
boundaries exist in multiple states (complexions) and how this
opens new ways to alter mechanical properties.
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IMPLICATION OF GRAIN-BOUNDARY STRUCTURE AND CHEMISTRY ON PLASTICITY AND FAILURE

Grain boundaries: From geometry

to grain-boundary structure and complexions
Grain boundaries are classified by their five macroscopic
degrees of freedom. Three are required to describe the ori-
entation relationship between the two abutting grains and
two for the orientation of the grain-boundary plane (Fig-
ure 1). The latter is required as, for the same misorien-
tation, different grain-boundary inclinations (planes) can
occur (Figure 1a—b). Rigid body translations in x, y, and z
directions finally describe the atomic coordinates of a grain
boundary (microscopic degrees of freedom).® Tilt, twist,
or mixed boundaries occur and, depending on the misori-
entation angle, low-angle and high-angle grain boundaries
(LAGBs, HAGBs) are discriminated. LAGBs are described
by Read and Shockley as a dislocation network that can
accommodate the misorientation between the two grains.®
With increasing misorientation, the dislocation spacing
gets smaller, until they can no longer be accommodated
(typically ~15°). At specific misorientations coincidence
sites occur for the abutting grains. This superstructure can
be found by overlapping both lattice structures creating a
coincidence site lattice (CSL) (Figure 1¢). Grain boundaries
originating from a CSL are described by their frequency of
coincidence sites with respect to total lattice sites expressed
as a y value. For example, a common twin boundary in fcc
metals shares every third lattice position and is termed a

>3 HAGB. The } 3 twin boundary can exist at different
macroscopic inclinations; the {111} and {112} are the most
common, forming a symmetric HAGB. Symmetric CSL
grain boundaries (i.e., both grains share the same grain-
boundary plane, can be described by repeating structural
units [Figure 1d]).

Grain boundaries can be also described by Gibbsian ther-
modynamics using the interfacial excess properties: excess
energy [U], excess entropy [S], excess volume [ V], the grain-
boundary excess [V;] of component i at the grain boundary
and the grain-boundary free energy y. The free grain-bound-
ary energy was recently elegantly formulated by Frolov and
Mishin as a function of pressure (stress), temperature, and
chemical potentials of the components (composition).” The
conditions for grain-boundary phase transitions require that
in equilibrium both states coexist (these grain-boundary
phases are also called “complexions”!®!! to avoid confu-
sion with bulk phase transitions). A change in temeprature,
pressure (stress), and/or chemical composition (including
point defects) will then induce a transition from a specific
grain-boundary phase to another (see Figure 1e—f), thatis, a
specific atomic structure with a certain excess of the compo-
nents in the system (e.g., segregation of impurities) will be
stabilized. As a consequence, these parameters can be used
to manipulate grain-boundary structures and/or composi-
tions, and thus impact material properties.
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Figure 1. (a) Tilt grain-boundary geometry for two grains with their corresponding coordinate system, rotation axis, and mis-
orientation angle 6. (b) Different inclinations for the same misorientation of the two grains. (c) Coincidence site lattice (CSL) of
two cubic grains misoriented by 6=36.87° around the [001] rotation axis. Points of grain 1 are shown in blue, grain 2 in gray,
and CSL sites in red. (d) The atomic structure deduced from the CSL lattice for a symmetric ¥5¢001) {210} tilt grain boundary
and (e, f) atomic structures obtained by atomistic simulations. (e, f) Two possible phases of one grain boundary (“complexions”)
(adapted with permission from Reference 12). (g) An atomic resolved scanning transmission electron microscope image of a
Y19 tilt grain boundary in Cu with two phases coexisting and separated by a line defect; see white arrow (adapted with permis-

sion from Reference 13). GB, grain boundary.
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Resolving grain-boundary structure

and composition by TEM and APT: Basics

and recent insights

The recent advances of aberration correction TEM and scan-
ning TEM (STEM) techniques enable us to resolve atomic
structures down to~50 pm with precision of a few pm in
atomic positions.'* Structural units of CSL boundaries are
easily resolved if both grains are aligned along a common
zone axis and the boundary is flat through the thickness of
the sample. High-angle annular dark-field (HAADF)-STEM
is often employed, as the elastically and incoherently scat-
tered electrons provide intensity distributions 7 as a func-
tion of atomic number Z with I~Z.>'* Z-contrast imaging
allows the determination of the atomic structure of grain
boundaries and whether their substitutional sites are prefer-
entially occupied by segregates.

Recently, Meiners et al.'* revealed by HAADF-STEM
that pure Cu grain boundaries can possess different atomic
structures, demonstrated by findings for asymmetric and
symmetric Y 19[111] grain boundaries (Figure 1g). Atomis-
tic simulations confirmed that both states possess different
excess state variables such as excess volume.'? Although
for many grain-boundary transitions, temperature is the
decisive parameter,' stress triggers the transitions between
both states here.!® Earlier, Monte Carlo coupled molecular
dynamics (MC/MD) simulations predicted, for Cu Y 5[001],
two separate grain-boundary phases possessing different kite
structure motifs (Figure le—f) at different temperatures.'?
Although the three-dimensional atomic structure can be
readily resolved by atomistic simulations, this is still in its
infancy for STEM, with current progress reported in Refer-
ences 16—18. Recently, Du et al. were the first to report on
grain-boundary structures resolved in three dimensions at
the atomic level by STEM tomography, providing quanti-
tative access to coordination and bonding angle of atoms
located at the grain boundary and within the grains in Au.'

Chemically induced transitions can be complex and
include sub-monolayer to multilayer segregation, as found
for alumina ceramics'' resolved by STEM. Other exam-
ples for metallic materials include ordered segregation
for Cu-Bi,??* Ni-Bi,?* nanofaceting for Cu-Ag>>?® and
Cu-Bi,” and order—disorder transitions for Cu-Zr,”*® Ni-S,>
and multielement systems.?? !

Atom probe tomography (APT) is a powerful micros-
copy technique that provides three-dimensional maps that
show the distribution of atoms of different elements at
the nanometer length scale.’? Needle-shaped samples are
exposed to a pulsed local field and atoms are individually
field-evaporated. A position-sensitive single atom detector
provides data that are reconstructed to create maps of
needle-shaped volumes with a diameter of~100 nm that
can be several microns long. Depending on the sample, the
resolution of the technique is around 0.1-0.3 nm along the
direction of the needle and 0.3—0.5 nm laterally.
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Although the resolution at grain boundaries is not gener-
ally sufficient to resolve the grain-boundary structure, APT
has proven to be a very useful technique for resolving grain-
boundary composition and identifying and measuring com-
plexions. The inherently three-dimensional nature of the data
overcomes a limitation of beam-based techniques that require
the interface to be flat along one orientation, running exactly
parallel to the direction of the beam. Grain-boundary excess
values can be calculated from atom probe data by partitioning
the data and measuring the local composition at the boundaries
and in the adjacent grains.

Using atom probe to map the composition across grain
boundaries®® has revealed that the composition of grain bound-
aries varies highly across individual boundaries, and between
adjacent boundaries, where local composition is influenced by
the local boundary structure (Figure 2). Atom probe can also
be used to discern and measure the segregation to the indi-
vidual dislocations that comprise low-angle boundaries (Fig-
ure 2a) and to compare segregation at special boundaries, such
as twins, which tend to have lower segregation levels than
high-angle boundaries. APT, combined with TEM, has been
used to identify complexions such as segregation-induced
faceting transitions**>° and spinodal-like fluctuations.’’

Atom probe has also been used to demonstrate the
existence of linear complexions along dislocations®* and to
study other planar structural defects such as stacking faults®
and antiphase boundaries.*

Grain boundaries and their impact on plasticity
Although the strength of metallic materials increases with
decreasing grain size according to the Hall-Petch equation, it
is well known that plasticity is not only affected by dislocations
piling up at grain boundaries, but equally important are absorp-
tion, emission, nucleation, and transmission processes. Disloca-
tion transmission through grain boundaries can be understood
on a continuums level by considering the orientation difference
between incoming and outgoing glide systems, as this deter-
mines the magnitude of the residual Burgers vector, which must
be accommodated (Figure 3a). Additionally, the resolved shear
stress acting on these glide systems must be considered.*>*
In situ and postmortem TEM studies have shed fundamental
light on dislocation—grain-boundary interaction mechanisms
(e.g.,* see Figure 3f-h), but the limited volume and small TEM
sample thickness often alter stresses compared to the bulk.

Another approach to study the impact of grain boundaries
on plasticity uses nanoindentation*’ or micromechanical
testing of bicrystalline pillars.** > The advantage of the latter
method is that slip steps on the pillar side surface(s) can be
analyzed and the activated and transmitted glide systems
resolved (Figure 3b—c).

The mechanical signal deduced from the load—displace-
ment curves is not always straightforward to interpret due
to the stochastic nature of small-scale plasticity. Often large
data sets and different pillar dimensions are required to draw
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nanocrystalline Cu-Zr sam-

ples, where the phase state
of multiple grain boundaries
was changed by different
quenching rates after a
950°C annealing treatment.
In this process, Zr enriched at

T the grain boundaries formed
_Zl either preferentially ordered
grain-boundary structures
(slow cooling) or amorphous
grain-boundary structures
(fast cooling).” These two
different grain-boundary
phase states—ordered versus
amorphous—impacted the
strength and ductility. The
nanocrystalline sample with

Within GB
o

predominantly amorphous
grain-boundary structures
outperformed the Cu-Zr
sample with mainly ordered
grain-boundary structures
with respect to compressive
strength and strain to failure
upon bending,” whereas the
20 average grain size remained
= unaltered.

Atomistic simulations
reveal differences in dis-
5 location nucleation, dislo-
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Figure 2. Atom probe data sets showing compositional fluctuations across different grain boundaries

(@) a low-angle grain boundary dislocation array in a titanite mineral, adapted with permission under CC BY
4.0 license (Elsevier, 2018) from Reference 40; (b) a boundary with precipitates, adapted with permission
(Elsevier, 2018) from Reference 41; (c) grain-boundary complexions, adapted with permission under CC BY
4.0 license (Nature Group, 2018) from Reference 37. GB, grain boundary.

arresting ability for both
types of grain-boundary
phases.””3® This opens up
an interesting design route
in nanocrystalline materi-
als, for which strength

conclusions. For example, the transmission stress for easy slip
transmission across a . 3 (111) twin boundary in Cu seems
to be similar to the stress required for cross-slip according to
experimental findings,> thus leaving none or only a small fin-
gerprint in stress—strain data in contrast to impenetrable grain
boundaries (Figure 3d—¢). A point largely overlooked so far
in the experimental community is the strain rate sensitivity of
dislocation transmission. This becomes a crucial factor when
thermally assisted processes are involved in the transmission
process as shown in Reference 56. The impact of different
grain-boundary phases of pure or alloyed systems in experi-
mental small-scale mechanical testing is still in its infancy.
On the other end, macroscopic mechanical tests provide an
average of the strength over multiple grain boundaries. Neverthe-
less, again helpful insights were obtained. Prominent examples are

usually increases as dis-
location multiplication
diminishes, causing at the same time a severe reduction in
strain to failure under tensile loading. Assisting dislocation
nucleation by a change in excess volume, pinning dislocations
at grain-boundary ledges, altering the density of grain-bound-
ary ledges for certain segregation content (excess) and distri-
bution (atomistic), as well as altering cohesive grain-boundary
strength are scenarios discussed in the community.

Grain-boundary-dominated failure: Origin

and solutions

Fracture toughness in metals is governed by two main
mechanisms: micro-ductile crack propagation and crack
propagation by de-cohesion. Both are affected by the
atomic-scale structure and composition of grain boundaries.
In the case of micro-ductile crack propagation, the impact
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Figure 3. (a) Schematic illustrating the misalignment of slip planes across a grain boundary (GB). As a consequence, disloca-
tion lines need to realign and a residual Burgers vector will be stored in the GB. Also the critical resolved shear stresses can
be different for incoming and outgoing dislocations. Scanning electron microscope image of a (b) high-angle grain boundary
(HAGB) with a low transmission factor causing severe distortion of the pillar even after only ~8% engineering strain in contrast
to a (c) coherent twin boundary (TB) deformed to ~19% strain, where slip steps meet at the TB indicating slip transmission.

(d, e) Corresponding stress-strain curves of the HAGB and TB copper pillars in comparison to single-crystal (sx) copper sam-
ples of according dimensions. Note the strong apparent hardening of the HAGB, which is absent for the pillar containing the
TB. (f-h) Transmission electron microscope images of dislocation-TB interaction in 304 stainless steel.*® Arrowheads indicate
position of (f) cross-slip into the TB plane and (g, h) transmission across the TB. Images (b—e) reprinted with permission in

of grain boundaries varies. They act as obstacles for dislo-
cation glide, but the intersection points with the crack front
can also act as preferred sites for dislocation nucleation.
Reiser and Hartmaier®® recently modeled these competing
effects by means of two-dimensional discrete dislocation
dynamics, concluding that the positive impact of grain
boundaries outweighs the negative consequences of dis-
location blocking. In samples that have a preferred crack
path within a grain (such as a crystallographic cleavage
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plane or an interphase interface), the changes in orienta-
tion of the crack path at grain boundaries can enhance
toughness.®!

For materials in which failure occurs as the result of cracks
that propagate along grain boundaries, the macroscopic frac-
ture strength depends strongly on the microscopic structure
of the boundaries, including both the geometry and composi-
tion. The energetic barrier to intergranular failure is the grain-
boundary cohesive energy:
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Egpc = 2ys — vaB, (1)
where Egp is the grain-boundary cohesion energy, yg is the
surface energy, and ygp is the grain-boundary energy.®

The structure of a grain boundary influences this energy.
Experiments and calculations have confirmed the patterns
of structural units are key to understanding the boundary
energy.®® Although the relationship is complex, a clear trend
is that the energy of structural units is related to the excess
free volume of the units. In particular, special boundaries
have a higher barrier to intergranular failure due to their lower
boundary energy, which is derived from the lower excess free
volume.

Watanabe proposed the concept of “grain-boundary engi-
neering” for the design of materials with the desired proper-
ties.®* This approach focuses on the type of grain boundaries
(low angle, high angle, special, etc.), designing materials with
an optimum combination of grain-boundary types in order to
achieve the desired properties. In real materials, the fracture
strength is further complicated by impurities at the interface,
emission of dislocations during fracture, and more complex
geometries such as triple junctions, which can also be fracture
nucleation sites.

Specifically, composition plays an extremely important
role, so much so that the concept of “grain-boundary segre-
gation engineering” was proposed by Raabe in 2014.% This
involves manipulating grain boundaries via solute decoration
enabling changes in energy, mobility, structure, and cohesion
or even promoting local phase transformation to enable use-
ful material behavior. In nanocrystalline materials, for which
the volume fraction of grain boundaries is extremely high,
the importance of considering grain-boundary composition is
even more pronounced.®®

Of course, segregation is influenced by structure, so the
two effects are inextricably linked. The free volume at grain
boundaries means that boundaries contain lower-energy sites
for solute atoms than the bulk. APT is an extremely sensi-
tive tool for measuring grain-boundary segregation, and over
many years of studying engineering alloys with this technique,
we have learned that it is extremely rare to find boundaries
in engineering alloys without some level of segregation of
solute or impurities. Industrial alloy systems usually contain
both equilibrium segregation (i.e., solutes at grain boundaries
themselves as a result of the decrease of the interfacial free
energy of the boundary when impurity atoms are present) and
nonequilibrium segregation in the vicinity of the boundary
(i.e., changes in composition in the vicinity of the boundary
that result from the diffusion of vacancies and atoms toward/
away from the boundary). APT is an excellent tool to study
the equilibrium segregation at the interface itself. Nonequilib-
rium segregation occurs over length scales on the micrometer
scale, which is larger than a typical atom probe data set
(100 nm across), and is better observed by using NanoSIMS, a
highly sensitive tool that provides two-dimensional maps over
a larger area. As an example, in a study of segregation of B,

P, and C in the Ni-Based Superalloy, Inconel 718 (which has
dramatic effects of the welding properties), NanoSIMS was
able to reveal nonequilibrium segregation of B, but local, equi-
librium, segregation of P and C was only able to be observed
by atom probe.®’

There are countless examples of systems in which the local
grain-boundary composition affects fracture properties. Many
are cases in which certain species embrittle alloys systems
(e.g., PN, and S in steel, Bi in Cu, S in Ni), but in some cases
the effect can be a beneficial increase in ductility (Fe, B and
C in Mo,®® and Re in W.* A well-known scenario is the case
of liquid metal embrittlement, whereby normally ductile met-
als become extremely brittle in the presence of liquid metals.
Classic examples include steels becoming brittle in the pres-
ence of liquid Zn,”® which can happen if Zn-coated samples
are welded, and Al becoming brittle in the presence of liquid
Ga.”!

Creating alloys with superior properties through grain-
boundary segregation engineering requires an understand-
ing of the atomistic processes that govern this behavior. In
2018, Leitner et al.®® investigated the fracture behavior of
Mo-Hf alloys, which display a transition from intergranular
to transgranular fracture above 2% Hf. Atom probe observa-
tions of grain boundaries revealed that the grain-boundary
strength was, in fact, affected by O, C, and B impurities at
the boundary, rather than Hf itself (Figure 4). Increased Hf
actually leads to a greater C and B enrichment, and less O at
boundaries, increasing the cohesion. Density functional theory
(DFT) modeling revealed the underlying segregation energet-
ics, explaining the changes in solute excess observed at the
boundaries. Atomic-scale insights provided unexpected new

®ve @:

@c

Figure 4. Atom probe data set and a density functional theory (DFT)
representation of a Mo-Hf alloy in which grain-boundary chemistry
controls the failure mode. Figure adapted with permission (Elsevier,
2018) from Reference 68. APT, atom probe tomography.
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perceptions that can guide alloy design, taking advantage of
impurity-level additions of C and B, or developing strategies
to reduce O, to improve the properties of this system.

Conclusion

Grain boundaries are central to plastic deformation and failure
in metals and alloys. Traditionally, only average grain size d
is considered, perhaps together with the grain shape or tex-
ture, but grain-boundary geometry, structure, and composi-
tion play at least an equally important role, in some cases,
trumping grain size. Recent advances in the capabilities of
microscopy techniques, including advanced TEM and APT,
are able to provide essential atomic-scale structural and
chemical information for the effective design of materials with
desired properties. These new insights open the path for true
grain-boundary engineering, considering the multidimensional
nature of a boundary’s structure, composition, complexions,
inclinations, and defects.
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