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Nanocrystalline (NC) metals suffer from an intrinsic thermal instability; their crystalline grains undergo

rapid coarsening during processing treatments or under service conditions. Grain boundary (GB) solute

segregation has been proposed to mitigate grain growth and thermally stabilize the grain structures of NC

metals. However, the role of GB character in solute segregation and thermal stability of NC metals

remains poorly understood. Herein, we employ high resolution microscopy techniques, atomistic simu-

lations, and theoretical analysis to investigate and characterize the impact of GB character on segregation

behavior and thermal stability in a model NC Pt–Au alloy. High resolution electron microscopy along with

X-ray energy dispersive spectroscopy and automated crystallographic orientation mapping is used to

obtain spatially correlated Pt crystal orientation, GB misorientation, and Au solute concentration data.

Atomistic simulations of polycrystalline Pt–Au systems are used to reveal the plethora of GB segregation

profiles as a function of GB misorientation and the corresponding impact on grain growth processes. With

the aid of theoretical models of interface segregation, the experimental data for GB concentration profiles

are used to extract GB segregation energies, which are then used to elucidate the impact of GB character

on solute drag effects. Our results highlight the paramount role of GB character in solute segregation be-

havior. In broad terms, our approach provides future avenues to employ GB segregation as a microstruc-

ture design strategy to develop NC metallic alloys with tailored microstructures.

A. Introduction

Nearly all structural and functional materials are polycrystal-
line systems; their microstructures are comprised of differently
oriented crystalline grains that are joined at grain boundaries
(GBs). The GB structure and network topology plays a critical
role in controlling many materials properties and processes,
including microstructural evolution,1 mechanical behavior,2

and degradation mechanisms.3 Owing to their small crystal
size and high density of GBs, nanocrystalline (NC) metals
exhibit unique combinations of properties and functionalities
that are not commonly found in their coarse-grained

counterparts.2,4 On the other hand, however, NC metals suffer
from a microstructural instability that considerably hinders
their deployment in many engineering applications.5,6 The
increased interfacial contribution to the free energy of NC
metals makes them susceptible to rampant grain coarsening
and concomitant evolution of their crystal-size dependent
properties.7,8 The ability to mitigate grain growth in NC
materials during processing or under service conditions would
enable a myriad of applications ranging from structural and
aerospace to energy and electronics.4,9–11

In recent years, GB segregation engineering12 has been pro-
posed as a design strategy to purposefully dope or enrich GBs
with elemental species in order to tailor various interface pro-
perties. Enrichment of solutes at GBs has been found to alter
many properties of polycrystalline metals, including mechani-
cal strength,13 fracture,14 wear resistance,11 and transport.15

The role of GB segregation in grain growth kinetics of NC
alloys is of particular interest. Numerous experimental studies
have demonstrated enhanced thermal stability in binary NC
alloys, including W–Ti,16 Pd–Zr,17 Pt–Au,18 Y–Fe,19

Cu-based,20,21 Fe-based,22–25 and Ni-based.26–28 The preferen-
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tial segregation of solutes to GBs can affect grain growth pro-
cesses in two main ways.18,29 The first is a thermodynamic
effect that is described by the Gibbs adsorption equation. The
segregation of an alloying element to a GB when the chemical
potential is increased at a constant temperature and pressure
leads to a reduction in the GB energy, and thus the driving
force for grain coarsening.30–32 The second is a kinetic mecha-
nism, termed solute drag.33,34 Segregated solute atoms will
attempt to remain within the migrating GB due to the strong
solute atom–GB interactions. As a result, the migrating GB has
to drag solute atoms and can only move as fast as the diffusing
solutes. In addition to these two mechanisms, if a precipitate
is formed by the solute, then the so-called Zener pinning35 can
also serve to mitigate grain growth. Experimentally, both
kinetic and thermodynamic routes act in conjunction, with
the relevant role of each depending upon the details of the
interactions of solute atoms with GBs, temperature, and solute
diffusivity.

While the use of GB solute segregation to mitigate grain
growth in NC metals has been the subject of active research,
most existing treatments invoke the isotropy assumption in GB
segregation behavior,30,32 as the dependence of segregation
energy on the GB macroscopic geometric degrees of freedom
(i.e., three for misorientation and two for plane normal36) is
largely unknown. However, advances in scientific computing
and high-resolution experimental techniques have made it
possible to investigate in a quantitative manner the aniso-
tropic behavior in many GB properties, including energy,37

mobility,38 diffusion,39 and very recently solute segregation
energetics.40–48 In one of the earlier studies, Seki et al.40 exam-
ined Au segregation to [001] twist GBs in Pt using Monte Carlo
simulations, and quantified GB concentration profiles as a
function of twist angle. Very recently, high throughput atomis-
tic calculations were used to examine the segregation of
various elemental species to a wide range of GB types42 or to
establish GB segregation distributions for specific NC
microstructures.43 Studies employing high-resolution
microscopy18,49 and atom probe tomography41,46,47 were used
to reveal the anisotropy in solute segregation as a function of
GB character. While the aforementioned studies have demon-
strated that the use of a single segregation energy value to
describe solute–GB interactions is an oversimplification, they
do not quantify the impact of segregation anisotropy on grain
growth processes, nor do they explore the role of segregation
anisotropy in the kinetic mechanism (i.e., dynamic solute
drag) of NC thermal stability. As suggested by solute drag
models,33,34 solute segregation effectively alters the GB mobi-
lity; therefore, segregation anisotropy results in a distribution
of mobilities of doped GBs in a NC microstructure. The exist-
ence of distributions in GB migration rates was found to lead
to modifications of texture and microstructure and, as a result,
materials properties.50–53 Therefore, variations in segregation
energy as a function of GB character have to be incorporated
in materials design and discovery efforts in order for GB segre-
gation to be used as a strategy to develop thermally stable NC
materials with tailored microstructures.42

Herein, we explore GB solute segregation behavior as a
function of GB character after elevated temperature anneals in
a model Pt–Au alloy. Undesirable impurity element segregation
has often complicated our ability to deconvolute both
routes of thermal stability in NC binary alloys.25,54,55 The use
of the noble Pt–Au system minimizes several practical complex-
ities, such as the presence of oxides, that can potentially con-
found experimental observations.18 In this work, high-resolu-
tion microscopy and atomistic simulations were used to reveal
and quantify anisotropic Au segregation to Pt GBs. Theoretical
calculations using the experimentally-obtained GB concen-
tration profiles were then used to elucidate the dependence of
GB segregation energies and solute drag forces on GB
misorientation.

B. Methods
Experimental methods

Pt and Pt–10 at% Au (Pt–10Au) thin films with a nominal
thickness of 40 nm were magnetron sputtered onto optically
polished salt substrates. Sputter deposition involved a Unifilm
PVD300 system having a base pressure of 5 × 10−7 Torr.
Deposition utilized ultrahigh purity Ar which was controlled at
10 mTorr throughout film growth. Films were subsequently
floated off the substrates onto TEM Mo mesh grids and
annealed in a custom high vacuum furnace at 500 °C or 700 °C
for 30 minutes at a base pressure of 5 × 10−5 Torr. Automated
crystal orientation mapping (ACOM) using precession electron
diffraction (PED) was completed on the 500 °C (∼0.3Tm) and
700 °C (∼0.46Tm), where Tm is the melting temperature,
annealed Pt and Pt–10Au samples in a JEOL 2100 TEM with a
2.5 nm step size and 0.375° precession angle. Orientation
maps were post-processed and analyzed in EDAX OIM® 8.1
software using a single pass grain dilation protocol (3° grain
angle criterion). Boundaries were classified as high angle GB
(HAGBs) (≥15° misorientation) and low angle GBs (LAGBs)
(≥5°, <15° misorientation), and ∑3 twin GBs were classified
following the Brandon criteria.56 Grain size was calculated as
an effective grain diameter following ASTM standards where
the standard deviation was calculated as the square root of the
variance of the mean. Characterization of GB solute segre-
gation in Pt–10Au was performed in a FEI Titan aberration-cor-
rected scanning/transmission electron microscope (STEM)
with a 4 detector X-ray energy dispersive spectroscopy (EDS)
system. Sequential STEM-EDS and ACOM data were collected
to spatially correlate the localized solute segregation and GB
misorientation. The Cliff-Lorimer methodology57 was used to
quantify and convert X-ray intensity to atomic concentration in
the binary alloy. Under the deposition conditions, the 40 nm-
thick Pt–Au films tended to grow in a columnar manner, pro-
viding one grain through thickness and GBs that were perpen-
dicular to the plane of the film (‘edge-on’). GBs that were exclu-
sively edge-on to the electron beam with both grains in similar
diffraction contrast were quantified in this study.
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Computational methods

Atomistic simulations employing a recently developed
Embedded Atom Method (EAM) interatomic potential for the
Pt–Au system58 were used to elucidate the impact of aniso-
tropic GB solute segregation on the thermal stability and
solute partitioning in NC Pt–Au alloys, and reveal preferential
sites for Au segregation within the GB regions. The process of
generating the atomistic systems is as follows: a polycrystalline
atomistic system with a wide range of GB types was generated
using the technique outlined in ref. 59, which employs micro-
structures generated from phase field or Potts models. Then,
the pixelated representation was used to construct periodic
atomistic thin films with columnar grains, and these grains
were assigned random orientations about their common 〈111〉
axis, which was aligned with the film out-of-plane axis. The
overall size of the atomistic systems was ≈1570 Å × 790 Å for
the in-plane film dimensions and ≈30 Å for the out-of-plane
thickness, resulting in a total number of atoms of approxi-
mately 2.1 million. Once generated, the atomistic systems were
heated to 500 °C over 50 ps and Au atoms with a nominal com-
position of 10 at% were randomly assigned. The above-men-
tioned approach of generating the atomistic systems repro-
duces properties such as triple-junction angles much better
than may be achieved by the commonly used Voronoi con-
struction.60 Further, the NC atomistic systems were intended
to be representative of the temperature, Au composition,
texture, and grain-size of the experimental microstructures
employed in this study.

After the initial construction, the hybrid Monte Carlo (MC)-
molecular dynamics (MD) scheme by Foiles61 and Sadigh
et al.62 was used to equilibrate structural aspects and compo-
sitional degrees of freedom of the atomistic systems. With
such an approach, an MC simulation step was performed with
conserved atomic swaps, in which two atoms are randomly
selected and if they were different chemical species, their
chemical identities were swapped. The swap was then accepted
with a Boltzmann probability based on the energy change at
the desired temperature. This MC simulation samples the
equilibrium canonical ensemble in a closed system with a
fixed number of atoms for each species. In this work, each
MC-MD cycle included 107 MC steps followed by a 50 ps MD
simulation at the desired temperature using a Nosé-Hoover
thermostat63 leading to a trajectory in phase space that is con-
sistent with the canonical NVT ensemble. The use of 50 ps of
MD after each MC cycle allows for local structural relaxations
after swapping the chemical identity of pairs of atoms during
MC.58 The MC-MD cycle was repeated until the total simu-
lation time was 20 ns. While the 20 ns MD and 30-minute
experimental anneals cannot be compared in a one-to-one
manner due to the disparity in time scales between these two
approaches, our goal was to show that both the experimental
studies and atomistic simulations exhibit similar trends in
terms of enhanced thermal stability and sluggish grain
growth. All atomistic simulations were performed using
LAMMPS64 and an in-house MC code,40,61 and visualizations

were generated using Ovito.65 The common neighbor analysis
(CNA) metric,66 polyhedral template matching (PTM),67 and
dislocation extraction algorithm (DXA)68 were used to identify
the local structural environment for each atom (FCC, BCC,
HCP, etc.) and reveal materials defects, such as GBs and dis-
location lines.

C. Results and discussion

We start by investigating the microstructural evolution of the
experimental NC systems. Fig. 1 depicts variations in thermal
stability and grain growth kinetics between Pt and Pt–10Au
systems. Fig. 1(a)–(d) shows representative bright-field TEM
images for pure Pt and Pt–10Au microstructures in the as-de-
posited and after a 30-minute thermal anneal at 500 °C. The
average grain size in pure Pt has grown from 15 ± 5 nm to 99 ±
58 nm (i.e., an increase of 560%), while the Pt–10Au one has
only grown from 14 ± 7 nm to 36 ± 17 nm after the 500 °C
30-minute anneal. Representative inverse pole figure (IPF)
colored orientation maps for the 500 °C 30-minute anneal con-
dition for Pt and Pt–10Au are shown in Fig. 1(e) and (f ). In the
IPF colored orientation maps, GBs are overlaid where bound-
aries labeled in black, red, and white denote HAGBs, LAGBs,
and ∑3 twin, respectively. The grain size distributions for the
500 °C and 700 °C 30-minute annealed conditions are shown
in Fig. 1(g) and (h), respectively. In both the 500 °C and 700 °C
grain size distributions, Pt grains show a positively skewed
multimodal distribution with a large grain size spread while
Pt–10Au has a considerably smaller average grain size in both
conditions. The GB character distribution for the Pt and Pt–
10Au NC systems after the 500 °C anneal condition is shown
in Table 1. The Pt–10Au is observed to have over a three-fold
increase in twin boundary length fraction compared to pure Pt
while both materials systems have a relatively high length frac-
tion of LAGBs between 7 and 10%. ACOM data provide the
opportunity to examine the orientation texture of the films. In
this case, an expected (111) fiber texture developed in the Pt
and Pt–10Au free standing films after annealing at both 500 °C
and 700 °C as indicated by the strong single 〈111〉 peak in the
(111) pole figure plot shown in ESI Fig. 1.†

The experimental trends for grain growth kinetics have also
been observed in the atomistic simulations. Fig. 2 shows snap-
shots of the simulated grain structures for the Pt [Fig. 2(a) and
(b)] and Pt–10Au [Fig. 2(c) and (d)] systems in the initial state
[Fig. 2(a) and (c)] and after 20 ns of thermal anneal at 500 °C
[Fig. 2(b) and (d)]. A grain labeling algorithm implemented in
Ovito65 was used to segment and cluster the atomistic systems
based on grain orientations, where atoms in each crystal were
assigned a unique color. GB and Au atoms were colored in
gray and black, respectively. It can be seen that the grains in
the pure Pt system grew at a faster rate than those in the Pt–
10Au one. Further, as can be seen from Fig. 2(d), Au strongly
segregated to Pt GBs, which resulted in sluggish grain growth
kinetics in the Pt–10Au system (see ESI† for a video of the
microstructural evolution). The trends observed in Fig. 2 were
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quantified by tracking the temporal evolution of both the
average grain area 〈A〉 and number of crystalline grains and
the results are shown in Fig. 3. The dashed lines are linear fits
to the data using 〈A〉 − 〈A〉o = k̄t, where 〈A〉o is the average
grain area in the initial state (t = 0) and k̄ is a parameter that
encompasses several materials properties. It can be seen from
Fig. 3 that the pure Pt system is characterized by rapid grain
coarsening and concomitant decrease in the number of grains,
which was nearly halved after 20 ns of thermal anneal at
500 °C. The Pt–10Au system on the other hand exhibits slug-
gish growth rates due to the strong Au segregation to Pt GBs.
In our atomistic simulations, the fits yielded k̄ = 0.60 and
0.16 nm2 ns−1 for the pure Pt and Pt–10Au systems, respect-
ively, which indicates a three-fold reduction in growth rates for
the Pt–10Au system. Here, we emphasize that one needs to
simulate many NC systems with a larger number of grains and
various initial grain structures in order to sample all the poss-
ible NC configurations and arrive at a dynamical scaling law
for the average grain area of doped systems. Nevertheless, by
using the linear fit for the average grain area, our goal is to
provide a rough estimate of the enhancement in thermal stabi-
lity due to GB segregation. For the 30-minute thermal anneal
of the Pt–10Au system at 700 °C, the average grain size was 103
± 57 nm compared to 36 ± 17 nm for the anneal at 500 °C,
refer to Fig. 1(g) and (h). This demonstrates that several factors
influencing NC thermal stability, such as Pt–Au solubility and
configuration entropy contribution, segregation energy, GB
mobility, and solute diffusivity, are sensitively dependent on
temperature.18

Next, we explore the chemical distribution and solute parti-
tioning in the Pt–10Au system. Fig. 4(a) and (b) shows repre-
sentative Pt and Au EDS intensity maps for the 500 °C
30-minute anneal condition, where a non-uniform distribution
of Au within individual grains is observed. The non-uniform
Au distribution within the grain interior is attributed to Au
segregation in the immediate vicinity of the GBs and the
associated formation of local Au depleted zones; this is further
quantified in Fig. 4(c), which shows a line scan over two
grains. The line profile indicates both Au depleted zones adja-
cent to the GBs with an Au concentration nominally below 10
at% and Au enriched zones in the center of the grains nomin-
ally above 10 at%. The variation in depth and width of the Au
depleted zones adjacent to GBs is an indication of hetero-
geneous levels of GB Au concentration. Further, a recent study
by O’Brien et al.58 demonstrated the existence of a GB phase
transformation in Pt–Au, where low and high solute content
regions exist within the GB plane. The experimental trends
depicted in Fig. 4 were also observed in the atomistic simu-
lations. Fig. 5 shows snapshots of the atomistic Pt–10Au
system after 0.25 ns [Fig. 5(a)] and 20 ns [Fig. 5(b)] of thermal
anneal at 500 °C using hybrid MC-MD. The insets show close-
up views of a region encompassing several Pt grains. In Fig. 5,
FCC Pt atoms were removed for a better visualization of the
structures and non-FCC Pt (i.e., GBs) ones were colored in tur-
quoise. Gold and red denote FCC (i.e., in the bulk grains) and
non-FCC (i.e., in the GB regions) Au atoms, respectively. In the

Fig. 1 (a-d) Plan-view bright field TEM images for the (a and b) as-de-
posited Pt and Pt–10Au, and (c and d) after a 30 minutes anneal at
500 °C. (e and f) Inverse pole figure colored orientation maps for Pt and
Pt–10Au after a 30-minute anneal at 500 °C. (g and h) Grain size distri-
butions for Pt and Pt–10Au at after 30-minute anneals at 500 °C and
700 °C.

Table 1 Overview of the GB length fraction (%) for high angle, low
angle, and ∑3 twin GBs

HAGB (%) LAGB (%) ∑3 twin (%)

Pt 500 °C 85.0 10.3 4.8
Pt–10Au 500 °C 76.1 7.1 16.7
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early stage of thermal anneal, both Au phase separation in the
form of nanoclusters in Pt grains [cf. Fig. 5(a)] and Au segre-
gation to Pt GBs were observed. This demonstrates competing

effects between GB segregation and bulk phase separation, as
the Pt–Au alloy is immiscible at this annealing temperature
and nominal concentration.69 In a phase field study,
Abdeljawad et al.70 showed that solute partitioning in NC
binary alloys is highly dependent on the relative strengths of
GB segregation and bulk heat of mixing energies. Murdoch
and Schuh71 derived analytical expressions combining GB seg-
regation and heat of mixing energies in order to obtain nano-
structure stability and solute distribution maps.

To quantify the level of Au segregation to Pt GBs and its
dependence on the GB geometric degrees of freedom, Fig. 6
shows the experimentally-observed GB Au concentration as a
function of GB misorientation angle. The location of the mis-
orientation axis for each GB is provided in the inset inverse
pole figure. Three global trends of Au segregation levels can be
observed in the plot: (1) HAGBs have Au segregation between
30 and 43 at%; (2) LAGBs show Au enrichment between 17 and
22 at%; and (3) coherent ∑3 GBs have no detectable Au segre-
gation above the nominal alloy concentration. For example,
Fig. 6(b) and (c) shows characteristic Au concentration line
profiles for a HAGB and LAGB, respectively. There was no
observable trend between Au segregation levels and the misor-

Fig. 2 Snapshots depicting the NC atomistic systems in the [(a) and (c)] initial state and [(b)–(d)] after 20 ns of thermal anneal at 500 °C. The grain
structures for the [(a) and (b)] pure Pt and [(c) and (d)] Pt–10Au alloy systems are shown, where atoms in each grain are assigned a unique color.

Fig. 3 At a temperature of 500 °C, quantitative analysis of grain growth
in the pure Pt and Pt–10Au NC atomistic systems depicting the temporal
evolution of both the average grain area 〈A〉 and number of grains. The
dashed straight lines are linear fits to the average grain area.

Fig. 4 At a temperature of 500 °C, (a) and (b) Pt and Au X-ray intensity maps where dashed box in (b) indicates the location of the Au concentration
line scan shown in (c).
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ientation axis (full GB misorientation data point is shown in
Fig. 6(a) inset). The high variation in Au enrichment within
the random HAGBs without an apparent trend in misorienta-
tion angle could indicate the importance of describing the full
macroscopic (i.e., plane normal) and microscopic degrees of
freedom defining the GB.

To demonstrate the plethora of Au segregation profiles
present in the Pt–10Au system, Fig. 7 shows snapshots of the
atomistic system depicting Au segregation to several Pt GBs
after 0.25 ns [Fig. 7(a) and (b)] and 20 ns [Fig. 7(c) and (d)] of
thermal anneal at 500 °C using hybrid MC-MD. Pt FCC atoms
in each crystal were assigned a unique color (grey, green, and
blue) and non-FCC Pt (i.e., GBs) and Au atoms were colored in
turquoise and red, respectively. The blue lines were drawn to
guide the eye to grain orientations. For the LAGBs shown in
Fig. 7(a) and (b), it can be seen that Au segregates strongly to

the dislocations, identified in Ovito using DXA, that make up
these GBs; an effect that bears resemblance to the Cottrell
atmosphere.72 In contrast, Fig. 7(c) shows a symmetric GB,
where it can be clearly seen that this boundary does not favor
Au segregation. Further, Fig. 7(d) shows a segment of a curved
GB (i.e., fixed misorientation but varying plane normal)
demonstrating the strong dependency of Au segregation on the
GB plane normal. Visual inspection shows no Au segregation
to the symmetric segment of this GB while strong Au segre-
gation was observed for the asymmetric part. The experimental
observations [Fig. 4 and 6] and atomistic simulation results
[Fig. 5 and 7] highlight that not only the misorientation angle,
but also the additional GB geometric degrees of freedom, such
as plane normal, influence Au segregation. For example, recent
studies73–75 have shown GB faceting instabilities, in which a
macroscopically flat GB breaks into nanoscale facets, and that
solute segregation influences this GB faceting behavior.76

We now shift our attention to extracting GB segregation
energies from the experimental concentration profiles. This
GB thermodynamic data serve as input parameters for meso-
scale models of GB solute segregation and grain growth kine-
tics in NC alloys. With the aid of the regular solution approxi-
mation, the GB and bulk grain chemical free energies are
described as

f i ¼GAu
i cþ GPt

i ð1� cÞ þ RT ½c ln cþ
ð1� cÞ lnð1� cÞ� þΩicð1� cÞ; i ¼ gb;b

ð1Þ

where c is the Au concentration, GAu and GPt are the free ener-
gies of pure states, and Ω is the heat of mixing. R and T are the
ideal gas constant and absolute temperature, respectively, and
the subscript i indicates a GB or bulk property. Here, the bulk
Ωb and GB Ωgb heat of mixing parameters are assumed con-
centration-independent. However, one could follow the treat-
ment by Okamoto and Massalski69 and allow both Ωb and Ωgb

to be functions of concentration and temperature. Following
the treatments outlined in ref. 70 and 77, the equilibrium GB
solute concentration is obtained using the parallel tangent
construction, which leads to the following Langmuir–McLean
isotherm78,79

cgb
1� cgb

¼ c1
1� c1

exp
�ΔHseg

RT

� �
; ð2Þ

where cgb and c∞ are the Au concentration at the center of the
GB and bulk nominal concentration, respectively. ΔHseg = [(GPt

gb

− GPt
b ) − (GAu

gb − GAu
b )] + Ωgb (1 − 2cgb) − Ωb (1 − 2c∞) is the GB

segregation energy. Based on eqn (1) and (2), changing the
temperature modifies the bulk solubility of the Pt–Au system
and the configuration entropy contribution, and both these
effects influence GB concentration profiles.32,70 Using GB
solute concentration cgb values from the experimental concen-
tration line profiles obtained through GB edge-on STEM-EDS
and PED-ACOM analysis, the above segregation isotherm
equation can be used to obtain ΔHseg values, and the results
are shown in Fig. 8 as function of misorientation angle and
axis. It can be seen that the segregation energy increases with

Fig. 5 For the Pt–10Au NC atomistic system, snapshots depicting the
temporal evolution of Au after (a) 0.25 ns and (b) 20 ns of MC-MD simu-
lations at 500 °C. The insets show close-up views of a region where Au
phase separates in the bulk Pt grains during the initial stages of thermal
annealing then continues to segregate to GBs at late stages. FCC Pt
atoms are deleted for a better visualization of the structures.
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the misorientation angle and values for ΔHseg ranged between
−12 to −4 kJ mol−1. Further, the ∑3 (111) twin GB is character-
ized by a zero heat of segregation indicating that there is no
energetic gain to Au segregation to this GB. As detailed by
Lejček and Hofmann,80 general trends in GB segregation
include increased solute segregation with misorientation angle
with specific high index symmetric tilt GBs (e.g., ∑3 (111) and
∑11 (113) in FCC systems) exhibiting low to no segregation be-
havior. Such trends are also observed in the Pt–10Au system,
which show a pronounced lower level of Au segregation to
random low angle GBs compared to high angle GBs. The
results depicted in Fig. 8 show that for the experimentally
characterized NC Pt–10Au sample, the GB segregation energy
distribution is bimodal in nature with peaks centered around
low and high misorientation angles.

The high degree of heterogenous Au segregation as a func-
tion of the misorientation angle and axis shown in Fig. 8
reveals the important impact of GB character and distribution
in NC thermal stability. There has been limited exploration of
heterogenous solute segregation in NC alloys due to the chal-
lenging nature to determine the local GB character. Herbig
et al.81 quantified C segregation in a nanocrystalline cold-
drawn pearlite steel utilizing a correlative ACOM-TEM and
atom probe tomography method. Analogous to the Pt–Au
result, similar increase in segregation is observed between
LAGB and HAGBs with specific outliers in the HAGB associ-
ated with special GBs. In a similar fashion, Zhou et al.45 exam-
ined solute segregation in a binary Fe–8%Cr alloy where
similar trends between LAGB and HAGB were observed.
Recent studies have shown that the propensity for solute
segregation is also influenced by the local GB structure, which
in turn affects processes such as GB structural
transitions.76,82,83

The anisotropy in GB segregation also plays a key role in
dynamic solute drag and the kinetic mechanism of thermal
stability in NC alloys; an effect that has been largely overlooked
in the NC literature. For a migrating GB with a velocity V,
Cahn’s solute drag model33 predicts a GB concentration
profile given by (see ESI† for details on the derivation)

cðxÞ ¼ c1Ve
�EðxÞ

RT �V
Ð x

x0

1
D ηð Þdη

h i

�
ðx
�1

e
EðζÞ
RT þV

Ð ζ

x0

1
D ηð Þdη

h i
1

DðζÞ

( )
dζ;

ð3Þ

where η and ζ are dummy integration variables. E(x) and D(x)
are the position-dependent solute–GB interaction energy and
solute diffusivity across the GB region, respectively. In this
work, we assumed the forms E(x) = −Eosech(x/δ) and D(x) =
Dosech(x/δ), where δ = 0.1Wgb and Wgb is the GB width (refer to
ESI Fig. 2† for a plot of E(x) and the one used by Cahn33). Eo is
the solute–GB interaction energy, which is obtained from our
experimental data, and Do is the solute diffusivity across the
GB region. With these forms for E(x) and D(x), the concen-
tration profile across the GB can be parametrized in terms of
Eo and Do as c = c(x/δ; Vδ/Do, Eo). For a GB with a given segre-
gation energy Eo, one can obtain the concentration profile
across the GB in terms of the non-dimensional interface vel-
ocity Vδ/Do. In Cahn’s original work, the nonlinear terms in
eqn (3) above were Taylor expanded in order to obtain limiting
solutions in the high and low velocity regimes. Herein, we
used the experimentally-obtained segregation energies (Fig. 8)
along with the differentiable forms for E(x) and D(x) to carry
out the integrations in eqn (3) numerically, and the predicted
results are shown in Fig. 9. In Fig. 9(a), a surface plot of the
solute concentration profile for the GB with the largest segre-

Fig. 6 At a temperature of 500 °C, (a) experimental GB Au concentration as a function of GB misorientation, where inset inverse pole figure map
shows location of misorientation axis for individual GBs identified. A Representative Au concentration profile across a (b) HAGB and (c) LAGB.
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gation energy (misorientation angle of 35.2°) is shown as a
function of position from the GB center x/δ and the ratio Vδ/
Do. It is evident that the GB concentration profile is highly
influenced by the GB migration velocity V and Do. This can be
seen from eqn (3) above, the GB segregation energy (thermo-
dynamic effect) and the ratio Vδ/Do both appear inside the
exponential terms, and thus they contribute significantly to
the GB concentration profile. To further demonstrate this
effect, Fig. 9(b)–(d) shows solute concentration profiles across
all experimentally characterized GBs for (b) Vδ/Do = 0, (c) Vδ/Do

= 0.1, and (d) Vδ/Do = 1.0. It is clear that GB solute concen-
tration is not only a function of the segregation energy, but a
strongly dependent function of the ratio Vδ/Do. As Vδ/Do

increases, as in the case of a large GB migration velocity V in
NC alloys and/or slow solute diffusors, GB solute concentration
values decrease drastically below ones in stationary GBs, i.e.,
V = 0. A close examination of Fig. 9(b)–(d) also shows that the
depletion zone in solute concentration ahead of the GB

Fig. 7 Representative Au segregation profiles to several Pt GBs after [(a) and (b)] 0.25 ns and [(c) and (d)] 20 ns of thermal anneal at 500 °C. In (a)
and (b), Au segregates strongly to dislocation cores that make up LAGBs. (c) A symmetric Pt GB with no Au segregation. (d) Segment of a Pt GB
depicting the influence of GB plane normal on Au segregation, where the dashed black line traces the GB profile. The blue lines are drawn to guide
the eye to the crystal orientations.

Fig. 8 At a temperature of 500 °C, GB segregation energy ΔHseg as a
function of the GB misorientation angle in the Pt–10Au system. The
inset inverse pole figure map shows location of misorientation axis for
individual GBs identified.
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increases in depth as Vδ/Do increases. Further, the concen-
tration profiles become highly asymmetric about the GB center
with increasing Vδ/Do values.

Finally, the drag force Pdrag to the migration of doped GBs
is given by33

Pdrag ¼ 1
Ω

ðþ1

�1
c� c1ð ÞdE

dx
dx; ð4Þ

where Ω is the molar volume. The concentration profiles in
Fig. 9 along with the functional form for E(x) were used to
numerically integrate eqn (4) and results for the calculated
drag force are shown in Fig. 10 assuming Ω = 10−5 m3 mol−1.

Fig. 10(a) depicts Pdrag as a function of Vδ/Do for all GBs
explored in this work. It can be seen that the drag force
increases as the GB starts to migrate until it reaches a
maximum, then it decreases sharply with increasing Vδ/Do.
The maximum drag force, defined as the peak point in the
drag force–Vδ/Do curve was obtained from Fig. 10(a) and the
results are shown in Fig. 10(b) as a function of GB misorienta-
tion, where the dashed line is drawn to guide the eye. It can be
seen that for the GBs explored in this work the maximum drag
force is greatly dependent on GB misorientation. For low mis-
orientation GBs, the drag force is much smaller than high mis-
orientation ones. The coherent twin is characterized by a zero-
drag force, as the experimental data show no Au segregation to

Fig. 9 Theoretical analysis of GB concentrations as a function of the misorientation angle using eqn (3). (a) For the GB given by a misorienation
angle 35.2°, a surface plot depicting the boundary concentration as a function of distance from the GB x/δ and non-dimensional interface velocity
Vδ/Do. (b)–(d) Concentration profiles for all experimentally characterized GBs for Vδ/Do values of (b) 0.0, (c) 0.1, and (d) 1.0. The inset in (d) is a
close-up view of the concentration profile depicting the asymmetry about the GB center at x/δ = 0.
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this GB (see Fig. 6). For the experimentally characterized GBs
in this work, the calculated maximum drag force to GB
migration varies by approximately an order of magnitude.

Our results highlight the need to take into account vari-
ations in GB solute segregation as a function of GB character
and its role in grain growth kinetics. Previous studies1,52,53

have indicated that in pure systems, both GB mobility and
energy anisotropy greatly influence grain coarsening kinetics.
The results reported in this work show that in solute segregat-
ing metallic alloys, both the GB segregation energy and the
ratio Vδ/Do play a critical role in controlling solute drag effects,
and that the drag force is greatly influenced by GB misorienta-
tion, at least for the GBs explored in this work. Combining
both the knowledge of GB character distributions and associ-
ated correlations with the level of solute (i.e., GB chemical
states) points to a path forward for atomic scale design and
engineering of metallic alloys with tailored microstructures by
controlling the network and density of solute rich or solute
depleted GBs.

D. Conclusions

In this work, experimental high-resolution microscopy and
automated crystal orientation mapping studies were combined
with atomistic simulations and theoretical calculations to
quantify GB solute segregation and its dependency on GB mis-
orientation in a model NC Pt–Au system. It was found, using
both experimental and computational studies, that GB misor-
ientation greatly influences Au segregation to Pt GBs in a Pt–
10Au alloy. GB concentration profiles and resultant segre-
gation energies varied by up to a factor of 3 as a function of GB
misorientation with the coherent twin GB exhibiting no Au

segregation. For the experimentally characterized GBs in our
work, theoretical solute drag analysis showed that the drag
force for GB motion varied by an order of magnitude as a func-
tion of GB misorientation. Further, it was determined that the
GB segregation energy alone does not uniquely determine the
operating state of a migrating doped GB, as the solute drag
force is a highly sensitive function of the ratio of GB velocity to
solute diffusivity. Broadly speaking, our approach provides
future avenues to use experimentally-obtained GB segregation
data in theoretical and computational models in order to
quantify the role of GB character in segregation behavior and
solute drag effects.
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