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Grain boundary (GB) solute segregation has been used as a strategy to tailor the properties and processing
pathways of a wide range of metallic alloys. GB solute drag results when segregated alloying elements exert
a resistive force on migrating GBs hindering their motion. While GB segregation has been the subject of
active research, a detailed understanding of solute drag and the migration kinetics of doped boundaries is
still lacking, especially in technologically-relevant alloys. Through theoretical analysis, mesoscale modeling,
and machine learning studies, we investigate GB segregation and solute drag and establish design maps relating
drag effects to relevant alloy and GB properties, i.e., the complete alloy design space. We find that solute drag is
dominant in immiscible alloys with far-from-dilute compositions in agreement with experimental observations
of GB segregation in metallic alloys. Our analysis reveals that solute-solute interactions within the GB and
the degree of segregation asymmetry greatly influence solute drag values. In broad terms, our work provides
future avenues to employ GB segregation to control boundary dynamics during materials processing or under

service conditions.

1. Introduction

Nearly all structural materials are polycrystalline aggregates; they
are composed of differently oriented crystalline grains that are inter-
nally joined at grain boundaries (GBs). Such interfaces play a critical
role in controlling many engineering properties, including mechan-
ical strength [1-4], embrittlement [5-7], and corrosion [8-10] and
wear [11,12] resistance. Understanding GB physics is, therefore, a key
aspect of materials discovery and design efforts.

Owing to their local atomic environments, which differ considerably
from the bulk, GBs in polycrystalline alloys provide preferential segre-
gation sites for alloying elements. In this context, GB solute segregation
is not viewed as an undesired alloying effect, but rather a near-atomic
scale strategy to tailor materials properties [13]. Indeed, the direct
manipulation of GB’s chemical states has been found to influence a host
of materials properties and processes, such as cohesion and fracture
resistance [13,14], transport [15,16], electrochemical response [17],
electrical conductivity [18,19], and processability during advanced
manufacturing techniques [20]. Of particular interest is the impact of
GB chemistry on boundary dynamics, as it influences microstructure
formation and evolution pathways during processing treatments or
under operating environments. For example, GB segregation has been
used to mitigate grain coarsening and thermally stabilize nanograined

structures [21-28]. Another example deals with solid-state activated
sintering in which GB segregation has been used to control coarsening
and densification rates [29-31].

Solute segregation to GBs influences boundary migration in two
main mechanisms. The first is thermodynamic in which solute seg-
regation reduces the GB free energy and, thus, the driving force for
boundary migration [32]. The second effect is kinetic, termed dynamic
solute drag. Segregated elements remain within the GB and the bound-
ary has to drag these solutes, creating a drag force P which is a function
of the GB velocity V [33-35]. The characteristic GB solute drag—
velocity curve [33,36] is shown in Fig. 1, where solute drag increases
with velocity up to a peak point defined by (V,,,y. P,..)- The shaded
region in Fig. 1 defines a drag regime where increasing the GB velocity
requires overcoming this drag force. The region beyond the peak point
in the drag-velocity curve defines the breakaway regime, where the GB
escapes its solute atmosphere and migrates with its intrinsic velocity.
Understanding the structure of solute drag-velocity curves, specifically
the location of the peak point, has direct technological implications. For
example, alloying with elements that shifts the peak point to the upper
right side [see Fig. 1] of the solute drag-velocity plane will result in
metallic alloys with sluggish boundary dynamics up to larger driving
forces for GB migration.
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Fig. 1. A schematic of GB solute drag-velocity curve demonstrating drag and
breakaway regimes. The peak point in solute drag is defined by (V,,,. P,

axs Prax)-

GB solute segregation has been the subject of active research with a
large body of work focused on the thermodynamics of GB segregation
(i.e., reduction in GB energy with solute segregation) [32,37-42],
the role of GB geometric degrees of freedom in boundary segrega-
tion [23,43-49], and segregation-induced GB transformations [50-56].
For example, Mishin [57] developed a discrete model of GB segregation
and phase transformations to investigate the impact of GB phases
on boundary mobility. Further, many experimental studies employing
microscopy [23,24,26,58-65] and atom probe tomography [63,66-71]
were used to examine GB composition profiles in a wide range of
materials systems. More recently, data science and machine learning
tools were employed to propose descriptors relating the local atomic
environments to GB segregation energies [72-77]. While the aforemen-
tioned studies provide useful insights into GB segregation phenomena,
GB solute drag effects (i.e., migration of doped GBs) remain unexplored.
This is due to the fact that existing solute drag treatments employ
several restrictive assumptions severely limiting their ability to quantify
GB solute drag. For example, the solute drag treatment by Cahn [33]
employed ideal and dilute alloys and more recent solute drag stud-
ies do not account for solute-solute interactions within GBs [35,78].
However, recent experimental studies revealed heavily doped GBs with
solute concentration levels that are too high to be treated as ideal or di-
lute systems [21,23,25,79,80], and that such boundary concentrations
can exceed the nominal bulk one by up to several orders of mag-
nitude [13,81,82]. Indeed, recent studies highlighted the paramount
role of non-ideality and solute-solute interactions in GB segregation
energies [83-85]. A critical need, therefore, exists for a fundamental
and quantitative understanding of the migration kinetics of doped
GBs in concentrated alloy systems, especially as recent progress in
alloy design has been geared towards systems with far-from-dilute
compositions [86,87].

In addition to the aforementioned limitations, existing solute drag
treatments consider symmetric GB segregation with respect to the
boundary plane [33,35,88]. However, recent experimental studies
demonstrated asymmetric and highly complex GB chemical profiles
[89-93]. Lejcek [90] revealed uneven solute distributions across GBs
in a Fe-Si alloy, while Xie et al. [92] showed asymmetric solute
segregation to tilt GBs in a Mg-based alloy. Luo et al. [93] demonstrated
highly asymmetric GB segregation profiles across an asymmetric mixed
GB in Ti-doped WC—-Co. Very recently, high-resolution microscopy and
atomistic simulations revealed complex and asymmetric step-by-step
segregation of Ag in a symmetric tilt GB in Cu [94].

The above observations highlight several gaps in our understanding
of GB solute drag and migration kinetics of doped GBs in engineering
alloys. Some specific questions are relevant here: What is the impact of
solute-solute interactions within the GB on solute drag? Does the asym-
metry in GB segregation profiles influence solute drag? To what extent
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does GB solute drag depend on bulk alloy types and concentration
levels? How do we quantify such effects?

To address the above-mentioned questions, we follow a line of
investigation that differs from most recent studies that mainly focus
on calculating site-specific GB segregation energies [72,73,76]. Using
a recently developed mesoscale model [36], we perform theoretical
analysis and computational and machine learning (ML) studies to ex-
plore GB solute drag in non-ideal, binary alloys and in GBs with
various spatial profiles for their solute concentrations. The modeling
framework accounts for solute-solute interactions in both the bulk alloy
and GBs, and it captures asymmetric GB segregation. A key feature
of our proposed modeling approach is its ability to capture GB solute
drag and migration kinetics over diffusive scales that are not attainable
with atomistic tools. The theoretical model reveals that solute drag is a
sensitively dependent function of several materials parameters—solute
drag is a hypersurface. Numerical solution of the resultant nonlinear
governing equation is used to construct a dataset of GB solute drag—
velocity profiles, which is then employed to train an artificial neural
network model to predict the GB solute drag hypersurface. The ML
model is used to scan the complete alloy and GB space to arrive at
simple design rules relevant to GB segregation and migration kinetics
of doped GBs.

2. Modeling framework
2.1. Theory

A schematic depicting our proposed theoretical treatment and
mesoscale modeling of GB segregation and solute drag is shown in
Fig. 2. The proposed mesoscale model is based on a recently published
study by the authors [36]. First, we consider a semi-infinite bicrystal
binary alloy of host element A and solute B described using a solute
composition field ¢(x, 7), where x is the direction measured from the GB
and ¢ is time. Next, we employ regular solution thermodynamics for the
functional form of the free energy of the bulk f, and that of the GB f,,
which are given by [36,95]

fi=GBc+Gr1-c)+kgTlcln(e)+(1—c)In(l =)+ Qc(1-c),
i=gb,b,
ey

where G4 and G? describe the free energy of solvent A and solute
B, respectively, kp is Boltzmann constant, and T is temperature. £,
and Q,, are, respectively, the bulk and GB heat of mixing model
parameters. The first two terms on the right-hand side of Eq. (1)
correspond to the free energy of the alloy mixture, the third term
describes configurational entropy, and the last term accounts for the
heat of mixing of the solution. In regular solution thermodynamics,
Q x €45 —0.5(eqy + €pp), Where ¢;; is the i-j bond energy. With this
convention, zero energy is the state where the atoms are separated to
infinity and €44, €pp, and ¢, are negative quantities [95]. Further,
positive © values describe repulsive A-B interactions, where regimes
with Q/(kgT) > 2 result in phase separation [95], and negative values
control the degree of mixing of the alloy. Our work treats both the
bulk, £2,, and GB, Qq, solute interactions as independent parameters,
an assumption that was used in prior studies of GB segregation [38,96].

Next, at the mesoscale our model accounts for GB segregation pro-
files (e.g., symmetric, asymmetric) by introducing an indicator function
Y (x) that interpolates the energy between the bulk and GB such that
the free energy at any point is given by f = (1 = Y)f, + Y f,,. In the
bulk grains ¥ = 0 and in the GB region Y peaks to a value of one
with a prescribed spatial profile, thereby accounting for asymmetric
segregation effects. Cahn’s solute drag treatment [33] employed a
symmetric triangle function that peaks at the center of the GB. In our
recent work [36], we employed a Gaussian function instead, as it can
also be used to locate the GB region, but it presents the advantage of
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Fig. 2. Overview of our mesoscale model of GB segregation and solute drag. (a) The structure of the Y function, where the parameter « describes the degree of GB segregation
asymmetry. Positive (negative) a values describe segregation to the trailing (leading) end of the migrating GB. « = 0 corresponds to symmetric segregation. (b) Representative bulk
and GB free energies demonstrating a graphical representation of AG,; = AG, — AG. (c) Solute concentration profile across a migrating GB using « = —10,0, 10. (d) Representative
GB solute drag-velocity curves showing a shift in the peak point. (¢) Demonstration of self-similarity in solute drag, where the curves in (d) are re-scaled using solute drag P,

and GB velocity V,,, values at the peak point, resulting in collapse of the curves.

being a differentiable function. To allow for a systematic exploration

of the impact of GB segregation asymmetry on solute drag, a natural

extension of the Gaussian function is to use the skew-normal function

for Y'(x) [Fig. 2(a)] given by [97]

Y (x)=Z¢ (ﬁ) @ <M> i
@

(0]

@

where ¢ and @ are the standard normal distribution and its cumulative
density function, respectively, and Z = 1/max(¢®). &, o, and « are
parameters that control the mean, variance, and skewness of Y (x),
respectively. According to Fig. 2(a), @ > 0 results in positive skewness
in which solutes occupy sites at the trailing end of the migrating GB,
whereas negative skewness given by a < 0 leads to solute segregation
on the leading end of the GB. The case of « 0 corresponds to
symmetric segregation, where Y reduces to the Gaussian function.
Again, the use of Y'(x), shown in Fig. 2(a), to incorporate complex GB
segregation profiles is motivated by recent high-resolution microscopy
studies revealing asymmetric GB segregation in a wide range of al-
loys [92-94]. Here, we note that « is boundary specific, each GB in a
given alloy microstructure could in principle have a distinct « value. In
addition to using Egs. (1) and (2) to interpolate the free energy between
bulk and interfacial components, one can also add a contribution due
to the transition region separating the bulk phase and GB regions [38].

Using the free energy description of the bulk and GB, the diffusion
potential is given by

ju=pup—ps=df/de=df,/dc~E, ®)

where u, and ujp are the chemical potentials of A and B, respectively,
and

(€3]

is the solute-GB interaction energy, which is concentration-dependent.
Here, AG,; = AG, — AGp, where AG, = (G;b -G} y;bum/za,

E = [AG 5 + ¢ = (2, — 2)]Y

AGy = (Gfb -G} = yfbum/z(s, v,, is the atomic volume and 26 is the
GB layer width [98]. AG, and AG represent the GB energy of pure A,

7;/]’ and pure B, y!z), respectively, and AG ., therefore, describes the

difference in GB energy between pure A (i.e., solvent) and that of pure
B (i.e., solute). Fig. 2(b) shows schematics of GB and bulk free energy
curves with a graphical representation of AG,, AGp, and AG 45, where
it can be seen that non-zero values for AG 4 result in titling of the GB
free energy curve with respect to the bulk one.

The dependence of segregation energy E, Eq. (4), on the difference
in GB energy of pure components brings an interesting point. Several
studies [99-101] revealed that GB energy in a pure metal is correlated
with the metal’s shear modulus, which in the context of GB segregation
suggests that positive values for AG 45 = AG 4, —AG result from alloying
a metal A with a softer (i.e., lower shear modulus) one B. Indeed,
strong GB segregation was experimentally shown in systems, such as
Fe-Zr [21,22], Pt-Au [23,24], W-Ti [25], Pd-Zr [27,28], in which the
host metal was alloyed with a lower shear modulus solute.

Next, gradients in the chemical potential give rise to mass fluxes,
and the steady state nonlinear solute transport equation expressed in a
frame moving with the migrating GB at a constant velocity V is given
by [see Appendix A for more details]

D)Y ou
k;Tc(l—c)a=—V(c—cm), 5)
where D = D,Y is the diffusion function, D, is a reference GB

diffusivity, and c,, is the far-field bulk concentration. It is shown in
Appendix A that in the zero velocity limit, we recover an analytical
solution of Eq. (5) in the form of segregation isotherms describing
the GB concentration in terms of the alloy model parameters. This
segregation isotherm corresponds to the Fowler—-Guggenheim [96,102]
model in regular solution alloys and to the McLean isotherm [103] in
ideal solutions. Numerical solution of Eq. (5), detailed in Appendix A,
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provides the concentration profile across the GB, see Fig. 2(c) for
representative examples with various values for the « parameter, and
this solute profile leads to a drag force P on the migrating GB given
by [33]

1 [ dE
P=-— - —dx. 6
U /_oo (C C“) dx * ®)

A close examination of Eq. (6) reveals that the spatial profile of the
integrand (c—c,,)d E /dx greatly influences the magnitude of solute drag
P. This integrand is a function of several model parameters, including
thermodynamic properties of the alloy (i.e., Q. 24, AG 4 ), kinetics
(i.e., D,, V), segregation asymmetry parameter «, overall alloy concen-
tration ¢, and temperature; the GB solute drag is a hypersurface. For
example, if a particular choice of these model parameters results in
even functions (i.e., symmetric with respect to the center of the GB
region x = 0) for both the composition ¢(x) and interaction energy E(x),
then the integrand (¢—c,)d E/dx has an asymmetric profile with respect
to x = 0 and the solute drag in this case is zero.

2.2. Non-dimensionalization

The governing equation for the solute concentration field, Eq. (5),
and resultant solute drag P, Eq. (6), are expressed in non-dimensional
form using the thermal energy of the alloy and GB half-width as refer-
ence energy and length scales, respectively, leading to the parameters:
By = Qy/kgT, Oy = Q,/ksT, % = x/8, AG,p = AG,p/kT and
non-dimensional drag P and velocity V given by

P=Pv,/kyT and V=V5/D,. @

Fig. 2(d) shows representative examples of GB drag-velocity curves
for various values of materials parameters, where the peak points
(Vpaxs Puax) are shown in red markers. Very recently, Alkayyali and
Abdeljawad [36] showed that GB solute drag-velocity curves exhibit
a self-similar profile in which a characteristic solute drag curve G,
refer to Fig. 2(e), was obtained through re-scaling by the peak point
values (¥, P,qx)- Such a re-scaling analysis indicates that one only
needs knowledge about the peak point (V,,,., P,..,) to fully characterize
the GB solute drag-velocity curve, see Appendix A for more details on
the characteristic drag-velocity curve.

2.3. Key model assumptions

Before we proceed with exploring the GB solute drag in the large
alloy design space, it is important to highlight the key assumptions
we made when deriving our modeling framework: (i) our model, by
virtue of its construction, treats a GB as a region in space with a
free energy function that is distinct from the bulk grains. (ii) Due
to its mesoscale nature, our model does not capture site specific GB
segregation; however, it is capable of treating segregation asymmetry
using the function Y. (iii)) We assume that the bulk alloy can be
described by regular solution thermodynamics, where solute-solute in-
teractions are accounted for using the heat of mixing parameter Q. We
do not consider alloys with large negative values for the heat of mixing
parameter and associated ordering transitions, as most experimental
studies of GB segregation have been found in alloys with some level of
immiscibility [21-25,27,104]. (iv) Volume diffusion is frozen compared
to the GB, an assumption valid in a wide range of alloys [105,106].
Further, in this work we do not consider the dependence of the diffusion
coefficient across the boundary D, on the GB geometry and concen-
tration. It is straightforward, however, to include such dependencies
if they are obtained from atomistic simulations [51,107,108]. (v) A
close examination of Eq. (1) and the solute-GB interaction energy E
reveals that the model parameter AG,p describing the tilting of the
GB and bulk free energy curves, see Fig. 2(b), yields a concentration-
independent term to the segregation energy. In other words, AG 5 is
the segregation energy in the limit of ideal or dilute alloys. Our model
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does not incorporate elasticity arising from the atomic size mismatch
between host and solute atoms. This elastic contribution, however, can
be incorporated in our treatment by augmenting the regular solution
model parameter 2 with an elastic term that is a function of the
alloy’s elastic constants and dilatational strains due to atomic size
mismatch [109]. (vi) The heat of mixing Qg,, and asymmetry a pa-
rameters are used to describe GB segregation, both of which can be
obtained using atomistic simulations. For example, a study employing
thermodynamic integration was used to calculate the GB free energy as
a function of composition and temperature in a Cu—-Ag alloy [41]. Other
atomistic studies obtained site-specific segregation energies within the
GB resulting in distributions for Qy [83,110]. To enrich our modeling
approach with such distributions, one can let the GB solute interaction
parameter 2., be spatially dependent to account for variations in
segregation behavior within the GB region.

2.4. Artificial neural network model

The proposed mesoscale model reveals that solute drag P describing
the migration of doped GBs is in general a nonlinear function of several
bulk alloy and boundary properties and is written as

P= P(AGAB,Qb,ng,cm,a). 8)

Here, it is important to highlight the limitations of existing solute
drag treatments which: (i) assume ideal systems without accounting for
solute-solute interactions, 2, = Q,, = 0; (ii) only consider symmetric
GB segregation, « = 0; and (iii) target dilute alloys, c¢,, < 0.001. As a
result, these treatments are only valid for a small subset of alloy and
GB systems. Our work, on the other hand, relaxes these assumptions
in order to quantitatively describe GB segregation and solute drag in a
broad range of technologically-relevant alloy systems.

Eq. (5) provides the means to explore the solute drag hypersurface
described by Eq. (8). To circumvent the computational cost associated
with performing numerical simulations of the nonlinear solute drag
governing equation, Eq. (5), under various input parameters, we pro-
pose an artificial neural network (ANN) model that is integrated with
our physics-based mesoscale treatment. The ANN provides a low com-
putational cost approach to quantifying the solute drag hypersurface
across the complete alloy and GB space, and it leverages the self-
similar nature of solute drag—velocity profiles to predict the peak point
(Vpasxs Puax) Of these curves. The reader is referred to Appendix B for
more details on ANN implementation, testing, and performance.

Fig. 3 depicts a schematic of the ANN architecture and analysis of
its performance. The ANN is composed of an input-layer of materials
parameters, one hidden-layer, and an output-layer, see Fig. 3(a). We
employ our physics-based model to generate data for training and val-
idating the proposed ANN, see Appendix B for details. Fig. 3(b) depicts
a plot of R and MSE of the testing data as a function of the number
of neurons in the hidden layer, where ANN underfitting (i.e., high
MSE and low R values) can be seen when using a small number of
neurons. Fig. 3(c)-(f) show quantification of the ANN MSE [Fig. 3(c)
and (e)] and correlation between the predicted output and ground truth
[Fig. 3(d) and (0] for P,,, [Fig. 3(c)-(d)] and V,,, [Fig. 3(e) and
(f)], demonstrating excellent agreement between ANN predictions and
ground truth data. As an additional validation step, we use model alloys
with (2,, ¢, 4G,5) = (1.5, 1%, 0) and generate a new set of ground
truth data using new values for a and Qg,,. Fig. 3(g) and (h) shows
respectively ANN surface plots of P,,. and V,,. as a function of the
segregation asymmetry a and GB heat of mixing @,, parameters along
with ground truth data in black markers. Again, excellent agreement
between ANN predictions for P, and V,,, and ground truth data can
be observed.

The source code used to construct the ANN solute drag hypersur-
face is included in Supplementary Material, which enables interested
readers to obtain solute drag values in the complete binary alloy space
without the need to perform simulations of our GB segregation and
solute drag model.
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Fig. 3. Overview of the proposed ANN model. (a) The ANN architecture used to predict solute drag in the space parameterized by 4G 45, 2;, 2,;. ¢, and a. (b) A plot of the MSE

and correlation coefficient, R, as a function of the number of neurons in the hidden layer. (c—f) ANN performance for (c-d) P,

and (e-f) V,,, depicting (c-e) MSE values; and
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(d-f) cross-validation, where ANN predictions are plotted against the ground truth data. The dashed lines correspond to the identity line. (g-h) For model alloys with (2, ¢,
4G ) = (1.5, 1%, 0), plots of the ANN surface and ground truth data (black markers) for (g) P,,, and (h) V,,, as a function of a and Q.

3. Results and discussion
3.1. Learning the GB solute drag hypersurface

We now use the developed ANN model to scan the complete alloy
and GB space in order to learn the general features of the GB solute drag
hypersurface. Again, in this work the space describing metallic alloys
and GB segregation character is parameterized by 4G ,p, 2y, 2yp. Coos
and «. Graphically, AG,p describes the tilting of the GB free energy
curve, which is related to the difference in GB energy between pure A,
y"b, and that of pure B, yz; ¢, is the nominal alloy concentration; and
a [see Fig. 2(a)] describes the degree of GB segregation asymmetry;
and &, and Q,; account for solute-solute interactions within the bulk
and GB, respectively. In this work, the bulk Q, and GB 2,, heat of
mixing model parameters are assumed to be independent, mainly due
to GBs having atomic environments that differ considerably from the
bulk. A recent study revealed spectral representations of GB heat of
mixing interaction parameter based on site specific distributions of GB
segregation energy [110]. Based on thermodynamic databases of metal-
lic alloys, it was shown that the bulk and GB heat of mixing interaction
parameters can take on a wide range of values [104,111,112]. Further,
we consider cases with heat of mixing parameter Q < 2, as alloys
with Q > 2 lead to phase separation. While we acknowledge that the
interaction of moving GBs with precipitates is an interesting problem,
this work mainly focuses on exploring the solute drag hypersurface.

Motivated by experimental observations [23-26] of strong GB seg-
regation in immiscible bulk alloys with Q, > 0, we start by examining
solute drag in a family of alloys with Q, 1.5 as a function of
AG 4, Dgpr ¢ and a. We show cases with 4G, = 0, 2, and 4, where
Fig. 4(al), (b1), and (c1) depicts schematics of the GB and bulk free
energy curves with 4G, = 0,2, and 4, respectively. Fig. 4(a2), (b2),
and (c2) shows contour slices of the maximum solute drag P,,, and
Fig. 4(a3), (b3), and (c3) shows the corresponding velocity V,,,, at this
maximum drag value for AG , 5 values of zero [Fig. 4(a2) and (a3)], two
[Fig. 4(b2) and (b3)], and four [Fig. 4(c2) and (c3)]. The contour slices
are plotted as a function of bulk concentration c,,, GB heat of mixing
Qg,,, and GB segregation asymmetry a parameters. It can be seen that
increasing AG , 5 leads to a large increase in solute drag [see Fig. 4(a2),
(b2), and (c2)]. Recall that 4G, 5 = (y;b—y:b)vm /28kzT, which indicates
that alloys with large solute drag values are ones with large differences
in the GB energy between the host material and that of the solute.

Next, for immiscible bulk alloys with a given 4G, value, Fig. 4
shows larger GB segregation and solute drag P, in miscible GBs that
favor A-B mixing. Further, Fig. 4 reveals that asymmetric segregation

with a > 0, where solutes segregate to the trailing end of migrating
GBs [see Fig. 2(a)], leads to larger drag than cases where solutes
segregate to the leading end (i.e., « < 0). This effect can be understood
by examining Eq. (6), which predicts that solute drag arises due to
the asymmetry in the integrand (¢ — ¢, )dE/dx. A migrating GB with
a velocity V will introduce asymmetric concentration profiles, see
Fig. 2(c), thereby influencing the (¢ —c,) term in Eq. (6). In addition to
this dynamic effect, asymmetry in segregation through the Y function
will influence both the GB segregation energy E and concentration
(¢ — ¢,) profiles in Eq. (6), and this asymmetric effect increases with «
leading to larger solute drag values. A close examination of the contour
slices in Fig. 4(a3), (b3), and (c3) reveals that the velocity V,,, at
the peak point rapidly increases with increasing 4G, in GBs that are
miscible (i.e., ones with Q,, < 0), where solutes prefer to segregate
to the trailing end of the boundary (i.e., « > 0). Such cases result in
an increase in both P, and V,,,. Recall that increasing both P,
and V,,, shifts the peak point in the solute drag curve to the upper
right side of the drag—velocity map [see Fig. 1] indicating sluggish GB
dynamics up to larger velocities.

The contour slices in Fig. 4, which depicts GB solute drag in immis-
cible alloys with Q, = 1.5, reveal trends that have not been explored in
prior studies of GB segregation, and it highlights the complex nature
of the solute drag function in this high-dimensional alloy and GB
space. For example, the slice of the solute drag hypersurface with
AG,p = 4 and asymmetry parameter « = 10, which is enclosed by
the dashed border line in Fig. 4(c2) and (c3), reveals multiple regimes
with large drag values P, ., but with considerable differences in their
corresponding GB velocities V,,,.. This can be discerned by examining
Fig. 5, which depicts surface plots of P,,,, and V,,,, for this slice noting
that it is now a function of GB heat of mixing parameter Qg,, and alloy
composition ¢, since £, 1.5, AG g = 4, and « 10. Fig. 5(a)
reveals two local maxima in P,,, corresponding to markedly different
values for the GB heat of mixing parameter Q,,. The GB with Q,, > 0
exhibits larger solute drag compared to the one with ., < 0. However,
Fig. 5(b) reveals large variations in the GB velocity V,,,, at these two
peak points. The velocity corresponding to the maximum solute drag
with @, = 1.95 is much smaller than the case with Q,, = —8. Using the
self-similar solute drag profile [see Appendix A] and the V,,,. and P,
values at the points corresponding to the local maxima from Fig. 5(a)
and (b), (c) shows solute drag-velocity curves for these points. It can
be seen that while the peak solute drag values differ by ~35%, the
GB velocity at these peak points varies by an order of magnitude. GB
segregation with Q,, < 0 leads to solute drag regimes that extend to
larger GB velocities.
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Fig. 4. Schematics of the bulk and GB free energy curves using: (al) 4G, =0, (b1) 4G, =2, and (c1) 4G, = 4. Using the ANN for an immiscible alloy with a bulk heat of

mixing parameter 2, = 1.5, contour plots of (a2, b2, ¢2) P, and (a3, b3, ¢3) V,,.
asymmetry a, GB heat of mixing £2,,, and bulk concentration c,, on the inside axes.
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Fig. 5. For an immiscible bulk alloy with £, = 1.5 and using GB parameters (4G ,;, @) = (4, 10), surface plots of (a) P,,.

and (b) V,,, for the contour slices in dashed black

‘max

lines Fig. 4(c2) and (c3). (c) Using the self-similar solute drag profile and the peak point (¥,,,. P,,), solute drag-velocity curves for the local maxima in panel (a), characterized

by (@ ) = (1.95,10%) and (=8,10%).

The observations in Figs. 4 and 5 for the GB solute drag hypersurface
are for immiscible alloys, specifically ones with a bulk heat of mixing
parameter £, = 1.5. We now shift our attention to exploring the impact
of bulk miscibility on solute drag in non-dilute alloys. To this end, we
consider two families of alloys, ones with Q, = —1.95 favoring A-B mix-
ing and immiscible systems with Q, = 1.95 indicating unfavorable A-B
alloying. Fig. 6(a) through (c) shows contour slices of the maximum so-
lute drag P,,,, as a function of the alloy concentration c, and bulk heat
of mixing parameter Q, using the outside axes and as a function of the
segregation asymmetry a, GB heat of mixing ng, and AG , 5 parameters
using the inside axes. It can be seen that alloys with @, > 0 result in
larger GB solute drag values compared to ones with £, < 0. Further,
the increase in solute drag with « (i.e., segregation to the trailing end of
the migrating GB) is more pronounced in immiscible alloys, this can be
observed by comparing for example Fig. 6(c1) and (c2). It is also worth

noting that increasing the alloy concentration ¢, while fixing the other
alloy parameters leads to an increase in solute drag. For example, for
alloys with (4G ., a) = (2, 10), Fig. 6(d) shows a plot of solute drag as
a function of ¢, for various Q,, values and for bulk alloys with Q, of
1.95 and —1.95, where the nonlinear dependence of solute drag on bulk
concentration can be observed. Further, for the model parameters used
in Fig. 6(d), immiscible bulk alloys result in larger solute drag values
compared to miscible systems. The observations from the surface slices
in Figs. 4 and 6 reveal that GB solute drag increases with increasing
AG 4, Qy, ¢, @, and decreasing Q.

3.2. The solute drag design map

We now develop a map of GB solute drag in the higher-dimensional
alloy space, which can be used in alloy discovery efforts where the
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Fig. 6. The solute drag hypersurface. Using the outside axes, contour slices of solute drag for bulk compositions ¢, of (a) 1%, (b) 5.5%, and (c) 10%, and for alloys with bulk
heat of mixing 2, values of (al, b1, c¢1) 1.95 and (a2, b2, c2) —1.95. Using the inside axes, solute drag as a function of a, 4G, and .ng. (d) For alloys with (4G, a) = (2, 10),
maximum solute drag as a function of bulk composition for alloys with &, =1.95 and —1.95 and GB heat of mixing £,, = —8, -6, and -4. (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. 7. GB solute drag design map. A parallel coordinate plot depicting maximum
solute drag P, as a function of bulk (2, and c,) and GB (4G, 2, and @)
parameters. We employ a three-tier color coding scheme of the solute drag curves,
namely, red: P, < 0.25. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

> 1.0, cyan: 1.0 > P,,. > 025, and gray: P,
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control of GB dynamics and optimization of grain microstructures are
key design criteria. To this end, we use the ANN model to construct a
parallel coordinate plot relating the maximum solute drag P,,,, to the
and «. Parallel coordinate plots

ax
model parameters Q;,c.,. 4G g, Qyp,
allow for the analysis of the solute drag hypersurface, where every
parameter is assigned an axis and all the axes are parallel to each other.

Fig. 7 shows such a parallel axis plot, where the first two parallel axes

are for Q, and c,, which describe the bulk alloy; the third through
fifth axes are for AG 45, 2,5, and a, respectively, which describe the GB
segregation character; and the last parallel axis is the solute drag one.
As a result, each point in the solute drag hypersurface P(4G g, 2,,
Q,4, co» @) corresponds to a curve in Fig. 7.

As a demonstration of the potential use of Fig. 7 as an alloy design
tool, we consider the case of GB segregation as a technique to mitigate
grain coarsening in nanocrystalline alloys [40,104]. In this context,
large solute drag leads to more thermally stable nanocrystalline ma-
terials with respect to grain coarsening. In addition to solute drag, GB
segregation lowers the boundary energy, and thus the driving force for
grain growth. We compare the solute drag values P, to the driving
force for curvature-driven grain coarsening P,,,, given by [113-115]

_ Uy g

Pcuru = 1637 T ’ (9)

grain

where y,, is the GB energy and L,,,, is the grain size. The factor
v, /kgT is introduced to make the driving force non-dimensional in the
same way solute drag values are expressed in Fig. 7. Solute drag is ef-
fective in mitigating GB migration when P,,,, > P,,,,. For our analysis,
we use the following representative values: y,;, =2 J/m?, an operating
temperature of 500 K, v,, ~ 9 A3, and consider nanocrystalline alloys
with L, =20 nm. This results in P,,,, ~ 0.25.

We employ a three-tier color coding scheme of the solute drag
curves in Fig. 7, namely, red: P,,. > 1.0, cyan: 1.0 > P, > 0.25, and
gray: P,,. < 0.25. Values of solute drag P, less than 0.25 (i.e., gray
curves in Fig. 7) are smaller than the driving force for grain coarsening
P.,.,, which indicate that solute drag does not play a major role in
hindering GB migration. Solute drag values between 0.25 and 1.0 are
on the same order of magnitude as P,,,,, and, as a result, solute drag
plays an important role in controlling GB dynamics. Cases where P, >
1.0 (i.e., red curves in Fig. 7) indicate that solute drag is much greater
than P, and, therefore, it plays a dominant effect in hindering GB
migration. Fig. 7 shows curves corresponding to representative points
from the solute drag hypersurface, which reveal candidate alloys for
applications where thermal stability with respect to grain coarsening
is a key design criterion. Large solute drag values, compared with the
driving force for grain growth in nanocrystalline alloys, are achieved in
non-dilute and immiscible systems with £, > 0. For the GB parameters,

regimes with large solute drag values are observed with 4G, > 0
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indicating alloys, where the pure host metal A is characterized by
higher GB energies than those in the solute one B. Further, large solute
drag values are observed in GBs with Q,, < 0 and ones with asymmetric
segregation, where solutes preferentially occupy sites on the trailing
end of migrating GBs, i.e., « > 0, according to our convention in
Fig. 2(a). The strong impact of ¢, €2;, and £,, on solute drag can be
also seen in Fig. 6(d) depicting P,,,, as a function of bulk composition
¢, for various values of bulk £, and GB £, heat of mixing parameters.

Next, we compare the solute drag predictions from our Fig. 7 to
recent experimental studies of segregation-driven sluggish GB dynamics
in metallic alloys. To this end, we choose Pt-Au, W-Ti, and Al-Mg
alloys as many studies revealed strong GB segregation and thermal
stability with respect to GB migration and grain coarsening in these
systems [23-26]. To place these alloys on our solute drag map, we
obtain the bulk regular solution parameter of these alloys from exist-
ing thermodynamic databases [116-118] at conditions similar to the
published experimental studies [24-26], the reader is referred to Ap-
pendix C for more details on how to obtain bulk regular solution model
parameters for these alloys. For the Pt-10 at.% Au at 700 °C [24], 2, =
2.75 [116], while the W-20 at.% Ti at 1100 °C [25], Q, = 1.8 [117].
The Al-5 at.% Mg at 300 °C [26] has @, = 0.22 [118]. Therefore,
the data for these (Pt-Au, W-Ti, Al-Mg) alloys with non-dilute solute
concentrations of (10 at.%, 20 at.%, 5 at.%) and bulk regular solution
interaction parameters of (2.75, 1.8, 0.22) place them on the upper
ends of the bulk heat of mixing Q, and alloy concentration c,, axes in
Fig. 7. This in turn suggests large GB solute drag in these alloys, which
contributes to their experimentally observed stability with respect to
grain coarsening.

While Fig. 7 presents trends from our model in the complete alloy
space, we recognize that the comparison of our model predictions
to these experimentally observed, thermally stable alloys (i.e., Pt-Au,
W-Ti, and Al-Mg) is limited. This is mainly due to the lack of ex-
perimental data probing the segregation asymmetry and GB heat of
mixing, which correspond to the third through fifth parallel axes in
Fig. 7. However, atomistic simulations can be used to calculate so-
lute interactions within the GB, enabling a quantification of the GB
heat of mixing parameter Q,,. For example, a study by Frolov and
Mishin [41] employed thermodynamic integration in conjunction with
the Gibbs adsorption equation to calculate the GB free energy as a
function of composition in a Cu-Ag alloy. Recent studies obtained
site-specific segregation energies within the GB leading to a spectral
representation of Qg [83,110]. Further, atomistic simulations or high-
resolution microscopy can be used to construct an order parameter
mapping out the chemical profile across the GB region, an approach
that was used in studies of other materials interfaces [119]. Such an
approach allows for a quantification of the segregation asymmetry
parameter a. Another future work will be to extend our model to
account for two- or three-dimensional GB geometries, thus allowing
for the incorporation of spatially dependent GB parameters, such as
Q,, or a. Finally, our solute drag model can be extended to account
for disconnection-mediated GB motion by both incorporating recently
developed frameworks for GB disconnection energetics [120,121] and
accounting for solute-disconnection interactions.

4. Summary and conclusion

In summary, we examined in this work GB segregation and dy-
namic solute drag; a phenomenon that plays a critical role during
materials processing treatments or under operating environments. Ex-
isting solute drag treatments consider dilute alloys without accounting
for solute-solute interactions in the boundary region. Further, these
models only capture symmetric segregation, however, recent advances
in microscopy techniques revealed asymmetric segregation in several
boundary geometries. These shortcomings render existing solute drag
models unpredictive, especially in advanced alloy systems with far-
from-dilute compositions. Our work addresses these gaps by developing

Acta Materialia 275 (2024) 120037

a mesoscale GB solute drag model and employing ANN techniques to
efficiently explore solute drag in the large alloy and GB parameter
space. The resulting physics-based nonlinear governing equation from
our model was numerically solved to generate datasets to train and
validate an ANN. We established a solute drag design map demarcating
solute drag regimes across the complete alloy and GB space. It was
found that alloys with unfavorable A-B mixing, i.e., 2, > 0, and
non-dilute concentrations increase solute drag considerably compared
to ideal (i.e., 2, = 0) systems. Further, asymmetric GB segregation,
where solutes pile up on the trailing end of the migrating boundary,
results in larger solute drag values compared to cases with symmetric
segregation. Finally, the difference in GB energy between the pure
host metal and pure solute one was shown to increase the GB segre-
gation energy, and, thus, solute drag. In broader terms, our proposed
work provides robust alloy design maps that can be used to engineer
advanced metallic alloys with controlled GB segregation levels and
boundary dynamics.
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Appendix A. Mathematical model

Model derivation

Given the proposed energy functional in Eq. (1), the diffusion
potential is given by

4

p=GP—GP+kpT1n ( - )+Q,,(1—2c)— [4G 5 + (2¢ = 1)(2g — 2,)] Y.

—-C

(A1)

Gradients in the chemical potential result in a mass flux J given by
Dc(1-¢)
- vy,
kT
where D is the solute diffusion function normal to the migrating GB,
assumed to be D(x) = D,Y(x) and D, is a reference GB diffusivity.
Using a frame of reference moving with the GB at a velocity V, the
non-dimensional steady-state mass transport governing equation is

J = (A.2)

[Z} dii = de

— |Ye(l —0)— = = A.
Fr [ c( c)a)_c]+va)_( 0, (A.3)
where ¥ = x/8, i = u/kgT, and V = V§/D,. Eq. (A.3) is integrated

using the far-field boundary condition ¢ — ¢, as X - —oo, which gives

Ye(l —c)% =-P (c—coo). (A.4)
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With the aid of the diffusion potential function in Eq. (A.1), we obtain
the following governing equation in terms of the solute concentration
field ¢

de 816 + 8% +g3¢ + Ve,

de _ i (A5)
dx g (2 —c)+gs

where
= =, dY
=-24,, - 2)Y<,
&1 (gb ) P

- - - dy
2 = (3(2y, — 24) — AG 4 ) YE,

~ - - dYy - (A.6)
g3 = (4G 4 —.ng+_(2b)YE -V,

g =2Y [Q,Y +2,(1-Y)],
g =Y.

Here, AG s = AG 4 /kpT, 2, = 2, /kpT, and Q , = Q,,/kT. Once the
solute concentration field is obtained through the numerical solution of
Eq. (A.5), GB solute drag is evaluated using Eq. (6).

Equilibrium behavior: Segregation isotherm
For a stationary GB at equilibrium (i.e., ¥ = 0), Eq. (A.3) becomes
Yea -0 o, A7)
0x

where the non-dimensional chemical potential i = u/kgT is obtained
using Eq. (A.1). Integrating Eq. (A.7) once and using the far-field
boundary condition ¢ — ¢, as ¥ — -—oo, we get the following
transcendental solution

lc L exp ZQb(c—coo)+(AGAB—(ng—Qb)(l—2c))Y,
—c  l-cy

(A.8)

which represents the segregation isotherm.
Mesoscale simulations

The governing equation for GB segregation and solute drag,
Eq. (A.5), was solved numerically with several GB velocities ¥ using a
second-order modified Rosenbrock scheme suitable for stiff differential
equations [122,123]. GB solute drag-velocity curves are constructed
using Eq. (6) by performing the integration numerically using the
trapezoidal rule. Recently, we revealed that solute drag curves exhibit

a self-similar behavior with a characteristic curve Gief (V/V,,,,) of the
form [36]

P L

= = Gref (V/Vmax)
PmHX

. 2
_ v )_ - (A.9)
X 462 (In () -215) -

N
vmux

Appendix B. Training the artificial neural network

43 Y/

To develop our ANN model of GB solute drag, we simulated
Eq. (A.5) using 1500 parameter sets in the five-dimensional design
space, i.e., 4G s p, O}, 2, ¢4, and a, where Latin hypercube [124-127]
is used for sampling. Of the 1500 parameter sets that were simulated
using our physics-based model, 1000 samples were used as a training
dataset to train the ANN and 500 were used to validate and test the
performance of the ANN. The 500 samples were split into a validation
dataset, which was used to prevent overfitting, and a testing dataset
to measure the overall performance of the trained ANN. For each
one of these parameter sets, the drag-velocity curve is generated by
numerically solving Egs. (5) and (6) using velocities in the range of
0 to 100 with an increment of 0.1. Then, solute drag-velocity curves
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were constructed using Eq. (6), and the maximum point (V,,,,, P,4y) 0f
the drag curves were obtained and used to train and validate the ANN.

In this work, we used a shallow ANN to predict the peak point
Vpaxs Prax) of solute drag curves as shown in Fig. 3(a). The ANN
consists of an input-layer with five inputs (i.e., 4G 45, Q}, Qyp, oy @),
one hidden-layer with neurons employing the standard logistic transfer
function, and an output-layer employing a linear function. To optimize
the number of neurons in the hidden layer, we trained the ANN using
one to fifteen neurons and recorded the correlation coefficient (R) and
the mean squared error (MSE) for the testing dataset. Fig. 3(b) depicts a
plot of R-value and MSE as a function of the number of neurons, where
ANN underfitting (i.e., high MSE and low R values) can be seen when
using a small number of neurons. As the number of neurons increases,
the ANN performance improves until it reaches a plateau when the
number of neurons exceeds nine, which is what we used for all results
reported in this work.

In Fig. 3(c) and (e), we record the MSE of training, validation, and
testing datasets as a function of the epoch number. In ANN training, an
epoch refers to a complete training iteration where the entire training
dataset was used to adjust the ANN parameters (i.e., weights and
biases) [128]. In this work, we quantified the ANN performance using
the MSE of two different ground truth datasets, validation and testing,
after completing each epoch. Tracking the validation MSE serves as a
means for preventing overfitting and early stopping once the validation
MSE starts to increase during training [129,130]. The testing MSE
provides another layer of measuring the ANN performance using a
ground truth dataset that has not been used in training the ANN.

Appendix C. Calculations of bulk regular solution parameters

Published phase diagram data were used to obtain bulk chemical
free energies of Pt-Au [116], W-Ti [117], and Al-Mg [118] alloys.
Representative bulk compositions and temperatures of the ones used
experimentally were employed, namely Pt-10 at.% Au at 700 °C [24],
W-20 at.% Ti at 1100 °C [25], and Al-5 at.% Mg at 300 °C [26].
Under these conditions, Pt-Au alloy has a regular solution parameter
2, = 22.3 kJ/mol [116] corresponding to 2, = 2.75; W-Ti has Q, =
20.6 kJ/mol [117] leading to 2, = 1.8; and ©, = 1.1 kJ/mol is for
Al-Mg [118] corresponding to Q, = 0.22.

Appendix D. Supplementary data

A Matlab code of the ANN solute drag hypersurface is provided
using the link below. For a metallic alloy with given 4G 45, Q;, 2, ¢o,.
and a parameters, the code provides the values of peak solute drag and
corresponding velocity.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.actamat.2024.120037.
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