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Abstract 

Solute segregation along grain boundaries (GBs) profoundly affects their thermodynamic and kinetic 

behavior in polycrystalline materials. Recently, it has become a promising strategy for alloy design, 

mitigating grain growth by reducing excess GB energy and strengthening the GB network in 

nanocrystalline metals. In this context, the spectrum approach has emerged as a powerful tool to 

predict GB segregation. However, previous GB segregation predictions using this method relied 

heavily on single-solute segregation spectra, neglecting the crucial role of solute-solute interactions, 

which are often incorporated through a fitting parameter. In this work, we developed a dual-solute 

model whose segregation energy spectrum intrinsically considers the solute-solute interactions. 

Further improvement was made by describing the volume fraction of GBs as a varying parameter that 

scales with the total solute concentration and temperature. The refined dual-solute model was 

attempted to predict the GB segregation at finite temperatures in several binary systems. It shows 

significant improvement over the single-solute model and can accurately predict the hybrid Molecular 

Dynamics/Monte Carlo data within a broad temperature range with varying solute concentrations 

before forming secondary phases. This dual-solute model provides an effective way to statistically 

predict GB segregation with considerable accuracy in nanocrystalline metals. 
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1. Introduction 

In polycrystalline metals, fine-grained structures usually exhibit superior mechanical properties 

compared to their coarse-grained counterparts due to the renowned Hall-Petch strengthening [1–3]. 

However, these fine structures are often unstable and encounter grain coarsening which can be 
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attributed to the high excess grain boundary (GB) energy that significantly increases the driving force 

for grain growth in nanocrystalline (NC) metals [4–7]. During the past decades, significant efforts 

have been made to explore how to stabilize the fine-grained structures and hinder grain coarsening. 

In this context, solute segregation at GBs has become a promising alloy design tool against grain 

growth by lowering the excess GB energy and stabilizing the GB network in NC metals [8–14]. 

Therefore, to effectively manage the process, it is imperative to gain a thorough understanding of the 

fundamental physics underlying segregation phenomena. 

To predict GB segregation behavior, the GB segregation energy serves as a crucial parameter for 

influencing the likelihood of solute segregation, and that is, negative values indicate a tendency for 

solute segregation towards GB regions, while positive values suggest the opposite [12,13]. In the 

early days, the McLean-type approaches [12,15] treated each GB site possessing the same 

environment with the identical energy, and the solute segregation driving force was described with a 

single average segregation enthalpy. In the Fowler-Guggenheim [16] (F-G) model, a solute-solute 

interaction component was added to the adsorption energy as a correction for higher solute 

concentrations. Nevertheless, this separated component was mainly obtained by fitting experimental 

data [17,18], and still based on the average assumption [19]. Several empirical approaches were then 

developed to describe the segregation energy, such as the Hondros-Seah [20] and Miedema-based 

ones [21–23]. These classical approaches are very useful for alloy design with plentiful empirical data 

available to select alloying species [12]. However, the large variations of local atomic environments 

[24–26] were missing from these approaches due to the average assumption, which may cause 

significant deviations in GB segregation prediction [27]. 

A spectral approach, proposed to address the limitations of classical approaches characterized by 

oversimplification, has garnered significant attention. It can be dated back to 1977 by White and 

Coghlan [28] who explained the energetic driving force of GB segregation by demonstrating the 

spectral nature of segregation binding energy. Recently, inspired by the studies of White and Stein 

[29] and Kirchheim [30,31], Wagih and Schuh [32] developed the spectral approach and proposed a 

skew-normal model to describe the site-wise nature of GB segregation energy. A number of GB 

segregation energy spectra have been calculated using machine learning techniques by Wagih and 
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Schuh [33,34] providing a basic understanding of the segregation tendency of numerous binary 

systems.  

Since then, there has been significant interest in the spectral approach. Tuchinda and Schuh explored 

the strong grain size dependencies of solute segregation preference [35] and the triple junction effects 

on the GB segregation spectra [36]. Then, they calculated the vibrational entropy spectrum for various 

binary systems and revealed the strong linear correlation between site segregation energy and 

vibrational entropy [37]. By investigating the hydrostatic pressure effects on GB segregation spectra, 

Zhang and Deng [38] demonstrated that such effects can either enhance or hinder the solute 

segregation tendencies depending on the alloy systems. Furthermore, they observed a noteworthy 

transition in segregation tendencies within certain alloy systems, attributable to the changes in the 

elastic component induced by hydrostatic pressure. Furthermore, Matson and Schuh [39] developed 

a framework to construct a phase-and-defect diagram based on the spectral GB segregation. On the 

basis of the spectral segregation energy concept, Pal et al. [24] also investigated the spectrum of 

atomic excess free volume in GBs, elucidating the spectral nature of segregation energy from a 

structure-property correlation aspect. 

However, prior GB segregation prediction using the segregation spectrum was only applicable for 

dilute conditions due to the absence of solute-solute interaction component of segregation energy 

which may significantly influence the segregation behavior [26,40–42]. To address this issue, two 

different approaches were developed to incorporate the solute-solute interactions into the skew-

normal model: (i) linear approximation which adds a fitting parameter as the solute-solute interaction 

component [43]; (ii) atomistic approach which utilizes atomistic simulations to directly measure the 

solute-solute interactions [44]. The former added a correction to the segregation energy to describe 

the contribution of solute-solute interactions by fitting the hybrid Monte Carlo/Molecular Statics 

(MC/MS) results using the F-G model. To eliminate the dependence on fitting parameters, the latter 

employed atomistic simulations to measure the solute-solute interactions explicitly for each GB site 

based on its coordination number and the bonding energies with its nearest neighbors, which were in 

excellent agreement with the results obtained by hybrid MC/MS simulations.  

Nevertheless, the GB network was assumed to be static at 0 K in the previous models, while, in 
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realistic materials, the GBs may thicken as more solutes segregate or evolve significantly simply due 

to thermal effects at finite temperatures. Moreover, previous models consider the solute-solute 

interactions not intrinsically but separately with the segregation energies. Therefore, there is an urgent 

need for a novel model capable of integrating the solute-solute interaction information into the 

segregation energy spectrum, enabling accurate prediction of GB segregation at finite temperatures.  

In this study, we aim to improve the segregation prediction by introducing a dual-solute (DS) 

segregation framework for computing GB segregation energy spectrum. The main assumption is that, 

unless for systems with negligible solute-solute interactions, the energy states that a solute can access 

would be dramatically changed due to the presence of pre-existing solutes, leading to significant 

alteration of the shape and position of the segregation energy spectra. Furthermore, one can also 

explicitly quantify the solute-solute interactions by comparing the segregation energy spectra based 

on the single- and dual-solute models. To validate these assumptions, the segregation energy spectra 

were utilized to assess solute-solute interactions and forecast GB segregation in various binary 

systems, indicating the reliability of the DS model in predicting GB segregation. 

2. Thermodynamics of grain boundary segregation 

2.1. Interpretation of segregation energy 

It is worth noting that comprehensive thermodynamics treatment [45] is the crucial start point for the 

discussions of GB segregation isotherms throughout the paper. Hence, the solute segregation energy 

should be interpreted as the change of free energy, i.e., ∆Gseg, between after and before segregation 

of a solute: 

∆Gseg = ∆Hseg − T∆Svib
seg

                            (1) 

where T is the system temperature and ∆Svib
seg

 is the excess vibrational entropy of segregation [46]; 

the segregation enthalpy ∆Hseg is given by: 

∆Hseg = ∆Eseg − P∆V                              (2) 

where ∆Eseg refers to the segregation internal energy; P∆V indicates the work done by the pressure 
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P caused by change in volume ∆V. In this work, some necessary simplifications are made as follows: 

(i) we focus on the segregation phenomenon in solids, where the P∆V component is negligible [47] 

when the pressure P is precisely controlled at 0 bar using the Parrinello–Rahman algorithm [48] like 

what we have done in our previous work [38]; (ii) the segregation energies will be calculated at 0 K 

using the conjugate gradient (CG) minimization, indicating the negligible contribution of the excess 

vibrational entropy component. Thus, the segregation free energy can be approximated as [32–

34,43,44]: 

∆Gseg ≈ ∆Eseg                                (3) 

2.2. Classical segregation isotherms 

One of the most important classical approaches to predict GB segregation is the renowned McLean 

isotherm [15], where the atomic sites in the polycrystal are divided into two types, e.g., bulk (grain 

interior) and GB sites, and expressed as: 

X̅gb

1−X̅gb
=

Xc

1−Xc
exp (−

∆E̅seg

𝜅BT
)                           (4) 

where X̅gb is the average solute concentration at GBs, while Xc indicates the solute concentration 

at bulk regions; 𝜅B refers to the Boltzmann constant; and the average segregation energy, ∆E̅seg, is 

evaluated as: 

E̅seg = Esolute
gb

− Esolute
c                            (5) 

where Esolute
gb

 and Esolute
c  are the system energies when a solute is sitting at a GB site and bulk site, 

respectively. For a given system with finite grain sizes and total solute concentrations (Xtot), both 

volume fractions for GB (fgb ) and bulk (f c ) become finite, where fgb + f c = 1 , and follow the 

relationship according to the rule of mixture [49]: 

Xtot = (1 − fgb)Xc + fgbX̅gb                         (6) 

Thus, X̅gb  can be directly solved for a fixed Xtot  in a finite polycrystalline model. However, it 



6 

 

always fails to predict GB segregation when the solute concentration is beyond dilute limit [27]. 

GB segregation may show solute concentration dependence when Xtot is beyond dilute limit. To 

explain this phenomenon, the F-G model [16] added a solute-solute interaction component (𝜔X̅gb) 

into the average segregation energy: 

X̅gb

1−X̅gb
=

Xc

1−Xc
exp (−

∆E̅seg+𝜔X̅gb

𝜅BT
)                      (7) 

where 𝜔 is the interaction term. Apparently, the solute-solute interaction component increases with 

the solute concentration at GBs, i.e., X̅gb.  

As aforementioned, the classical isotherms treat the GB regions as an entity and use a single average 

energy term to account for evaluation of GB segregation tendency. This simplification excludes the 

significance of local environment variations, and therefore, may cause large errors in predicting GB 

segregation, especially when the solute concentration is on higher level [27,43]. 

2.3. The spectral approach 

Compared to the classical approaches, the spectral approach suggests that each GB site i has its own 

segregation energy ∆E𝑖
seg

  with a particular probability F𝑖
seg

  [32], due to the unique local 

environment: 

F𝑖
gb

=
1

√2π𝜎
exp [−

(∆E𝑖
seg

−𝜇)2

2𝜎2
] erfc [−

𝛼(∆E𝑖
seg

−𝜇)

√2𝜎
]                  (8) 

where α, μ, and σ are three fitting parameters referring to the shape, characteristic energy, and width 

of the skew-normal distribution, respectively. Similar to the form of McLean-type model, the spectral 

GB segregation prediction model without solute-solute interactions can be expressed as [32]: 

Xtot = (1 − fgb)Xc + fgb ∫ F𝑖
gb
[1 +

1−Xc

Xc
exp⁡(

∆E𝑖
seg

𝜅BT
)] d∆E𝑖

seg∞

−∞
            (9) 

To incorporate the solute-solute interaction contribution, Wagih and Schuh [43] added an interaction 

term ∆E𝜔 by following the F-G method [16]: 



7 

 

Xtot = (1 − fgb)Xc + fgb ∫ F𝑖
gb
[1 +

1−Xc

Xc
exp⁡(

∆E𝑖
seg

+∆E𝜔

𝜅BT
)] d∆E𝑖

seg∞

−∞
        (10) 

However, the ∆E𝜔 in Eq. (10) is obtained by fitting the hybrid MC/MS data using the F-G model, 

which is not derived from the physical properties directly. Thereafter, Matson and Schuh [44] 

proposed an atomistic method to assess the solute-solute interactions on atomistic-level: 

Xtot = (1 − fgb)Xc + fgb ∫ F𝑖
gb
[1 +

1−Xc

Xc
exp⁡(

∆E𝑖
seg

−2𝛺̅gbX̅gb+2𝛺cXc

𝜅BT
)] d∆E𝑖

seg∞

−∞
     (11) 

where 𝛺̅gb and 𝛺c are average heat of mixing parameters of the GB and bulk regions, respectively, 

which are derived from atomistic simulations by evaluating the possible bonding energies of a solute 

atom with its nearest neighbors at the corresponding sites. This approach eliminates the need for 

fitting parameters but requires extra simulations that exhaust every GB site, which is a non-trivial 

task. In the following, we present the dual-solute segregation framework that intrinsically embeds the 

solute-solute interactions.  

3. Dual-solute segregation framework  

3.1. Volume fraction of GBs 

In a closed system with finite grain sizes, the atomic sites as an entity are shared by GB and bulk 

regions. It is reported that the volume fraction of GBs is a function of the average grain size (d) and 

GB thickness (t) fgb = 1 − [(d − t)/d]3 [11]. However, for a given closed system, the GB thickness 

may not be a constant, but show a solute concentration dependence after segregation [50–53]. Kim 

and Park [50] observed that segregation can slightly change the GB width coupling with reduction in 

GB energy. Chen et al. [51] reported that the width of the Mg atomic concentration peak, i.e., Mg 

segregated GB region, increased from 5 nm in Al-4Mg alloy to 10 nm in Al-8Mg alloy after 

segregation. The much thicker segregation zone vs. expected structural GB width also indicates the 

potential solute segregation at near GB regions and thus thickens the GBs [52,53]. These findings 

signify the inevitable solute effects on GB volume fractions. Thus, for a given system with a fixed 

size, it is reasonable to assume that the GB volume fraction is a function of total solute concentration: 

fgb = 𝑚 + 𝑛Xtot + 𝑟(Xtot)2                        (12) 
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where m, n, and r are parameters by fitting the hybrid MD/MC results. fgb may exhibit potential or 

alloy system dependencies, which may or may not change with total solute concentration. The 

parameter m is necessarily finite, whereas n and r are not. For example, when both n and r are equal 

to zero, fgb would be a fixed value concerning the total solute concentration. 

3.2. Single-solute segregation 

Prior GB segregation energy spectra are mostly obtained by the segregation energy iteration of a 

single-solute (SS) atom across the whole GB sites, i.e., dilute conditions without solute-solute 

interactions. The per-site segregation energy was evaluated by: 

ΔE𝑖
seg

= E𝑖
solute − Ec

solute                              (13) 

where E𝑖
solute is the minimized system energy when a solute is located at a GB site i, while Ec

solute 

is the reference energy that is the reference energy when a solute is sitting at the chosen bulk site 

which is the center of the largest grain to avoid the elastic interactions with GBs [32,44]. Eq. (13) has 

been widely used for GB segregation energy spectrum calculations [32–34,43,44]. 

3.3. Dual-solute segregation 

In this study, we developed a DS segregation framework which is used to consider the solute-solute 

interactions in a straightforward manner. Similar to the SS segregation, we first identified all the GB 

sites and their corresponding nearest neighbors of the thermally relaxed NC metals. Then, we 

constructed a neighbor-list consisting of pairs of all GB sites and their neighbors without duplication. 

For instance, in this list, GB site A and one of its neighbors B can form A-B pair which is identical to 

the B-A pair that one of them will be removed from the list. The ith DS segregation energy in the 

neighbor-list, ∆E𝑖
DS, is calculated by: 

∆E𝑖
DS = E𝑗+𝑘

gb
− E0 − 2∆Er                         (14) 

where E𝑗+𝑘
gb

 is the minimized system energy at 0 K when the GB site j and one of its nearest neighbors 

k are occupied by two solute atoms. The site k can be a GB or near GB site indicating that not only 
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GB sites but also near GB sites can be potentially segregated by solute atoms. The term E0 refers to 

the system energy of a pure metal NC model after full relaxation and minimization, while ∆Er is a 

reference energy evaluated by: 

∆Er = Ec
solute − E0                            (15) 

Therefore, we can obtain a discrete DS segregation spectrum which is like but different from the SS 

segregation energy spectrum resulting from Eq. (13). Compared to the segregation energy spectrum 

of the SS model, that of the DS model is no longer a per-site distribution, but a per-couple one.  

Now, it is ready for GB segregation predictions. Herein, we employ both the SS and DS segregation 

energy spectra for GB segregation prediction with solute-solute interactions by following the 

expression similar to Eq. (10):  

Xtot = (1 − fgb)Xc + fgb ∫ F𝑖
gb
[1 +

1−Xc

Xc
exp⁡(

∆E𝑖
DS+∆Eint

add

𝜅BT
)] d∆E𝑖

DS∞

−∞
         (16) 

where 𝜉∆E𝜇 is used to represent the additional solute-solute interactions (∆Eint
add), in which ∆E𝜇 is 

the difference between the characteristic energies for the DS segregation energy spectrum (𝜇DS) and 

SS segregation energy spectrum (𝜇SS), which reflects the shift in segregation energy spectra resulting 

from the solute-solute interactions within the DS model: 

∆E𝜇 = 𝜇DS − 𝜇SS                              (17) 

and 𝜉 represents an interaction correction coefficient within the DS model. This coefficient accounts 

for the fact that the DS model exclusively considers interactions between the two closest solutes while 

neglecting potential short- and long-range solute-solute interactions. Thus, it is necessary to enhance 

the additional solute-solute interactions by evaluating 𝜉 in the following manner: 

𝜉 =
𝛼DS

𝛼SS
∙
𝜎DS

𝜎SS
                              (18) 

where 𝛼SS, 𝜎SS, 𝛼DS, and 𝜎DS are the parameters obtained by fitting the SS and DS segregation 

energy spectra using Eq. (8), respectively. Apparently, 𝛼SS  and 𝜎SS  must be finite. Thereafter, 
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combining with Eqs. (12), (17), and (18), Eq. (16) can be numerically solved for total solute 

concentration (Xtot) with respect to bulk solute concentration (Xc) after segregation, and so can be 

the volume fraction of GBs (fgb). Finally, the solute concentration at GBs (X̅gb) can be derived from 

Eq. (6). 

4. Simulation methods 

4.1. The determination of segregation energies 

The selection of binary systems follows the three criteria: (i) the existence of reliable interatomic 

potentials; (ii) spectral data availability for comparison in the literature [32,33,43]; (iii) representative 

binaries with weak or strong solute-solute interactions. Accordingly, the Al-Mg system was chosen 

due to the weak repulsion among solutes [43] and extensive interest in its segregation spectra 

[32,33,38,43,44]; the Ag-Ni and Ag-Cu systems were selected for the strong attractions among solutes 

and the tendency of forming small solute clusters [54–56], indicating the attractive solute-solute 

interactions; the Al-Ni system was employed because of the large size mismatch between solvent and 

solute. In this work, we choose the NC structures with randomly generated grains as the study 

specimens due to their complexity in local atomic environments, which cannot be fully captured by 

special GBs [57]. The fully relaxed NC-Al ((16⁡nm)3) and -Ag ((20⁡nm)3) specimens with randomly 

oriented grains, used for segregation energy calculations in this study, were provided by Wagih and 

Schuh from their previous studies [32,33]. 

In this work, the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software 

package [58] was employed to perform all atomistic simulations. OVITO [59] was used for 

visualization and structural analysis. The additive-common neighbor analysis method [60] was used 

to identify non-face-centered cubic (FCC) atoms, which were all assigned as GB sites. The 

interatomic interactions in each binary system were characterized using the embedded atom method 

(EAM) [61] potentials, which were specifically developed for Al-Mg [62], Ag-Ni [63], Ag-Cu [64], 

and Al-Ni [65], respectively. Those EAM potentials have been extensively used in the investigation 

of segregation in their respective binary systems, yielding reliable results [26,32,38,43,54,55]. Then, 

MS simulations were conducted, and the segregation energies were calculated using Eqs. (13) and 
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(14) for the SS and DS models, respectively. 

4.2. Hybrid MD/MC simulations 

To assess the accuracy of the DS prediction model, hybrid MD/MC simulations were conducted using 

LAMMPS to obtain the segregated structures at finite temperatures. The simulations were carried out 

employing a variance-constrained semi-grand-canonical (VC-SGC) ensemble [66], following the 

procedures described in Refs. [54,55]. MC trails were performed with three constant parameters, i.e., 

the total solute concentration c0, the chemical potential between the solvent and the solute species 

∆𝜇0, and the variance constraint 𝜅. We used test runs to determine the proper ∆𝜇0 to obtain the 

desired solute concentration, i.e., c0, with 𝜅 = 1000, which was conducted for all binary systems at 

300 K. The optimized parameters are listed in Supplementary Tables 1-4. 

The hybrid MD/MC simulations were performed for all alloy systems at desired solute concentrations. 

The timestep was consistently set to 2 fs throughout each hybrid MD/MC simulation. All the NC 

structures were first minimized using the CG algorithm. Then, they were relaxed using the isothermal-

isobaric ensemble (NPT) under zero-pressure at 300 K for 200 ps. Thereafter, in each MC cycle, the 

number of trial moves was set to 10% of the total atoms in the system, with a total of 40,000 MC 

cycles conducted at 300 K. Additionally, each MC cycle was separated by 10 MD steps at the same 

temperature to facilitate the structural relaxation after the atomic moves and chemical mixing, where 

the temperature was controlled using the canonical ensemble (NVT) and the pressure was precisely 

maintained to 0 bar by a Berendsen barostat. Following this, each NC structure was again relaxed 

under zero-pressure at 300 K using the NPT ensemble for 200 ps, then gradually cooled to 0 K with 

a constant rate of 3 K/ps. Finally, each NC structure was energetically minimized using the CG 

algorithm with the pressure kept at 0 bar using the Parrinello–Rahman method [48]. 

4.3. Size and temperature effects 

The solute content at GBs may also be affected by the size of the NC structures by tuning the GB 

volume fraction [11]. Therefore, another large NC-Al ((40⁡nm)3) (L-NC-Al) was generated using 

the random Voronoi tessellation with the toolkit Atomsk [67], followed by a thermal relaxation 
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procedure: first, annealing the NC-Al model using the Nose-Hoover thermostat/barostat under 0 bar 

at 500 K for 500 ps; then, gradually cooling the NC model to 0 K with a constant rate of 3 K/ps, 

followed by an energy minimization using the CG algorithm. The annealed L-NC-Al has 18 randomly 

oriented grains with the average grain size of 15 nm and ~3853400 atoms. Subsequently, it was 

employed for hybrid MD/MC simulations, utilizing the same parameters as those of the Al-Mg 

((16⁡nm)3) polycrystal at 300 K, to evaluate the size effect on the accuracy of the DS prediction 

model. 

Furthermore, it has been reported that temperature can significantly influence the segregation 

behaviors of solutes, with higher temperatures leading to lower solute concentrations at GBs [43]. 

Herein, we performed hybrid MD/MC simulations, as described previously, using the Al-Mg 

((16⁡nm)3) polycrystal at temperatures of 400 and 500 K, and the Ag-Ni system ((20⁡nm)3) at 500 

and 700 K, respectively. These were carried out to evaluate the potential effects of temperature on the 

accuracy of the DS prediction model. Test runs were also conducted to find out the optimized ∆𝜇0 

for each desired solute concentration and temperature. The resulting parameters are listed in 

Supplementary Tables 5-8. 

5. Results 

5.1. Segregation energy spectra 

The thermally annealed NC-Al and -Ag GB networks are shown in Fig. 1(a) and (d), respectively. 

Grains are randomly oriented in both NC models which were employed to calculate the segregation 

energy distributions for both SS (Eq. (13)), and DS (Eq. (14)) models in Al-Mg, Al-Ni, Ag-Ni, and 

Ag-Cu, respectively. The best fitting parameters using the skew-normal distribution, i.e., Eq. (8), for 

the SS model in the Al-Mg system are 𝛼SS = −1.5, 𝜇SS = 11.6⁡kJ/mol, and 𝜎SS = 20.5⁡kJ/mol, as 

shown in Fig. 1(b). This distribution matches a larger NC-Al with the size of (36⁡nm)3 [32] and a 

smaller one with the size of (10⁡nm)3 [44]. Moreover, the SS spectra for the Al-Ni, Ag-Ni, and Ag-

Cu binaries are consistent with that of the segregation energy database [33], indicating the reliability 

of the segregation energy calculation method. 
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Fig. 1 GB networks of the fully relaxed (a) NC-Al (16 × 16 × 16⁡𝑛𝑚3) with 10 grains of an average grain 

size of 7 nm, and (d) NC-Ag (20 × 20 × 20⁡𝑛𝑚3 ) with 16 grains of an average grain size of 8 nm. The 

calculated SS and DS segregation energy spectra with the best fitted skew-normal distribution using Eq. (8) 

for the (b) Al-Mg, (c) Al-Ni, (e) Ag-Ni, and (f) Ag-Cu binaries, respectively.  

The DS spectra displayed in Fig. 1 were plotted using the same bin size with that of the corresponding 

SS spectra. Significant changes in the shape and position of the DS spectra can be observed in each 

alloy system compared to the SS spectra. Each DS spectrum exhibits wider but lower peak probability 

density than its SS counterpart. This indicates that the segregation energy with solute-solute 

interactions varies in a larger range and more scattered, while the SS segregation energy seems more 

concentrated in a narrow range. For example, the DS segregation energy in Al-Mg ranges from -100 

to 80 kJ/mol, which is much wider than that of SS segregation energy only ranging from -60 to 55 

kJ/mol. This can also be interpreted by the larger 𝜎DS values compared to 𝜎SS. It is worth noting 

that the DS segregation energy is no more a site-wise but a pair-wise parameter assessing the energy 

difference of a pair of nearest neighbors which may adjacent GB atoms. The amount of distinct 

neighbor pairs is about nine times of that of GB sites which is the data size of the SS segregation 
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energy. This may account for the larger σ values of the DS spectra. 

The fitting parameter α refers to the shape of the segregation energy spectrum, which indicates the 

skew direction of the spectrum: positive α means that the spectrum skews to the left, i.e., more 

negative energies, and vice versa. The 𝛼DS has the same sign with its corresponding 𝛼SS in each 

system, indicating that the solute-solute interactions in the DS model are not strong enough to alter 

the shape of the spectrum. Accordingly, the parameter μ is the characteristic energy of the spectrum. 

The greater 𝜇DS than 𝜇SS in the same system is considered as an indicator of the repulsive solute-

solute interactions, while the smaller 𝜇DS means solute-solute attractions. For instance, in the Al-Mg 

system, the 𝜇DS = 16.3⁡ kJ/mol is larger than the 𝜇SS = 11.6⁡ kJ/mol, as shown in Fig. 1(b). This 

means that the segregation energy of the DS model tends to be more positive, suggesting the solute-

solute repulsion, which has been reported by atomistic studies in the Al-Mg system [43,44]. However, 

the smaller 𝜇DS than 𝜇SS can be observed in the other three systems, as shown in Fig. 1(c), (e), and 

(f), speaking the solute-solute attraction, which can be confirmed by the formation of solute clusters 

in the Ag-Ni [54,55] and Ag-Cu [56] systems. 

5.2. Volume fraction of GBs 

Before discussing the changes in GB volume fraction, it is necessary to demonstrate the changes in 

structure and solute distribution of the large Al-Mg polycrystal with different solute concentrations 

after hybrid MD/MC simulations at 300 K, as shown in Fig. 2. Almost all the solute atoms segregate 

to GBs when Mg content is 1 at.%, as shown in Fig. 2(a), indicating the strong segregation tendency 

of Mg solutes in Al at this condition. Fig. 2(b) shows that many Mg atoms are dispersed inside the 

grains. Meanwhile, Mg solutes are also concentrated in GB regions. Increasing the Mg content to 7 

at/%, extremely concentrated Mg atoms at GBs can be observed in Fig. 2(c). However, the solute 

concentration at GBs decreased significantly at GB regions at Al-Mg 8 at.%. Moreover, highly 

ordered structures can be seen in grain interiors with an FCC structure, suggesting the formation of 

secondary phases, e.g., the circled regions with red ellipses, as shown in Fig. 2(d), which is consistent 

with experimental studies [68,69]. The Al-Mg 16 nm polycrystal also exhibits the same behaviors 

after hybrid MD/MC simulations. 
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Fig. 2 The structures and solute distributions of the Al-Mg system with the dimension of 40 × 40 × 40⁡𝑛𝑚3 

at different Mg concentrations after hybrid MD/MC simulations at 300 K: (a) Al-Mg 1 at.%, (b) Al-Mg 5 at.%, 

(b) Al-Mg 7 at.%, and (b) Al-Mg 10 at.%. The green spheres are fcc atoms while the gray ones represent the 

GB atoms. The dark spheres are the solute atoms. 

Fig. 2 also reveals an evident thickening phenomenon of GBs with increasing solute concentrations 

in Al-Mg after hybrid MD/MC simulations. This indicates that the volume fraction of GBs is a 

function of total solute concentrations. At 7 at.% Mg concentration, a critical point is reached in the 

Al-Mg system with the thickest GBs among the examined Mg concentrations. At this concentration, 

the GB structures experience significant changes following the extreme adsorption of Mg atoms into 

the GB regions, as illustrated in Fig. 2(c). Once forming the secondary phase at Mg 8 at.%, the GBs 

become thinner compared to the Mg-7 at.% condition, as shown in Fig. 2(d). In the meantime, more 

Mg atoms can be observed in bulk regions but with ordering distribution. They were probably 

swapped back to bulk regions to facilitate the formation of secondary phases and reduce the interfacial 

energy [70]. Furthermore, these ordered structures are adjacent to GBs, indicating that they start 

growing from GB regions. The reduction in solute content at GBs suggests that there might be a 
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competition between the segregation of solute atoms at GBs and formation of secondary phases in Al 

matrix [71]. 

 

Fig. 3 (a) GB volume fractions in the Al-Mg system at different temperatures, sizes, and total solute 

concentrations. (b) GB volume fractions in the Al-Ni, Ag-Ni, and Ag-Cu systems with different solute 

concentrations at 300 K. The inset tables in (a) and (b) are the fitting parameters using the Eq. (12). 

In this study, the GB volume fraction fgb was evaluated using the atomic fraction of GB regions 

[32,43]. It is known that the GB volume fraction fgb is a function of grain size and GB thickness 

[11]. Most of the previous studies treated fgb as a constant due to the static features of GBs during 

hybrid MC/MS simulations [43,44]. Herein, we show that fgb  is a function of total solute 

concentration (Xtot) since the GBs were significantly thickened by solute segregation. Therefore, the 

GB thickness is no longer constant, indicating that, for a given polycrystal with finite size, the GB 

volume fraction varies with solute concentrations. The correlation between f gb  and Xtot  can be 

seen in Fig. 3. In Al-Mg, the GB volume fraction is linearly correlated with the total solute 

concentration at different temperatures and sizes, as shown in Fig. 3(a). It also shows that fgb is 

sensitive to model size but scarcely influenced by temperature. In the Al-Mg 16 nm model, only minor 

variations are observed in the slopes (n) and interceptions (m) of the linear fit when increasing 

temperature from 300 to 500 K. Thus, it is reasonable to apply the parameters of 300 K to represent 

the other temperature conditions. Nevertheless, changes in model sizes can dramatically alter the 

fitting parameters, as illustrated by the parameters for the Al-Mg 40 nm model in Fig. 3(a). Similarly, 

the fgb in Al-Ni also exhibits a linear correlation with the total solute concentration, as shown in Fig. 
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3(b). However, the fgb in Ag-Ni and Ag-Cu systems shows a polynomial correlation with their total 

solute concentrations at 300 K. Therefore, the parameter "r" becomes finite in both Ag-Ni and Ag-Cu 

systems, whereas it remains zero in Al-based systems. 

6. Grain boundary segregation prediction 

With all the data in hand, our focus now shifts to validating the DS model, represented by Eq. (16). 

In this section, we focus on the 300 K conditions. The results obtained from hybrid MD/MC 

simulations at 300 K will serve as the benchmark for examining the prediction accuracy. Our initial 

attention is on segregation prediction in the Al-Mg system, where the solute-solute repulsion was 

observed in the previous section, using the DS model. We will compare the results with those obtained 

using other models, such as the McLean isotherm and the spectral model based on the SS spectrum. 

Next, we aim to extend the DS prediction model to other systems where the solute-solute attraction 

was identified, such as Al-Ni, Ag-Ni, and Ag-Cu. 

6.1. Solute-solute repulsion 

The “real” segregation state was obtained by the hybrid MD/MC simulations at finite temperatures 

using the VC-SGC ensemble [66]. After segregation, each polycrystal was cooled to 0 K. So, these 

polycrystals can have a common basis for comparison. The GB solute concentration predicted using 

the classical McLean model exhibits a linear correlation with the total solute concentration [27,43,44], 

as shown in Fig. 4. It was obtained by solving Eq. (4) with the ∆E̅seg =⁡−11.6⁡kJ/mol which is the 

negative value of the characteristic segregation energy of the SS spectrum in Fig. 1(b). The negative 

value here is because of the minus sign in front of ∆E̅seg in Eq. (4). No solute-solute interactions 

were considered in this model. Thus, the prediction of X̅gb by the McLean model deviates far away 

from the hybrid MD/MC results when the total solute concentration is beyond the dilute limit 

[27,43,44], which can be observed from Fig. 4. 
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Table 1 Parameters of Al-Mg used for the DS prediction model, i.e., Eq. (16). The α, μ, and σ are obtained 

from fitting the SS and DS segregation energy spectra using the skew-normal distribution. 

  α μ, kJ/mol σ, kJ/mol ∆E𝜇, kJ/mol ξ ∆Eint
add, kJ/mol 

Al-Mg 
SS -1.5 11.6 20.5 

4.8 1.3 6.24 
DS -1.56 16.3 25.6 

 

Fig. 4 Comparison of the DS prediction model Eq. (16) with others where solute-solute interactions are 

excluded, such as the McLean Eq. (4), the SS model Eq. (9), against the hybrid MD/MC simulations at 300 K 

in the Al-Mg 16 nm polycrystal. The contribution of 𝑓𝑔𝑏  was also incorporated with the fixed and 

varying values. 

Following that, our focus shifts to the SS spectral prediction model. The blue dash dot and red dash 

curves in Fig. 4 represent the fitting results by solving the Eq. (9) with the SS spectrum fitting 

parameters of Al-Mg listed in Table 1. The difference is that the former curve is based on a constant 

fgb = 0.179 which is the interception value, i.e., m = 0.179, n = 0, and r = 0 in Eq. (12), shown in 

Fig. 2(a), while the latter one is obtained by a variable fgb which is a linear function of the total 

solute concentration with m = 0.179, n = 1.22, and r = 0 in Eq. (12). Compared to the constant fgb 

curve, the curve with varying fgb reveals better relative error against the real segregation state, i.e., 

X̅gb  obtained from hybrid MD/MC, indicating the necessary of using the variable GB volume 

fraction. Nevertheless, there is still a dramatic deviation between the curve with varying fgb and the 

real segregation state. 
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Further, the DS prediction curves are obtained by numerically solving Eq. (16) using the parameters 

listed in Table 1. The calculated solute-solute interaction energy is ~6.24 kJ/mol, which is much 

smaller than that of previous studies [43,44]. This is because the DS spectrum intrinsically contains 

information of solute-solute interactions. But this intrinsic information is not strong enough to 

describe the whole picture of solute-solute interactions. Thus, we need an additional interaction 

component, i.e., ∆Eint
add, to overcome this deviation. The positive value of this interaction component 

indicates the solute-solute repulsion as aforementioned. 

In Fig. 4, the navy short dash and green solid curves represent predictions made using the DS model. 

The navy short dash curve is based on a constant fgb, same as the SS condition, while the green curve 

contains a variable fgb  which is a function of solute concentration obtained at 300 K. Both DS 

prediction curves fit better against the real X̅gb than those obtained by Eq. (9) without solute-solute 

interactions. This clearly declares the great improvement of incorporating solute-solute interactions 

in the DS prediction model compared to the SS model. With varying fgb , the green curve can 

perfectly fit the real X̅gb, as shown in Fig. 4. However, the green curve starts to deviate from the real 

X̅gb at higher total solute concentrations, e.g. Xtot ≥ 8 at.%, which can be attributed to the formation 

of the ordered structure in bulk regions (Fig. 2(d)). Thus, Eq. (16) can perfectly predict the GB 

segregation in Al-Mg with solute-solute repulsion before forming secondary phases. 

6.2. Solute-solute attraction 

Next, it is necessary to demonstrate segregation state in Ag-Ni, Ag-Cu, and Al-Ni where the solute-

solute attraction was observed. Fig. 5(a) displays the structure and solute distribution of the Ag-Ni 

alloy at Ni-10 at.%, where all the Ni atoms segregate to GBs. These solute atoms concentrate at triple 

and quadruple junctions, and form Ni clusters as reported by previous studies [54,55]. This 

phenomenon suggests the strong segregation feature of Ni in Ag, which confirms the negative 

characteristic segregation energy in both SS and DS spectra. Furthermore, the more negative value in 

characteristic segregation energy of the DS spectra also verifies the clustering tendency of Ni atoms 

in Ag. As for the Ag-Cu system, intense segregation and clustering of Cu in Ag can also be observed, 

as shown in Fig. 5(b). Unlike the Ni in Ag, there is no obvious region preference of the Cu atoms in 

Ag. They simply tend to segregate and form clusters at GBs. 
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Fig. 5 The structures and solute distributions in the (a) Ag-Ni 10 at.%, (b) Ag-Cu 10 at.%, (c) Al-Ni 5 at.%, 

and (d) Al-Ni 6 at.% systems after hybrid MD/MC simulations at 300 K. The navy spheres are Ni atoms, while 

the brown ones are cooper. Green and gray spheres represent FCC and other structures, respectively. The red 

arrow in (d) indicates the ordered structure. 

 

Table 2 Parameters of Ag-Ni, Ag-Cu, and Al-Ni used for the DS prediction model, i.e., Eq. (16). The α, μ, and 

σ are obtained by fitting the SS and DS segregation energy spectra using the skew-normal distribution. 

  α μ, kJ/mol σ, kJ/mol ∆E𝜇, kJ/mol ξ ∆Eint
add, kJ/mol 

Ag-Ni 
SS 0.41 -10.5 17.8 

-10.6 5.73 -60.8 
DS 1.26 -21.1 33.2 

Ag-Cu 
SS -1 7.1 11.9 

-1.6 1.28 -2.05 
DS -0.9 5.5 16.9 

Al-Ni 
SS 1.46 -2.5 24.8 

-3.5 1.62 -5.65 
DS 1.7 -6 34.4 
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Ni atoms also exhibit a tendency to segregate to GBs in Al, as illustrated in Fig. 5(c) where the Ni 

concentration is 5 at.%, although not as intensely as Ni in Ag since there are many Ni atoms left in 

bulk regions. However, when the Ni concentration increases to 6 at.%, ordered structures can be 

observed in the bulk regions of Al-Ni after the hybrid MD/MC simulations at 300 K, as shown in Fig. 

5(d). Thus, we focus on the segregation prediction with the solute concentration up to 5 at.%, before 

forming the secondary phases. 

In Table 2, the ∆Eint
add = -60.8 kJ/mol in Ag-Ni indicates the extreme intense attraction among Ni 

atoms in Ag, which, in turn, explains the formation of Ni clusters at GBs, while no Ni atoms can be 

observed in bulk regions. The additional solute-solute interaction component for Ag-Cu and Al-Ni 

are -2.05 kJ/mol and -5.65 kJ/mol, respectively, which also enhance the solute-solute attraction 

feature in the two systems. These parameters were used for GB segregation prediction using Eq. (16) 

at 300 K. 

Fig. 6 shows the comparison of the GB segregation prediction accuracy between the DS and the SS 

models against the resulting real X̅gb obtained from hybrid MD/MC simulation at 300 K. In the case 

of Ag-Ni, both the SS and DS models, with varying fgb, can accurately predict the real X̅gb, as shown 

in Fig. 6(a). However, employing a constant fgb will lead to significant deviation from the real X̅gb 

at 300 K. In particular, the behavior of DS prediction curve looks like the McLean isotherm, 

demonstrating a linear relationship between X̅gb  and Xtot  even at high solute concentrations, 

reaching up to 10 at.%. This phenomenon can be attributed to the extreme negative solute-solute 

interactions. 

In Fig. 6(b) and (c), all the prediction curves are obtained with the fgb as a function of Xtot in the 

corresponding system, with the relationship parameters shown in Fig. 2(b). In Ag-Cu, significant 

deviation from the real X̅gb can be observed in the prediction curve obtained by solving Eq. (9), 

where absolutely no solute-solute interactions are included, as shown in Fig. 6(b). When using the 

DS model without additional solute-solute interactions (i.e., ∆Eint
add = 0  kJ/mol), the segregation 

prediction (represented by the blue dash curve in Fig. 6(b)) shows a remarkable improvement 

compared to that of the SS model. It closely approaches the real X̅gb with only minor deviations. 

Similar improvement can also be observed in Al-Ni, as shown in Fig. 6(c). This confirms that partial 
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solute-solute interactions are included in the DS spectra, illustrated by the improved skew-normal 

fitting parameters. Even though the whole picture of solute-solute interactions cannot be fully 

described by the DS spectra, it indeed improves the segregation prediction. Incorporating the 

additional solute-solute interaction component (i.e., finite ∆Eint
add) in Eq. (16), the prediction curves 

(illustrated by the green curves in Fig. 6(b) and (c)) accurately align with the positions of the real 

X̅gb, indicating the reliability of our DS segregation framework. 

 

Fig. 6 GB segregation prediction using Eq. (16) at 300 K, and comparison with the SS prediction in (a) Ag-Ni, 

(b) Ag-Cu, and (c) Al-Ni. The real 𝑋̅𝑔𝑏  obtained by hybrid MD/MC simulations at 300 K serves as the 

benchmark of examining the accuracy of segregation prediction models. 

So far, we have introduced the DS segregation framework and explained how to use it to predict GB 

segregation in several binary systems. We also demonstrated a great improvement in prediction 

accuracy compared to the classical approach and spectral ones based on dilute conditions. In the next 

section, we will discuss the size and temperature effects on the prediction accuracy of the DS model, 

followed by discussions on limitations of this prediction model. 

7. Discussions 
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7.1. Size effects on prediction accuracy 

We conducted hybrid MD/MC simulations employing the L-NC-Al structure at 300 K to examine the 

potential effects of the DS model on its prediction accuracy. The edge length of this cubic NC 

structure is 40 nm. There are eighteen randomly oriented grains with an average grain size of 15 nm, 

which is two times larger than that of the NC-Al (16⁡nm)3  structure. The higher GB solute 

concentrations can be observed in the large NC model compared to those in the small structure after 

“real” segregation at 300 K, as shown in Fig. 7(a). This size dependence in X̅gb can be attributed to 

the relatively low GB volume fraction in the larger specimen, which can be seen from Fig. 3(a). As 

for the prediction accuracy, the DS model can accurately align with the real X̅gb  at 300 K. The 

maximum prediction errors with respect to the hybrid MD/MC results are 4%, as shown in Fig. 7(b), 

indicating the outstanding prediction accuracy for different sizes using the DS model. 

Grain size dependence of solute segregation has been observed by experiments with larger grain sizes 

resulting in higher solute concentration at GBs [72–74], due to the smaller GB area over volume ratio 

[72]. These findings confirm our observation that X̅gb shows a strong size dependence. Nevertheless, 

the DS model prediction curves also exhibit a size dependence and fit well with the real X̅gb . 

Tuchinda and Schuh [35] reported a strong size effect on the McLean segregation energy with a 

deviation of 6 kJ/mol observed upon increasing the grain size from 5 nm to 40nm. However, we used 

the same spectral parameters and solute-solute interaction term in both prediction processes. The 

prediction accuracy is reliable in both cases. This suggests that the DS model can successfully predict 

real segregation in those NC structures with different grain sizes. This feature of the DS prediction 

model benefits from the varying GB volume fractions which intrinsically incorporates the critical 

grain size information. 
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Fig. 7 (a) GB segregation prediction using Eq. (16) for the Al-Mg system with different sizes against the real 

𝑋̅𝑔𝑏 obtained from hybrid MD/MC simulations at 300 K. (b) The corresponding DS prediction errors in 𝑋̅𝑔𝑏 

at each total solute concentration. 

7.2. Temperature effects on prediction accuracy 

Temperature is another important factor that affects solute segregation at GBs. Previous studies 

reported that the chemical composition at GBs strongly depends on the annealing temperatures, which 

can be attributed to the differences in segregation enthalpies [75,76] and segregation free energies 

[77]. This temperature dependence of solute segregation was also confirmed by hybrid MC/MS 

simulations [43]. To find out if temperature affects the DS prediction accuracy, we conducted hybrid 

MD/MC simulations at different temperatures in Al-Mg. Indeed, the real X̅gb demonstrates a notable 

temperature dependence with higher temperatures leading to lower GB solute concentrations at the 

same total solute concentration, as shown in Fig. 8(a). The temperature dependency becomes evident 

when the total solute concentration exceeds 1 at.%, which represents the dilute limit (shown in Fig. 

4) of the Al-Mg system. At higher total solute concentrations, there is a larger discrepancy in GB 

solute concentration between different temperatures.  

The DS prediction accuracy in X̅gb without correction in ∆Eint
add at different temperatures is shown 

in Supplementary Fig. 1(a). Here, the maximum error of ~6% can be observed at 500 K, while the 
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maximum error is only around 5% when the temperature is 400 K. Such a high level of prediction 

accuracy is acceptable in engineering applications, indicating the reliability of the DS segregation 

prediction at different temperatures. However, the maximum prediction error increases with 

temperature from 2% at 300 K to 6% at 500 K. Two potential problems may be responsible for this 

increase in maximum error: (i) the artificial nature of the temperature dependence in Eq. (16), because 

all the parameters used here are obtained from the 0 K segregation energy spectra, where entropic 

contributions were ignored [37]; (ii) the fixed solute-solute interaction component instead of a 

temperature-dependent term [78]. To solve the problem (i), large amounts of extra atomistic 

simulations [37,79] will be needed to obtain the entropic contributions.  

 

Fig. 8 (a) Comparison of GB segregation prediction using the DS model between the without and with 

correction in ∆𝐸𝑖𝑛𝑡
𝑎𝑑𝑑 in Al-Mg at different temperatures. (b) GB segregation prediction using the DS model 

without correction in ∆𝐸𝑖𝑛𝑡
𝑎𝑑𝑑 in Ag-Ni at different temperatures. 

Nevertheless, to solve problem (ii), we can simply assume that the additional solute-solute 

interactions are linearly related to temperature by ignoring the temperature-induced variation in 

distance [78]. Then, we can manually find out the “best” fitted (i.e., near zero prediction error) ∆Eint
add 

equal to 6.53 kJ/mol, 5.65 kJ/mol, and 4.64 kJ/mol for 300 K, 400 K, and 500 K conditions, 

respectively. Thereafter, the correlation between ∆Eint
add  and temperature T can be obtained: 

∆Eint
add = 8.38667 − 0.00645T. So, we can obtain the corrected additional solute-solute interactions 

∆Eint,c
add  are about 6.45 kJ/mol, 5.81 kJ/mol, and 5.16 kJ/mol for 300 K, 400 K, and 500 K conditions, 

respectively. In the following steps, we can use these corrected additional solute-solute interactions 
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for predictions. The GB segregation prediction (dashed) curves with correction in ∆Eint
add fit better 

compared to the original (solid) ones, as shown in Fig. 8(a). Moreover, the higher temperature will 

result in a greater improvement in prediction accuracy. This trend can also be confirmed by the 

prediction errors in X̅gb with the maximum error of no more than 2%, as shown in Supplementary 

Fig. 1(b). This improvement in prediction accuracy explains that there is indeed a temperature 

dependence in solute-solute interactions. Thus, the increasing prediction errors at elevated 

temperatures can be overcome by the linear simplification in the temperature dependence of solute-

solute interactions. 

Furthermore, the high accuracy of the DS predictions can also be observed in the Ag-Ni at different 

temperatures with only negligible deviation from the hybrid MD/MC results, even without any 

correction in ∆Eint
add, as shown in Fig. 8(b). This indicates that the solute-solute interactions in Ag-Ni 

are not significantly affected by temperature, as supported by the snapshots showing that the solutes 

always segregate as clusters at GBs regardless of temperature (Supplementary Fig. 2). It further 

confirms the applicability of the DS model in different binary systems with a wide range of 

temperatures. 

7.3. Limitations of the DS model 

Although we have shown that the DS model can accurately predict GB segregation in several binary 

systems, there are still two limitations: (i) the GB volume fraction is an empirical function depending 

on the alloy systems or potentials; (ii) it cannot be used to predict the GB segregation after forming 

secondary phases when the total solute concentration exceeds a critical value. 

With the fixed fgb, it is impossible to correctly predict the GB segregation due to the total solute 

concentration dependence of GB volume fraction [51], as shown in Fig. 3(a). In this work, we use 

three parameters m, n, and r to describe the total solute concentration dependence of the GB volume 

fraction. However, these three parameters are obtained from the hybrid MD/MC simulations. 

Moreover, the GB volume fraction is also a function of grain sizes [11], as shown in Fig. 3(a). Thus, 

more work is necessary to construct a function or a database to describe the total solute concentration 

dependence of the GB volume fraction that can cover all the possible binaries. 
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Once secondary phases being formed in the polycrystals, it is difficult to predict the distribution of 

solute atoms, which can significantly influence the solute concentration at GBs. For example, ordered 

structures can be observed in Al-Mg and Al-Ni after hybrid MD/MC simulations when the total solute 

concentration is greater than 8 at.% and 6 at.%, respectively. However, the solute atoms were swapped 

back to bulk regions to form the ordered structures other than segregation at GBs. Therefore, the GB 

thickness was greatly reduced, as shown in Fig. 2(d). This uncertainty increases the deviation of GB 

segregation prediction. Thus, Eq. (16) is only applicable when the total solute concentration is lower 

than the critical one when forming secondary phases. 

7.4. Comparison with other spectral approaches 

Previously, we have introduced two other spectral models to predict GB segregation with 

consideration of solute-solute interactions when the solute concentration is beyond dilute limit [43,44]. 

Both approaches use the SS segregation energy spectrum where the solute-solute interactions are 

absent. Moreover, hybrid MC/MS simulations were considered as the true segregation where GBs 

were treated as static at 0 K. Thus, the GB volume fraction was treated as a constant in their studies. 

One of them relies on fitting the hybrid MC/MS data as the solute-solute interaction term [43]. The 

other one computed the solute-solute interactions by atomistic simulations, where the value is 

physically informed, but it is computationally expensive. Both studies have shown considerable 

prediction accuracy against the hybrid MC/MS results. 

In this work, the DS segregation energy spectra inherently incorporate the solute-solute interactions. 

By combining the varying GB volume fraction with the additional solute-solute interaction term, the 

DS model can be used to predict the GB segregation with considerable accuracy against the hybrid 

MD/MC simulations, where the GBs exhibit dynamic behaviors at finite temperatures. For instance, 

the formation of secondary phases was observed during the hybrid MD/MC simulations in Al-Mg 

and Al-Ni, and the thickening behavior of GBs after segregation. However, no secondary phases were 

reported in the two spectral approaches [43,44], likely due to the static nature of the hybrid MC/MS 

simulations. Furthermore, compared to the atomistic approach [44], the DS model requires fewer 

computing resources.  
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In addition, Tuchinda and Schuh [37] linearly related the vibrational entropy to the per-site 

segregation energy, which can effectively describe the temperature dependence of solute segregation. 

However extra harmonic simulations are needed to determine the vibrational contribution. Menon et 

al. [79] employed the thermodynamic integration method to determine the per-site segregation free 

energy, which inherently contains the temperature effects. However, no solute-solute interaction term 

was defined in both studies. In this work, we observe that the temperature effects on prediction 

accuracy using the DS model are negligible with only acceptable disagreement between the 

predictions and hybrid MD/MC results. Moreover, we have shown that it is possible to overcome the 

increased prediction errors using the linear correction of the additional solute-solute interactions. 

8. Conclusion 

The main conclusions of this work can be drawn as follows: 

(1) We proposed the DS segregation framework which was used to calculate the solute 

segregation energy spectrum in several binary systems, e.g., Al-Mg, Al-Ni, Ag-Ni, and Ag-

Cu. The DS spectrum is different from the SS spectrum with wider energy range but lower 

peak probability density in each system. The skew-normal fitting characteristic segregation 

energy of the SS and DS spectra can be considered as the indicator of repulsive or attractive 

solute-solute interactions. The larger 𝜇DS  than 𝜇SS  represents the solute-solute repulsion, 

e.g., Al-Mg, while the smaller 𝜇DS  than 𝜇SS  indicates the attractive solute-solute 

interactions, e.g., Al-Ni, Ag-Ni, and Ag-Cu. 

(2) The hybrid MD/MC simulation results serve as the real segregation state at finite temperatures. 

At higher total solute concentrations, ordered structures were observed in Al-Mg and Al-Ni, 

which are consistent with previous studies. The polycrystal structures after hybrid MD/MC 

simulations confirm the GB thickening behavior with solute segregation at GBs. Thus, the 

varying GB volume fraction is needed for further analysis. 

(3) Combining with the additional solute-solute interaction term and varying GB volume fraction, 

we have shown that the DS model can be successfully used to predict the GB segregation in 

several binary systems with either solute-solute repulsion (e.g., Al-Mg) or solute-solute 

attraction (e.g., Al-Ni, Ag-Ni, and Ag-Cu). 
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(4) The size effect on GB segregation prediction of the DS model was assessed in the Al-Mg 

system. The results show that the DS model can accurately predict the segregation behavior 

in a larger NC structure using the parameters from a smaller one. This indicates that it can be 

successfully used to predict the GB segregation with different grain sizes since the GB volume 

fraction intrinsically contains the grain size information. It further confirms the necessity of 

the varying GB volume fraction. 

(5) An increase in prediction error was observed at elevating temperatures in Al-Mg using the DS 

model, even though the maximum error was only 6%. This can be attributed to the temperature 

dependence of solute-solute interactions which can be overcome by linear simplification of 

the additional solute-solute interaction term. 

In summary, the DS segregation is a reliable model to predict the GB segregation behaviors in various 

binary systems. The prediction accuracy is independent of grain sizes. Nevertheless, future work is 

still needed to explore the dependencies of GB volume fraction on temperatures, grain sizes, and total 

solute concentrations. This study provides a novel method to predict solute segregation at GBs at 

finite temperatures with significant accuracy. 
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Supplementary Table 1 Hybrid Molecular Dynamics/Monte Carlo (MD/MC) parameters for the Al-Mg system 

with 𝜅 = 1000 were obtained by test runs at 300 K. c0 indicates the desired solute concentration, while ∆𝜇0 is 

the chemical potential difference between the solvent and solute species. The Xtot and X̅gb are the total solute 

concentration and grain boundary (GB) solute concentration after hybrid MD/MC simulations, respectively. The 

colored region in the table below indicates the total solute concentrations that secondary phases can be observed 

after the hybrid MD/MC simulations. 

c0×100, at.% 1 2 3 4 5 6 7 8 10 

∆𝜇0 -1.683 -1.759 -1.847 -1.811 -1.860 -1.877 -1.885 -1.891 -1.890 

Xtot, at.% 1 2 3 4 5 6 7 8 10 

X̅gb, at.% 5.2 9.8 13.5 16.2 18.1 19.4 20.6 21.2 22.4 

 

 

Supplementary Table 2 Hybrid MD/MC parameters for the Al-Ni system with κ = 1000 were obtained by test 

runs at 300 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. The colored region in the table below indicates the total solute concentrations 

that secondary phases can be observed after the hybrid MD/MC simulations. 

c0×100, at.% 1 2 3 4 5 6 7 

∆𝜇0 2.261 2.189 2.156 2.081 2.053 2.051 2.045 

Xtot, at.% 1 2 3 4 5.1 6.1 7.1 

X̅gb, at.% 5.1 9.6 13.1 15.9 18.1 20 22.2 
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Supplementary Table 3 Hybrid MD/MC parameters for the Ag-Ni system with κ = 1000 were obtained by test 

runs at 300 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. 

c0×100, at.% 1 2 3 4 5 6 7 8 9 10 

∆𝜇0 1.078 1.083 1.089 1.093 1.106 1.109 1.113 1.115 1.119 1.121 

Xtot, at.% 1.1 2.1 3.1 4.1 5.1 6.1 7.1 8.1 9.1 10.1 

X̅gb, at.% 5.1 9.4 13.4 17 20.3 23.3 25.9 28.1 30.2 32.1 

 

 

 

Supplementary Table 4 Hybrid MD/MC parameters for the Ag-Cu system with κ = 1000 were obtained by test 

runs at 300 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. 

c0×100, at.% 1 2 3 4 5 6 7 8 9 10 

∆𝜇0 0.726 0.711 0.702 0.693 0.679 0.668 0.661 0.652 0.639 0.631 

Xtot, at.% 1 2 3 4 4.9 6 7 8 9 10 

X̅gb, at.% 4.5 8.8 13.1 17.3 20.4 25.1 28.5 31.8 34.8 37.6 

 

 

 

 

Supplementary Table 5 Hybrid MD/MC parameters for the Al-Mg system with κ = 1000 were obtained by test 

runs at 400 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. 

c0×100, at.% 1 2 3 4 5 6 7 

∆𝜇0 -1.703 -1.756 -1.795 -1.825 -1.837 -1.851 -1.859 

Xtot, at.% 1 2 3 4 5 6 7 

X̅gb, at.% 5.2 9.4 12.7 14.9 16.6 18.3 19.4 
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Supplementary Table 6 Hybrid MD/MC parameters for the Al-Mg system with κ = 1000 were obtained by test 

runs at 500 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. 

c0×100, at.% 1 2 3 4 5 6 7 

∆𝜇0 -1.715 -1.749 -1.775 -1.792 -1.801 -1.827 -1.837 

Xtot, at.% 1 2 3 4 5 6 7 

X̅gb, at.% 5.0 8.6 11.5 13.6 15.1 16.6 17.8 

 

 

 

Supplementary Table 7 Hybrid MD/MC parameters for the Ag-Ni system with κ = 1000 were obtained by test 

runs at 500 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. 

c0×100, at.% 1 2 3 4 5 6 7 8 9 10 

∆𝜇0 1.229 1.283 1.301 1.315 1.319 1.327 1.338 1.349 1.357 1.378 

Xtot, at.% 1 2 3 4 4.9 5.9 6.9 7.9 8.9 9.9 

X̅gb, at.% 4.5 8.6 12.4 15.9 19.1 22.0 24.6 27.0 29.3 31.5 

 

 

 

Supplementary Table 8 Hybrid MD/MC parameters for the Ag-Ni system with κ = 1000 were obtained by test 

runs at 700 K. The Xtot and X̅gb are the total solute concentration and GB solute concentration after hybrid 

MD/MC simulations, respectively. 

c0×100, at.% 1 2 3 4 5 6 7 8 9 10 

∆𝜇0 1.309 1.351 1.375 1.379 1.388 1.393 1.395 1.401 1.365 1.381 

Xtot, at.% 1 2 3 4 4.9 5.9 6.9 8 9 10 

X̅gb, at.% 3.8 7.7 11.4 14.7 17.6 20.3 22.6 24.9 26.5 28.4 
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Supplementary Fig. 1 Comparison of prediction errors between (a) without and (b) with linear simplification 

in additional solute-solute interactions in Al-Mg at 300, 400, and 500 K, respectively. 
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Supplementary Fig. 2 Solute distributions after hybrid MD/MC simulations in Ag-Ni 10 at.%, at (a) 300 K, (b) 

500 K, and (c) 700 K, respectively. The green spheres are face-centered cubic (FCC) atoms, while the gray ones 

denote the GB atoms. The navy spheres represent Ni atoms. It shows that almost all the Ni atoms as clusters 

segregate to GBs after hybrid MD/MC simulations at different temperatures. These solute atoms concentrate at 

high-order junctions. 

 


