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Abstract: This study aims to clarify the mechanisms for the grain boundary (GB) segregation through investigating the 
absorption of excess solute atoms at GBs in Al−Cu alloys by using the hybrid molecular dynamics/Monte Carlo 
simulations. Two segregation mechanisms, substitutional and interstitial mechanisms, are observed. The intergranular 
defects, including dislocations, steps and vacancies, and the intervals in structural units are conductive to the prevalence 
of interstitial mechanism. And substitutional mechanism is favored by the highly ordered twin GBs. Furthermore, the 
two mechanisms affect the GB structure differently. It is quantified that interstitial mechanism is less destructive to GB 
structure than substitutional one, and often leads to a segregation level being up to about 6 times higher than the latter. 
These findings contribute to atomic scale insights into the microscopic mechanisms about how solute atoms are 
absorbed by GB structures, and clarify the correlation among intergranular structures, segregation mechanisms and 
kinetics. 
Key words: grain boundaries segregation; Al−Cu alloy; intergranular structure; molecular dynamics simulation; Monte 
Carlo simulation 
                                                                                                             

 
 
1 Introduction 
 

Grain boundary (GB) segregation is a 
ubiquitous phenomenon in polycrystalline materials 
during which excess solute atoms, driven by GB 
energy reduction, move toward GBs from the bulk 
of grains. This often leads to solute enrichment at 
GBs with an amazing level exceeding the 
concentration in the bulk of grains by 2−3 times  
and sometimes even by up to several orders of 
magnitude [1]. Such a dramatic change in chemical 
composition around the GB could be essentially 
attributed to the imperfections of the GB structure. 

In reverse, researchers have found that solute 
enrichment may bring significant changes to GB 
behaviors and ultimately to the properties of 
materials [2−6]. On the one hand, detrimental 
effects might be brought. The enrichment of Cu 
atoms at GBs significantly changes the chemical 
composition around GB and may induce GB 
precipitation, which substantially undermines the 
plasticity and corrosion resistance of the Al−Cu 
alloys [7,8]. On the other hand, GB segregation has 
been employed as an important strategy to improve 
materials properties and design new materials [9−11]. 
This can increase the thermodynamic stability of 
nanoscale polycrystalline materials, inhibiting the  

                       
Corresponding author: Sai TANG, Tel: +86-731-88877825, E-mail: s.tang@csu.edu.cn; 

Yong DU, Tel: +86-731-88877300, E-mail: yong-du@csu.edu.cn 
https://doi.org/10.1016/S1003-6326(24)66661-6 
1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)  



Xiong SHUAI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1−12 2 

coarsening of nanograins [12]. Therefore, GB 
segregation has aroused great interests from the 
community of materials science in the last  
decades [13−15]. 

Unraveling the interactions between solute 
atoms and GB structure is the key to understand the 
physical mechanisms of GB segregation. Essentially, 
GB segregation is determined by GB intergranular 
structures, including dislocations, vacancies, small 
steps, structural units (ordered arrangement of small 
atom groups, often showing polyhedral shape), and 
so on [16,17]. Since GB segregation is confined to 
the narrow GB region with a width of the nanoscale, 
it is conceivable that such intergranular structures 
are responsible for absorbing and accommodating 
segregated atoms. Theoretically, the analytical 
models such as Gibbs Adsorption Isotherm, 
Langmuir−Mclean Isotherm, and GB density model 
have established the thermodynamic correlations 
between the solute segregation level and GB 
features [18−21]. These theoretical models have 
verified the influences of GB properties on solute 
segregation, providing us valuable approaches to 
estimate GB segregation. However, neglecting the 
atomic-scale information of GB structure, they 
failed to capture the interaction between the 
adsorption of solute atoms and GB structures. By 
combining transmission electron microscopy (TEM) 
characterization with atom probe tomography (APT) 
measurement, experimental studies have quantified 
the distribution of enriched solute atoms in GBs as 
well as the relationship between GB misorientation 
and solute enrichment [22−24]. Nevertheless, it is 
still technically challenging to explain the 
mechanisms about how the intergranular structures 
absorb excess solute atoms through experimental 
characterizations. This prevents us from a 
microscopic view of the mechanism of solute 
segregation in GBs. Specifically, we need to know 
how the intergranular structures interact with 
foreign solute atoms, and more importantly, where 
the segregated atoms are. 

In this study, by using the hybrid molecular 
dynamic (MD)/Monte Carlo (MC) method [25,26], 
we contrive to address the fundamental problem 
how GBs absorb and accommodate enriched solute 
atoms on the atomic scale. The hybrid MD/MC 
simulations have shown the potential to study   
the microscopic mechanisms of structural and 

compositional evolution for phase transformations 
and chemical reactions. However, these researches 
mainly focused on the interaction among different 
components. An in-depth understanding on the 
mechanisms of the interaction between GB 
segregation sites and solute atoms is still lacking. 
Here, the hybrid MD/MC simulation is employed  
to study this issue in Al−Cu binary alloys. The 
significance of this study is that it clarifies both  
the atomic scale physics of structural and 
compositional evolutions in GB segregation on  
the atomic scale. This work enhances our 
understanding on the fundamental issues of GB 
segregation, such as how GB segregation proceeds 
and the intimate correlations among GB structure, 
GB segregation mechanism and the kinetics of GB 
segregation. 
 
2 Method and simulation details 
 

The hybrid MD/MC simulations are performed 
using the large-scale atomic/molecular massively 
parallel simulator (LAMMPS) program [27]. As 
shown in Fig. 1(a), Cu atoms entering into the 
matrix are resulted from the combined action of 
MD and MC steps, rather than additional artificial 
manipulation. The MD steps are responsible for 
equilibrating atoms. Based on the variation of free 
energy, the MC step could delete or insert atoms, 
exchange atom positions, and decide whether or not 
to add a Cu atom at a site. Combining the MD and 
MC steps by suitable potential function, we could 
describe the process of solute segregation. 

The embedded-atom method (EAM) potentials 
for the Al−Cu system developed by LIU et al [28] 
are adopted in our simulations. The integration time 
step for MD simulations is 1 fs. The initial GB 
samples are first equilibrated to the minimum 
potential energy state using a conjugate gradient 
minimization technique and then are relaxed with a 
Nose–Hoover thermo/barostat for 20 ps under zero 
pressure at 100 K [29]. 

A variance-constrained semi-grand canonical 
ensemble (VC-SGC) is used to perform MC steps 
[30]. In a system that N particles are confined 
within a box of volume V at temperature T, each 
particle carries a spin value of 0 or 1. The partition 
function (ZV) of the VC-SGC ensemble in terms of 
the canonical one is expressed as 
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Fig. 1 Sketch of operating mode for MD/MC hybrid simulation (a), and construction of atomic configuration of initial 
GB Ʃ113(998) in simulation (b) 
 

[ ]1
V C0

( , , )= ( , )exp ( ) dZ c βNc Nc cφ κ Λ Λ φ κΖ − +∫  

                    (1)  
where { }= , , N V TΛ  is the set of independent 
thermodynamic variables [30], Lagrange multipliers 
φ and κ are related to constraints on the first and the 
second moments of the concentration respectively,  
c is the solute concentration, ZC is the partition 
function for the canonical ensemble, and β=1/(kBT). 
The reservoir of the VC-SGC ensemble is 
controlled by two independent parameters, φ and κ. 
Compared with the SGC ensemble, the VC-SGC 
ensemble is more suitable to study equilibrium 
properties of multiphase systems [30]. In addition, 
the MC algorithm for sampling the VC-SGC 
ensemble is very similar to that of the SGC 
ensemble. For more details about the MC 
simulation with VC-SGC ensemble and the related 
MC algorithm, readers could refer to Refs. [30,31]. 
In the MC steps, κ=1000 and the initial chemical 
potential is set as 1 [30]. 

In the MD/MC steps, a Nose–Hoover thermo/ 
barostat with zero pressure at 500 K is used, and 
MC step switches occur after every 10 or 100 MD 
steps, with the global concentration fixed to be 
1.1 at.% Cu by adjusting the chemical potential 
difference during the simulation. A MC step is 
followed by relaxation in an NPT (Number−Pressure− 
Temperature) ensemble for 0.1 ps under zero pressure 
at a given temperature. This procedure would be 
repeated until the equilibrium configuration is 
reached. The simulation stops when the absolute 
value of the slope of the potential energy over the 
last 400 ps of MD simulation is less than 1 eV/ps. 

After equilibration and cooling, each system is 
relaxed at 100 K for an additional 150 ps.      
For statistical purposes, six thermodynamically 
equivalent configurations of each system are  
stored (every 10 ps) during the last 50 ps of the 
equilibration process. 

In this work, four 〈110〉 symmetric tilt GBs, 
the twin GB Ʃ3(111), Ʃ113(998) (the vicinal GB to 
the twin GB), Ʃ19(331) (a normal high angle tilt 
GB), and Ʃ201(11,20) (a low angle tilt GB), are 
selected. As shown in Fig. 1(b), being similar to 
pure MD simulations, the initial atom configuration 
of GB Ʃ113(998) is constructed by ATOMSK [31]. 
The simulation box is approximately 18 nm in 
length, 18 nm in width, and 3−4 nm in thickness, 
and contains about 50000 atoms. It should be noted 
that the specific size of the samples for different 
GBs may be slightly different. As shown in 
Fig. 1(b), the GB Ʃ113(998) with length of 18 nm 
contains four intergranular steps. Besides, within 
the same GB length, there are nine intergranular 
dislocations in GB Ʃ201(11,20), and even more 
structural units in GB Ʃ3(111) and GB Ʃ19(331). 
The number of discrete intergranular structures 
contained in the four GBs with a length of 18 nm is 
geometrically sufficient for the periodic boundary 
condition. The concentrations for all the simulation 
samples are set as Al−1.1at.%Cu. The atomic 
configurations are visualized by using the open- 
source visualization tool OVITO [32]. 
 
3 Result and discussion 
 
3.1 Grain boundary structure characterization 

Figure 2 shows the GB energy and GB density 
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Fig. 2 GB energy and GB atom number density as function of tilt angle (θ) for 〈110〉 tilt GBs (a), and atomic 
configurations of relaxed Ʃ3(111), Ʃ113(998), Ʃ19(331) and Ʃ201(11,20) GBs (b) 
 
(atom number density) [33] of 〈110〉 tilt GBs for 
pure Al, as well as the atomic configurations of  
four selected 〈110〉 symmetric tilt GBs. The GB 
density ρGB (GB atom number density), i.e., the 
total number of atoms per unit volume near the 
grain boundary, is calculated as ρGB=Ntotal/VGB, 
where Ntotal is the total number of atoms in the thin 
slab (with a thickness of 0.6 nm) around GB plane, 
and VGB is the volume of the thin slab. Essentially, 
the GB density is thermodynamically related to GB 
energy, and is thermodynamically consistent with 
the GB excess free volume in measuring the GB 
properties [6]. Besides, the variation of GB 
concentration and structure caused by solute 
segregation can be intuitively characterized by GB 
density [5,6]. 

The values of GB energy and dependences  
on GB misorientation (θ) calculated in this work  
agree well with previous experimental [34],   
EAM [35] and DFT [36] results. Two local 
minimum values of GB energy correspond 
respectively to the twin GB Ʃ3(111) and the GB 
Ʃ11(113). The change of GB density with the 
misorientation (θ) shows generally an opposite 
trend with the variation of GB energy with θ except 
the range from 120° to 160°, and two maxima of 
GB density also correspond respectively to the twin 
GB Ʃ3(111) and the GB Ʃ11(113). The opposite 
trend has also been found in previous studies [6,33]. 
In addition, the conflict of the opposite trend when 
θ ranges from 120° to 160° may probably be caused 
by the errors of the MD/MC calculations. In fact, 
the experimental and EAM results in Fig. 2(a) show 

that the GB density increases monotonically with θ 
ranging from 120° to 160°. 

The atomic configurations of the intergranular 
structures in the four selected GBs are investigated, 
as shown in Fig. 2(b). Here, GB density and GB 
energy are used to describe GB structures. The GB 
density is calculated through dividing the total 
number of atoms along the GB with a width of 
0.6 nm by the corresponding volume. The twin GB 
Ʃ3(111) is composed of a periodic arrangement of a 
single structural unit, which can be classified as the 
first level according to PAIDAR’s hierarchical 
classification [37]. The Ʃ113(998) GB is generated 
by rotating the abutting grains of the twin GB 
Ʃ3(111) with a small angle of 3.1°. Its intergranular 
structure is nearly the same as that of the twin GB 
Ʃ3(111), except periodically distributed small steps 
along the 〈110〉 direction. The steps lead to a steep 
increase in the GB energy and a steep decrease in 
the GB density compared with twin GB Ʃ3(111).  
As a general high angle GB, GB Ʃ19(331) is 
constituted by two types of structural units arranged 
periodically and alternately. Besides, the low angle 
tilt GB Ʃ201(11,20) with a misorientation angle of 
8.09° is studied. Its intergranular structure is an 
array of edge dislocations. 
 
3.2 Dependence of solute segregation on GB 

structure 
The amount of GB segregation and 

distribution of solute Cu atoms in GBs for an 
Al−1.1at.%Cu alloy is quantified, as shown in 
Fig. 3. The dependence of the solute concentrations  
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Fig. 3 GB segregation as function of misorientation angle (θ) in Al−1.1at.%Cu alloy (a), and atomic snapshots of GBs 
Ʃ3(111) (b), Ʃ113(998) (c), Ʃ19(331) (d), and Ʃ201(11,20) (e) after segregation 
 
in GBs on the misorientation angle (θ) of the tilt 
〈110〉 GBs is very similar to that of the GB energies. 
Being similar to the GB energy, two minima at  
the twin GB Ʃ3(111) and the GB Ʃ11(113) are 
observed. In particular, the solute concentration at 
Ʃ3(111) GB is approximately 1.1 at.% Cu, which is 
basically the same as that in the matrix phase. Such 
a low amount of segregation suggests that the twin 
GB is disadvantageous to absorb solute atoms from 
abutting grains. The atomic configuration of the 
twin GB with about 1.1 at.% Cu atoms in Fig. 3(b) 
indicates that the twin GB provides few site for 
foreign Cu atoms, and the segregated Cu atoms 
have to replace the original Al atoms via a 
substitution way. 

However, surprisingly, the solute concentration 
of Ʃ113(998) GB increases significantly, although 
GB Ʃ113(998) deviates slightly from the twin GB 
by merely 3.1°. Experimental studies have also 
reported similar dramatic variation in the solute 
segregation of the vicinal GBs to the twin GB [38]. 
Such dependences of solute segregation on GB 
misorientation are in good agreement with APT 
quantifications [38]. Further, our simulations 
explain this steep variation by characterizing the 
distribution of solute atoms in intergranular 
structures on the atomic scale. The atomic-scale 
characterizations of the GB structure in Fig. 3(c) 
clearly confirm that the intergranular small steps in 
GB Ʃ113(998) are responsible for the steep increase 
of segregated solute atoms. The defects around the 
steps produce additional intervals to capture Cu 
atoms, as shown in the right panel of Fig. 3(c). In 
recent years, atomistic hybrid MD/MC simulations 

of solute segregation in nanocrystalline alloys have 
also verified that the introduction of intergranular 
steps in twin GBs contributes to substantial increase 
of solute enrichment [39−42]. 

For the general high angle GB Ʃ19(331), it is 
found that the segregated Cu atoms are mainly 
located inside the intervals of the polyhedral 
structural units. As shown in the right panel of 
Fig. 3(d), the two periodically arranged structural 
units provide plenty of intervals to arrest Cu atoms. 
This contributes to a high amount of segregation, as 
quantified by Fig. 3(a). In contrast, the low angle 
tilt GB Ʃ201(11,20) provides much less site to 
accommodate the segregated Cu atoms. As shown 
in Fig. 3(e), the atomic configuration for GB 
Ʃ201(11,20) demonstrates that the intervals of the 
cores of the discrete intergranular dislocations 
provide most space for Cu atoms. The solute 
segregation is limited by dislocation density in the 
GB, and thus the amount of segregation is generally 
lower than that of the high-angle GBs. 

The results demonstrate that the intergranular 
nanostructures determine the amount of solute 
segregation, and more importantly the microscopic 
mechanisms for the adsorption of solute atoms into 
GBs. Compared with experimental studies about the 
dependency of segregation on GB misorientation 
angle (θ) [38], our simulation results unravel  
further the microscopic view how intergranular 
nanostructure accommodates segregated atoms, i.e., 
where the segregated atoms are. 
 
3.3 Influence of solute segregation on GB structure 

Figure 4 presents the influences of segregated 
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Fig. 4 GB density and atomic configuration of GB plane as function of GB segregation concentration for GB    
Ʃ3(111) (a), Ʃ113(998) (b), Ʃ19(331) (c), and Ʃ201(11,20) (d) 
 
Cu atoms on the GB structure. The variation of GB 
structure is quantified by the variation of GB 
density due to the increase of solute Cu atoms.  
The inset figures are snapshots of the atomic 
configurations of GB planes at different segregation 
levels. Inset figures I and II in Fig. 4(c) are the 
enlarged views of the enclosed regions I and II in 
atomic snapshots of the GB plane, respectively. 
Theoretically, the accumulation of solute Cu atoms 
at GBs (CGB) could increase the GB density [1]. 
However, an interesting phenomenon occurs at the 
twin GB Ʃ3(111). Its GB density shows a sharp 
downward trend with increasing Cu atoms. To 
explain it, we investigate the atomic configurations 
and the distribution of solute atoms in the GB  
plane ({111} plane of the fcc lattice) with different 
amounts of solute segregation, as shown by the 
inserted figures in Fig. 4(a). As the close-packed 
plane, the GB plane of the twin GB Ʃ3(111) is hard 
to absorb solute atoms. But its structural perfection 
is sensitive to segregated Cu atoms. Figure 4(a) 
clearly shows that the segregated Cu atoms 
undermine their surrounding close-packed structure 

in the twin GB plane. It is found that Cu atoms are 
segregated to the GB by substituting Al atoms. Thus, 
the original Al—Al bonds (about 2.86 Å) are 
replaced by much shorter Al—Cu bonds (about 
2.53 Å), causing local strains around Cu atoms [43]. 
The surrounding ordered local hcp structures in the 
GB plane are decomposed, giving rise to vacancies 
and local disorder structures, as shown by the 
enlarged view of the dashed box in Fig. 4(a). Such 
non-close packed structures increase with the 
accumulation of Cu atoms on GBs, causing a 
substantial decrease in GB density. 

Interestingly, the segregation of Cu atoms to 
the GB (Ʃ113(998)) is very different. As shown in 
Fig. 4(b) and Fig. 2, its GB plane is actually a 
vicinal plane to the {111} plane (the GB plane of 
the twin GB). It is characterized by periodically 
distributed {111} terraces which are separated   
by intergranular 〈110〉 steps. Though close-packed 
{111} terraces are disadvantageous to capture Cu 
atoms, the non-close packed intergranular steps 
containing plenty of kinks, intervals, vacancies etc., 
act as energetically-favored sites to accommodate 
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foreign Cu atoms. Almost all the segregated Cu 
atoms are located at the intergranular steps. The 
adsorption of Cu atoms to the loose steps 
consequently leads to an increase in the GB density 
when the segregation amount (concentration of 
segregated Cu at the GB) is less than 3 at.%. 
However, as the segregation amount increases, 
intergranular steps are gradually fulfilled by 
segregated Cu atoms, and finally are unable to 
accommodate more Cu atoms. In this circumstance, 
Cu atoms have to move to the close-packed {111} 
terraces by substituting Al atoms in the same way  
as solute segregation at the twin GB in Fig. 4(a). 
Thus, GB density decreases accordingly when   
the GB segregation amount is more than 3 at.%. 

As shown in Fig. 4(c), for the high angle tilt 
GB Ʃ19(331), the number of intergranular 〈110〉 
steps in its GB plane (marked by dashed lines in the 
inset figures) is larger than that of Ʃ113(998). It is 
clearly shown that plenty of Cu atoms are absorbed 
by such steps. Besides, Fig. 3(c) shows that the 
polyhedral intervals of structural units in GBs can 
also capture Cu atoms. The sufficient absorption 
sites of Cu atoms on this GB contribute to a higher 
segregation amount than twin GB and its vicinal 
GB Ʃ113(998). Obviously, the absorption of Cu 
atoms into steps and the intervals of structural units 
increase the GB density. 

At the low-angle GB, Cu atoms are mainly 
concentrated around the dislocation cores, as shown 
in Fig. 4(d). Polyhedral intervals around the 
dislocations are characterized by Fig. 2 and 
Fig. 3(b), and the vacancies around dislocation 
cores can absorb Cu atoms. This results in a 
substantial increase in GB density when the GB 
segregation amount is less than 2 at.%. However, as 
the amount of Cu atoms increases, the dislocations 
core cannot accommodate more Cu atoms, and Cu 
atoms are segregated to GBs in a substitutional way 
like the twin GB also, making the GB density 
decrease when the Cu concentration is higher than 
5 at.%. 

Moreover, band orientation order Q6 [44,45]  
is employed to quantify the structural order of the 
GB region within a slice of 1.4 nm in thickness. Q6 
has been used to identify atoms with various local 
structures. Usually, 0.554 < Q6 < 0.594 represents the 
fcc structure, and the farther away from this value, 
the lower the order of the structure [46]. As more 

and more Cu atoms are segregated to GBs, the 
order of GB decreases and converges gradually, 
implying a change in the GB structure. Among the 
four GBs, the twin GB with the highest order 
(Q6=0.517), decreases most steeply and becomes 
the most disordered one even with a very low GB 
concentration of 2 at.%, as shown in Fig. 5. As 
discussed above, the accumulated local strain 
resulting from substitutional Cu atoms in the twin 
GB could significantly undermine rigid twin GB, 
and lead to the formation of a disordered structure. 
For the Ʃ201(11,20) with a slightly lower structural 
order, its order decreases at a smaller rate than the 
twin GB, but much faster than GBs Ʃ19(331) and 
Ʃ113(998). The results indicate that the GB    
with a higher order is more susceptible to being 
undermined by the segregated atoms. 
 

 
Fig. 5 Dependence of mean band orientation order (Q6) 
on GB solute concentration (CGB) at different GBs 
 

In contrast, although the normal GB Ʃ19(331) 
presents a much lower crystal order with Q6=0.485, 
its order decreases much more gently as GB 
concentration increases. This is because the GB 
Ʃ19(331) is a loose structure with plenty of 
intervals to accommodate solute atoms, thus 
owning a higher tolerance for the amount of 
segregation. As a result, the GB Ʃ19(331) exhibits 
the highest structural order after solute segregation. 
By comparing the Q6 evolution of GB Ʃ19(331) 
with that of the twin GB, it is demonstrated that the 
change of GB structure with solute segregation is 
related to the segregation mechanism. Solute atoms 
absorbed by intervals undermine GB structure  
order less than solute atoms segregated by the 
substitutional mechanism. 
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3.4 Atomic scale mechanisms of GB segregation 
Two atomic mechanisms for GB segregation 

are found: (1) Substitutional segregation, during 
which Al atoms are replaced by solute atoms;    
(2) Interstitial segregation, during which solute Cu 
atoms are inserted into the kinks, vacancies,    
and intervals inside GBs. The substitutional 
segregation dominates when there are very limited 
energetically-favored sites accommodating foreign 
solute atoms, e.g., the twin GB, some special 
coincidence site lattice GBs, and low angle tilt GBs. 
As shown in Fig. 6(a), the substitutional segregation 
could proceed through two steps: first, an Al atom 
is squeezed out and replaced by a vacancy, and 
second, the vacancy is filled by segregated Cu 

atoms. In contrast, interstitial segregation prevails 
when there are plenty of adsorption sites in GBs, 
especially small steps and structural units with large 
intervals. The interval of the structure units in 
Ʃ19(331) in Fig. 6(b) and the core of dislocation in 
small angle GB in Fig. 6(c) provide ‘rooms’ to 
accommodate the segregated atoms. Figure 6(d) 
describes how the foreign Cu atoms are captured by 
local clusters in GBs through the two segregation 
mechanisms. Often, both segregation mechanisms 
occur simultaneously in the solute segregation 
processes. 

Figure 7 presents the relative contributions of 
two mechanisms to total segregation of above four 
GBs. As shown in Fig. 7(a), substitutional segregation 

 

 
Fig. 6 Atomic scale segregation mechanism of GBs Ʃ3(111) (a), Ʃ19(331) (b) (The inset images represent the view 
along the [110] crystal direction), and Ʃ201(1120) (c); Schematic diagram of segregation mechanisms for structural 
units from twin GB Ʃ3(111) and GB Ʃ19(331) (d) 
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Fig. 7 Quantification of segregation kinetics affected  
by segregation mechanisms: (a) Contribution of 
substitutional segregation; (b) GBs concentration vs bulk 
phase concentration (CBK) 
 
is dominant for solute segregation in the twin GB, 
but its weight decreases with Cu concentration in 
GBs. The substitutional segregation in the twin GB 
may lead to local strains around the segregated 
atoms, undermining the perfection of the lattice   
as the segregation level increases, as shown in 
Figs. 4(a) and 7(a). Then, the imperfect structures 
provide additional sites for interstitial segregation. 
Consequently, the weight for interstitial segregation 
increases as the segregation level increases. In 
contrast, when the interstitial sites in GBs are 
sufficient, the interstitial mechanism dominates 
significantly over the substitutional mechanism. 
However, as the interstitial sites are consumed by 
Cu atoms gradually, the substitutional mechanism 
becomes popular when such interstitial sites are 
exhausted, as exemplified by the segregation     
of the low-angle tilt GB, Ʃ201(11,20). In general, 
interstitial segregation is more prevalent because 

the GB is a relatively non-close packed structure 
with many imperfections. 

The relationship between segregation level  
and grain bulk concentration is also studied. The 
dependence of the GB concentration (CGB) on grain 
bulk concentration (CBK) is quantified in Fig. 7(b). 
Here, segregation level k is defined as the ratio of 
CGB to CBK. Results show that twin GBs dominated 
by substitutional segregation exhibit lower 
segregation levels compared to normal high angle 
GB Ʃ19(331) dominated by interstitial segregation. 
The segregation level of the small angle GB 
Ʃ201(11,20) is higher than that of the twin GB  
due to the interstitial segregation at the cores of 
intergranular dislocations. The normal high angle 
GB Ʃ19(331) presents a complex variation of 
segregation level with the concentrations of grain 
bulk. The interstitial segregation mechanism 
dominates when the concentration of the bulk phase 
is less than 0.7%. This leads to a very high level of 
segregation, being about 10.4 which is nearly 6 
times higher than that at k=1.8 of the twin GB 
dominated by substitutional segregation. However, 
as the sites for interstitial segregation are consumed 
gradually, substitutional segregation emerges and 
its weight increases gradually, and the segregation 
level decreases to about 3.3, much smaller than the 
segregation level for interstitial segregation. The 
results indicate that the segregation level is 
profoundly affected by the relative weight of the 
segregation mechanisms. 
 
4 Conclusions 
 

(1) The segregated atoms could profoundly 
affect GB structure. GB structures are prone to be 
undermined by segregated atoms. As the amount of 
segregated atoms increases, it is quantified that the 
order of GB structure decreases and converges 
gradually. In addition, the GB with a higher 
structure order is more susceptible to being 
undermined by segregated atoms. 

(2) Two segregation mechanisms are found, 
namely the substitutional and interstitial segregation 
in different GBs. Both mechanisms work together 
on GB segregation but with different weights. The 
popularity of intergranular defects is conductive to 
the prevalence of interstitial mechanism, while 
substitutional mechanism is favored by the GBs 
with the highly ordered twin GB. 
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(3) The correlation among the level of GB 
segregation, segregation mechanisms and GB 
structure are illustrated. Structure order analysis 
demonstrates that interstitial atoms are more 
harmful to GB structure order than substitutional 
ones. Also, it is quantified that the GBs segregation 
dominated by interstitial mechanism tends to lead to 
a much higher level (up to about 6 times) than by 
substitutional mechanism. 
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铝铜合金晶界偏析微观机理的原子尺度研究 
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摘  要：通过采用分子动力学/蒙特卡洛联合模拟方法模拟铝铜合金中的过剩溶质原子在晶界的偏析过程，从而揭

示晶界偏析的原子尺度微观机理。研究发现，晶界偏析过程中存在置换偏析和间隙偏析两种原子迁移机制。间隙

偏析主要发生在晶界缺陷如位错、台阶面、空位和结构单元的空隙中；而置换偏析主要发生在具有较高有序度的

孪晶界中。两种偏析机制对晶界结构的影响完全不同，间隙机制对晶界结构的破环性小于置换机制，并能够形成

比后者更高(可达 6 倍)的溶质偏析程度。研究结果揭示了过量的溶质原子被吸附到晶界的原子尺度微观机理，并

阐明了晶间结构、晶界偏析机理和偏析动力学之间的内在联系。 

关键词：晶界偏析；铝铜合金；晶间结构；分子动力学模拟；蒙特卡洛模拟 
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