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INFLUENCE OF CARBON AND OXYGEN IMPURITIES ON 
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Using molecular dynamics simulation, this paper studies the influence of impurity atoms of carbon and oxygen 
on the migration velocity of triple junctions of grain boundaries created by misorientations about <111> axis 
in Ni, Ag, Al metals with the face-centered cubic crystal system. It is shown that the addition of impurity atoms 
of light elements substantially constrains the triple junctions from migration. Carbon atoms tend to create 
clusters which become effective locks when fixed at the grain boundaries, thereby preventing their migration. 
Oxygen atoms do not form aggregates, but due to high values of the binding energy between atoms and grain 
boundaries, they effectively inhibit their migration. Binding energies between carbon and oxygen atoms and 
grain boundary dislocations are calculated in metals at issue. The obtained results correlate with the 
dependencies between the migration velocity of the triple junctions and the impurity concentration. 
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INTRODUCTION 

A grain-boundary triple junction is a two-dimensional defect in the crystal structure, where three grain 
boundaries meet. Classical theories of the grain growth in common polycrystalline coarse grained materials usually 
assume that triple junctions are infinitely mobile, and the grain growth occurs due to grain boundary migration [1]. But 
experimental [2, 3] and computer simulation [4, 5] results of the grain growth show that the migration of triple junctions 
is a finite quantity. This finiteness is associated with the fact that the migration of triple junctions is accompanied by 
transformations of the defect structure at the boundary intersection. Works of [2–5] have contributed much to the 
scientific understanding of the triple junction migration in metals. Nevertheless, there are still a number of basic issues 
that needed to be resolved. First of all, it is the accumulation of numerical data concerning structural and energy 
parameters of the triple junction migration in different metals, depending on external and internal factors; a study of the 
influence of impurities, crystal lattice defects and interstitial volume on the migration of triple junctions. 

In our previous research [6, 7], we explored atomistic migration mechanisms of triple junctions of grain 
boundaries created by misorientations about the <100> and <111> axes using molecular dynamics (MD) simulation. It 
was found that migration and lengthening of the low-angle boundary <100> occurred due to splitting of paired 
dislocations with subsequent change of partner dislocations caused by split dislocation glide. Migration of the <111> tilt 
grain boundary occurs through the combined effect of two mechanisms, one of which is described above and another is 
a combined glide of paired dislocations, which have common slip planes. The combined glide of paired dislocations is 
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of rather a low activation energy that makes the boundaries of <111>-oriented grains to migrate faster than that of 
<100>-oriented grains. 

In [8] we considered the effect from the hydrogen impurity on the migration of triple junctions in palladium. It 
was found that the presence of H atoms retarded the grain boundary migration. 

This work investigates the influence of carbon and oxygen impurities on the migration velocity of the triple 
junction of <111> tilt grain boundaries in metals (Ni, Ag and Al) with the face-centered cubic (fcc) crystal system. This 
group of metals is peculiar by the fact that in two of them the atomic radius is almost similar, and in another two similar 
is the electronegativity. Thus, the atomic radius in Al, Ag and Ni is 1.43, 1.44 and 1.24 Å, respectively [9], and 
electronegativity for these metals is 1.61, 1.93 and 1.91 [10].  

MODEL DESCRIPTION 

This work is based on the triple junction configuration and the model of its migration proposed and developed 
in [2–5]. In [4, 5], a two-dimensional MD model is used. However, the two- and three-dimensional models show 
a fundamental difference in the migration mechanism of grain boundaries, especially low-angle boundaries. In the two-
dimensional model, edge dislocations have no periodically located jogs along the dislocation nuclei, which play 
an important role in grain boundary processes, particularly grain boundary diffusion. We therefore decide to create 
a three-dimensional MD simulation box comprising a plate with a thickness of six atomic planes (Fig. 1). This thickness 
is sufficient for the effects associated with angular grain boundary dislocations. The MD simulation box contains 
approximately 50,000 atoms and has 25.9 nm height, 17.2 nm width and 1.2 nm thickness. According to Fig. 1, the 
structure is duplicated along Z-axis infinitely often, i.e. periodic boundary conditions are imposed. The grain boundaries 
are kept fixed at the simulation box periphery. This implies a sustainable orientation of the crystal lattice of three 
different grains at the simulation box edges. The latter are therefore rigidly fixed along X- and Y-axes to maintain the 
given grain misorientation. 

As can be seen from Fig. 1, the migration of triple junctions is caused by the force created by the surface 
tension of boundaries 1 and 2, which drag boundary 3 downward, thus increasing its length, while the length of 
boundaries 1 and 2 is reduced. 

 

Fig. 1. MD simulation box for analyzing migration of triple junction. Dark-grey circles 
indicate fixed atoms at the box periphery (rigid boundary conditions). 
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We consider various combinations of the grain misorientation angles, but most results are obtained for 
junctions with misorientation angles θ1 = 30°, θ2 = 20°, θ3 = 10°. Triple junctions of <111> tilt grain boundaries with 
the specified misorientation angles have rather high mobility that allows studying their migration using MD 
simulations. 

The MD simulation of the interaction between metal atoms was described by the Cleri-Rosato many-body 
potential constructed within the tight binding model [11]. This potential has proven itself in many of our MD model-
based calculations concerning the structure and energy characteristics of metals [15–18]. In order to describe the 
interaction between the impurity atoms of light elements and metal atoms and the interaction of impurity atoms with 
each other, we used Morse pair potentials [12], which have proven themselves in a number of MD model-based 
calculations [13–15]. Parameters of potentials for the description of the interaction of impurity C and O atoms with the 
metal atoms were taken from [12], where they were obtained with regard to empirical dependencies and known 
parameters such as melting point or decomposition temperature of the metal compound and light element, the diffusion 
activation energy of the impurity atom in the crystal lattice of metal. The interaction between impurity atoms in metals 
described in [12] was based on potentials proposed by other authors. In order to describe the С–С interaction, we 
transformed the pair potential from [16] into the Morse potential. The potential proposed in [17] was used to describe 
the O–O interaction. 

Impurity atoms are introduced randomly into the octahedral sites of the simulation box with the triple junction. 
As is known, impurity atoms of light elements such as carbon and oxygen, arrange in octahedral sites of the crystal 
lattice of metals with the fcc crystal system [9]. Modelling of the triple junction migration is carried out at a temperature 
of 0.95·Тm, where Тm is the melting point of metals. The choice of temperature, almost being equal to the melting point, 
is conditioned by the highest migration velocity of the triple junction observed at this temperature. 

RESULTS AND DISCUSSION 

The introduction of impurity atoms of carbon and oxygen substantially constrains the triple junctions from 
migration, which is probably conditioned by high values of the binding energy between the impurity atoms and grain 
boundaries. For low-angle boundaries, the binding energy is close to that of impurity atoms with dislocations. For 
example, in [18, 19], it is reported that the binding energy between carbon atoms and the dislocation in iron ranges 
between 0.4–0.7 eV, whereas in [20], it is 0.5 eV for oxygen atoms in zirconium. Grain boundaries as well as individual 
dislocations form the impurity atmosphere around themselves similar to the Cottrell atmosphere [21]. In this case, the 
migration of grain boundaries significantly reduces, because, as in the case of dislocations, additional energy is required 
to separate the grain boundary from the atmosphere. 

During the MD simulation, carbon atoms tend to form clusters at a relatively high concentration (over 5%) in 
metal, which locate mainly on the grain boundaries, as illustrated in Fig. 2а. These clusters are effective locks that 
prevent the boundary migration, since they reduce the migration velocity of both grain boundaries and triple junction by 
one or two orders of magnitude. 

Unlike carbon atoms which tend to form bonds, oxygen atoms repulse each other in metal [12]. In modelling 
the migration of the triple junction, oxygen atoms do not form clusters, but due to the high binding energy between 
atoms and grain boundaries, they effectively retard their migration. In the case of the oxygen atoms, another effect is 
observed, viz. loosening and increasing of the boundary width (Fig. 2b). In some cases, an additional disordering effect 
of the structure occurs, even with the formation of an amorphous region behind the migrating boundary. The presence 
of the oxygen impurity is likely to complicate the formation of the crystal structure behind the migrating high-angle 
grain boundary. 

Figure 3 gives the dependences between the migration velocity of triple junctions formed by <111> tilt grain 
boundaries with misorientation angles of 30, 20 and 10 degrees at a temperature of 0.95·Тm and the impurity atom 
concentration. As can be seen from Fig. 3, the migration velocity of the triple junction in pure Ni, Ag and Al metals is 
almost similar at different temperatures (1640, 1173 and 887 K, respectively) and at the same melting point of metals 
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(0.95·Тm). Such a relationship between various activation processes and the melting point of metals is often indicated by 
other authors. 

According to Fig. 3, the introduction of impurity atoms of carbon and oxygen in the amount of 5% retards the 
migration velocity of the triple junction by an order of magnitude, and in the amount of 10% – by two orders of 
magnitude. And for aluminum, the migration velocity of the triple junction is not measured at a concentration of carbon 
atoms over 5%, because it stays in place even during long-term (a few nanoseconds) computer simulations.  

The effect of impurities on the triple junction migration in Ag is the smallest in comparison with Ni and Al, 
which is in good agreement with the binding energy between impurity atoms and edge dislocations. The values of the 
binding energy are collected in Table 1. 

    

Fig. 2. MD simulation of triple junctions formed by <111> tilt grain boundaries with 
misorientation angles of 30, 20 and 10 degrees: а – aggregation of C atoms, b – loosening 
of grain boundaries due to O atoms in nickel. Black and gray dots indicate impurity and 
metal atoms, respectively. 

     

Fig. 3. Dependencies between the migration velocity of triple junctions formed by <111> 
tilt grain boundaries with misorientation angles of 30, 20 and 10 degrees at 0.95·Тm and the 
concentration of impurity atoms of carbon and oxygen: а – in Ni, b – in Ag, c – in Al. 



 1844 

The binding energy between the impurity atoms and the dislocation is calculated as the difference between the 
potential energy of the simulation box containing a low-angle tilt boundary and the impurity atom in an octahedral site 
at such a distance from each other, which eliminates the dislocation–impurity atom interaction and the potential energy 
of the simulation box containing the impurity atom in the dislocation nucleus. In both cases, the structure relaxation is 
provided before calculating the binding energy of the simulation box, after which the latter is cooled down to 0 K. The 
position of the impurity atom in the dislocation nucleus is selected such that the binding energy takes on the highest 
value, i.e. the most energetically favorable position in the dislocation. 

CONCLUSIONS 

The influence of impurity atoms of carbon and oxygen on the migration velocity of triple junctions of grain 
boundaries created by misorientations about <111> axis in Ni, Ag and Al metals with the fcc crystal system was studied 
using the MD simulation method. It was shown that the addition of light-element impurity atoms substantially 
constrained the triple junctions from migration. Carbon atoms tended to create clusters which became effective locks, 
when fixed at the grain boundaries and prevented the boundary migration. Oxygen atoms did not form clusters, but due 
to the high binding energy between the atom and grain boundaries, they also effectively retarded their migration. Unlike 
carbon, oxygen atoms loosened and increased the width of migrating boundaries. 

Binding energies between carbon and oxygen impurities and dislocations were calculated for Ni, Ag and Al 
metals. The obtained results correlated with the dependencies between the migration velocity of the triple junctions and 
the impurity concentration. The highest effect of impurities on the migration velocity and the binding energy was 
observed in the Al–C system, and the lowest – in the Ag–O system. 
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