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Abstract. In the present study it was evaluated the diffusion radius of triple junctions of 

<111> and <100> tilt boundaries in Ni, obtained by crystallization, depending on the content 

of free volume. It is shown that diffusion in the area of triple junctions containing excess free 

volume proceeds much more intense than in the case when the additional vacancies were not 

introduced in the calculation block. In the <100> boundaries and junctions formed by them 

during crystallization the free volume dissipated much more efficiently than in the junctions 

formed by the <111> boundaries. For this reason the diffusion radius of the triple junction of 

<100> boundaries at the introduction of 2 % conditional vacancies (about 3.5 Å) less than the 

radius of the junction of <111> boundaries (4-5 Å). 

 

 

1. Introduction  

The triple junction of grains is a linear defect, along which three variously oriented grains or 

three grain boundary surfaces are conjugated. According to numerous experimental data, the 

diffusion along the triple junction proceeds more intensively than along the grain boundaries 

[1, 2], and the triple junction is often characterized by relatively "loose" structure [3] (even 

with inclusion of the amorphous phase [4]) with a higher content of free volume compared 

with the grain boundaries forming the junction. 

In [5] with the help of computer simulation we have analyzed various causes of the 

formation of free volume in the triple junctions and concluded that the excess free volume 

forms in the junctions mainly during crystallization process in the result of "locking" of the 

liquid phase density at a meeting of the three crystallization fronts and, as a consequence, of 

the concentration of excess free volume in the triple junction after solidification. 

Accumulation of Burgers vector at the grain boundary sliding and the formation of dislocation 

or disclination complex in the junction we seem secondary cause. 

The present work is devoted to the study by the method of molecular dynamics of self-

diffusion and determination of the diffusion radius, i.e. the effective radius of the diffusion 

channel, of triple junctions containing excess free volume of <111> and <100> tilt boundaries 

in Ni. Nickel is selected as the well-studied typical fcc metal. The radius of the triple junction 

can be determined by the distribution in space of a local property (the potential energy 

distribution, diffusion permeability etc.) that allocated defect area on a background of pure 

crystal. Earlier, in [6], we carried out a similar study of the effective radius of triple junctions 

by the distribution of potential energy. It was shown that in the <100> boundaries and 

junctions formed by them during crystallization the free volume dissipated much more 

efficiently than in the junctions formed by the <111> boundaries. For the same reason 

effective energy radius of the triple junction of <100> boundaries with the growth of 
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introduced free volume changes little: from 5 to 6 Å, when the radius of the junction of <111> 

boundaries at a content 2 % of conditional vacancies may reach 14 Å. 
 

2. Description of the model 
The simulation was held using the method of molecular dynamics. The triple junctions of tilt 

boundaries with misorientation axes <111> and <100> were considered. The triple junction 

was formed in a center of the computational block by means of conjugation of three grains 

misoriented relative to each other using the rotation around the axis parallel to the line of the 

triple junction. In this study, the angles between the boundaries in the junction were specified 

to be equal to 120°. After cutting the segments, the conjugation of the grains was performed, 

during which the atoms situating at a distance shorter than 0.5 Å from the neighboring atom 

were removed. The final stage was cutting the final cylinder-shaped computational block. The 

example of the computational block with 60 Å radius formed as a result of the above 

described procedures is depicted in Fig. 1. The periodic boundary conditions were specified at 

the cylinder ends (infinite repetition of the cylindrical computational block along axis Z was 

specified). The rigid conditions were specified at the side cylinder surface, and the atoms near 

the side surface were not allowed to move during the computer experiment (in Fig. 1, the 

rigidly fastened atoms are shown dark gray). In this paper we considered the triple junction of 

<111> tilt boundaries with misorientation angles between the three grains of 15°, 15°, 30° and 

<100> tilt boundaries with misorientation angles of 18°, 18°, 36°. 
 

 
 

Fig. 1. Example of computational block with 60 Å radius containing the triple junction of 

<111> tilt boundaries with 15°, 15°, 30° misorientation angles. The atoms that are shown dark 

gray remained immobile during the computer experiment (the rigid boundary conditions). The 

periodic boundary conditions were specified at the cylinder ends. The grain boundaries are 

denoted by the bright dashed lines. The area of radius R to calculate the diffusion coefficient 

along the triple junction is allocated in the figure. 
 

The interactions of nickel atoms with each other were described by the Cleri-Rosato 

potential [7]. The potential developed by Cleri and Rosato within the tight-binding model 

have proven themselves in the molecular dynamics simulation of metallic systems and have 

been more successful test in many parameters [7-10]. The time integration step in the 

molecular dynamics method was equal 5 fs. Temperature in the model was set by changing 

the velocity of atoms in accordance with the Maxwell-Boltzmann distribution. 

The next stage of preparation of the computational block was its melting, the 

introduction of free volume and subsequent crystallization. The computational block is heated 
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to a temperature well above the melting point (3000 К). After the simulated polycrystal 

became liquid, the thermostat was switched in the model and maintaining at a constant 

temperature below the melting temperature was conducted. Rigid boundaries (i.e. atoms 

rigidly fixed on the side surface of the cylindrical calculation block) simulated in this case 

crystallization fronts from three centers of crystallization (crystal clusters – fetuses of the 

solid phase). In [5] we showed that an important circumstance at the meeting of three 

crystallization fronts is the "locking" of the density in the area of the triple junction - the 

density of liquid phase remaining in the junction area, which has not yet crystallized, is lower 

than the density of the crystal phase. This lack of atoms to form an "ideal" triple junction 

leads to the appearance of excess free volume which is concentrated at the crystallization 

process preferably in the triple junction.  

The free volume formed in the junction was calculated. It was shown that the 

concentration of conditional vacancies (i.e. the proportion of missing atoms compared with 

equilibrium triple junctions) can reach 2 % in the junction area. The junctions obtained as a 

result of crystallization of calculation blocks containing different amounts of conditional 

vacancies, from 0 % to 2 % (600 conditional vacancies per 30000 atoms), were considered in 

the present work. 

The computational blocks obtained by above-described method were the starting in 

computer experiments on modeling of self-diffusion in area of the triple junctions. 

 

3. Results and discussion 

Figures 2 and 3 show the pictures of atomic displacements in the projection on XY plane 

(perpendicular to the junction line) in the area of junction of <100> 18°/18°/36° (Fig. 2) and 

<111> 15°/15°/30° (Fig. 3) tilt boundaries during the computer simulation for 150 ps at 

temperature of 1500 K in cases when the vacancies were not introduced into the 

computational block (Fig. 2a and 3a) and when it was introduced 2 % of conditional 

vacancies (Fig. 2b and 3b). 
 

          
a)                                                                     b) 

 

Fig. 2. Atomic displacements in projection on XY plane (depicted by segments) near the 

triple junction of <100> tilt boundaries with 18°, 18°, 36° misorientation angles during 

computer simulation for 150 ps at temperature of 1500 K: a) the vacancies were not 

introduced into the starting computational block; b) 2 % of conditional vacancies was 

introduced. Displacements less than 0.7 Å are not shown. 
 

In cases when additional free volume was not introduced (Fig. 2a and 3a) the diffusion 

displacements of atoms in spite of the high temperature occurred in relatively narrow 

channels along the grain boundaries having (according to the received pictures) visual 

diffusion width of the order 5 Å. This is in accordance with the conventional width of grain 
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boundaries [11, 12]. For <100> 18° (Fig. 2a) and <111> 15° (Fig. 3a) tilt boundaries it can 

clearly be seen "pipe" diffusion (diffusion along grain boundary dislocations) typical for low-

angle tilt boundaries [13], which has significantly lower intensity than along the high-angle 

boundaries: <100> 36° and <111> 30°. 
 

               
a)                                                                     b) 

 

Fig. 3. Atomic displacements in projection on XY plane (depicted by segments) near 

the triple junction of <111> tilt boundaries with 15°, 15°, 30° misorientation angles during 

computer simulation for 150 ps at temperature of 1500 K: a) the vacancies were not 

introduced into the starting computational block; b) 2 % of conditional vacancies was 

introduced. Displacements less than 0.7 Å are not shown. 
 

It can be seen on the above pictures of atomic displacements that in the triple junctions 

containing excess free volume the diffusion is considerably more intense than in the case 

when additional vacancies is not introduced into the computational block. The radius of the 

triple junction, as can be seen from Fig. 2 and 3, is the conventional concept – free volume is 

not concentrated locally in the center of the junction, but also distributed in the grain 

boundaries adjacent to the junction. 

In addition to the displacements of atoms along the grain boundaries and triple junctions 

there are displacements in the grains in Fig. 2b and 3b. This is due to the fact that some 

amount of vacancies formed in the grains during crystallization. 

To study the diffusion radius of triple junctions the self-diffusion coefficient values 

along the junctions were obtained depending on the radius of the calculation area R (Fig. 1). 

For triple junctions, taking into account the fact that the diffusion flux occurred along the axis 

of the cylindrical computational block, evaluation was performed by the coefficient of self-

diffusion along the axis Z: 
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Here z0i and zi – starting and ending Z axis coordinates of the i-th atom; N – number of atoms 

in the calculation area; t - time of the computer experiment. 

Calculation area at determining of the coefficient of diffusion along the triple junction 

had the shape of a cylinder of radius R and length of the computational block (Fig. 1). In the 

computer program, it was possible to combine the center of the calculation area (the axis of 

cylinder) with a line of the triple junction based on the obtained in the simulation picture of 

atomic displacements. 

Figure 4 shows the dependences of self-diffusion coefficient Dz along the considered 

triple junctions on radius R of the calculation area at temperature of 1500 K. Obtained 
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dependences Dz(R) have common features. Firstly, in all cases the self-diffusion coefficient 

increases with decreasing of radius R. This indicates that the diffusion flux is concentrated in 

a relatively narrow area located along the junction line. At that, than the higher values the 

diffusion coefficient Dz reaches with decreasing of radius R, the narrower is the diffusion 

channel. 

With the introduction of 2 % of vacancies before the crystallization, as can be seen on 

the pictures of the atomic displacements above, the triple junction area more blurred and the 

junction has a larger radius. The diffusion coefficient along the junction of <111> tilt 

boundaries takes smaller values in the area of the junction which is due to the relatively more 

"blurriness" of the junction. 
 

   
a) 

 
b) 

 

Fig. 4. Dependences of the self-diffusion coefficient along triple junctions of <100> 

18°/18°/ 36° (a) and <111> 15°/15°/ 30° (b) tilt boundaries on radius R of the calculation area 

at temperature of 1500 К. 1 – additional vacancies were not introduced; 2 – 2% of conditional 

vacancies were introduced. Dashed line - approximation of с1/(R+с2)+с3 type.  
 

Second, the values of the diffusion coefficient along the triple junctions containing 

excess free volume (dependences 2 in Fig. 4) in all cases were higher than the values obtained 
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in the case when additional vacancies were not introduced except values obtained at small 

radiuses of calculation area for the junctions of <111> boundaries. This is explained, as 

already mentioned above, the relatively more "blurriness" of the junction of <111> 

boundaries and diffusion channel. 

The diffusion channel has no clear border, so to determine the size of it the obtained 

curves were complemented by theoretical curves at an assumption that the entire diffusion 

occurs only along the infinitely narrow grain boundaries and triple junction. In this case, the 

discrepancy of curves – the approximation and obtained in the model – will provide an 

opportunity to evaluate the effective radius of the triple junctions. 

As an approximation curves the curves of с1/(R+с2)+с3 form were used, where с1, с2, 

с3 – constants. According to the search method of the diffusion radius of the triple junction, 

described in [10], the dependence Dz(R) should theoretically take the form of с4/R or с5/R
2, 

where с4 and с5 – some constants. The first dependence is obtained if triple junction 

represented as a simple connection of grain boundaries without any structural features, the 

second – if the triple junction has a substantially higher diffusive permeability compared with 

the grain boundaries. In our case neither the first nor the second formulas do not correctly 

described the main part of the received dependences. Therefore the form of approximation 

curves was little changed: с1/(R+с2)+с3, where constants с2 and с3 were relatively small 

values. Such curves are well described the received in the computer model results. With the 

help of these curves is also easily can be identified the discrepancy model and theoretical 

results to determine the effective radius of triple junctions. 

According to the dependences shown in Fig. 4 the diffusion radius of the considered 

junctions of <100> and <111> tilt boundaries did not contain specially introduced free 

volume is relatively small and equal 2-2,5 Å. This radius, however, corresponds to half of 

width of grain boundaries, which once again confirms the conclusions drawn in respect of 

such junctions, that they do not stand out against the background of their constituent grain 

boundaries [10]. The junctions obtained at introduction of 2% additional vacancies have a 

higher diffusion radius: the junctions of <100> boundaries – about 3.5 Å, the junctions of 

<111> boundaries – 4-5 Å. It should be noted that these results do not depend on the 

temperature at which the dependences Dz(R) were received. 

 

4. Conclusion 

In the present study it was evaluated the diffusion radius of triple junctions of <111> and 

<100> tilt boundaries in Ni, obtained by crystallization, depending on the content of free 

volume. It is shown that diffusion in the area of triple junctions containing excess free volume 

proceeds much more intense than in the case when the additional vacancies were not 

introduced in the calculation block.  

In the <100> boundaries and junctions formed by them during crystallization the free 

volume dissipated much more efficiently than in the junctions formed by the <111> 

boundaries. For this reason the diffusion radius of the triple junction of <100> boundaries at 

the introduction of 2 % conditional vacancies (about 3.5 Å) less than the radius of the junction 

of <111> boundaries (4-5 Å). In comparison with the obtained earlier in [6] energy radiuses 

the diffusion radiuses are substantially less: for junctions of <100> tilt boundaries 

approximately two times, for junctions of <111> boundaries approximately three times. The 

intensity of diffusion in a triple junction as a rule unevenly distributed and is higher in center 

of the channel. 
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