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Analysis and modelling

AbstrAct
Purpose: Impurity atoms in the grain boundary can be responsible for embrittlement or they can strengthen a 
material. In this work, we have modeled the effect of B impurity on ∑ 5 (012) symmetrical tilt grain boundary 
in Ni by using first principle quantum-mechanical calculations. The grains can either be pushed apart or pulled 
together depending on the size of the impurity and nature of the local relaxations.
Design/methodology/approach: The calculations were carried out by using the Vienna ab-initio simulation 
package VASP with the projector augmented wave (PAW) potentials  within generalized gradient approximation 
(GGA). K-space sampling is performed using a 2x2x1 Monkhorst Pack scheme for Brillouin-zone integration 
in all model systems. The Methfessel-Paxton smearing method with 0.1 eV smearing width is used for the 
determination of partial occupancies for each wave function.
Findings: It is found that the extension of the nickel grain boundary is due to the repulsion of the segregated 
and neighboring B atoms. Moreover, the effects of tensile strength loaded uniaxially along the (012) direction 
are analyzed when the impurity atoms of B are substituted into the ∑ 5 (012) symmetrical tilt grain boundary in 
Ni. Our calculations are compatible with the other first principle calculations.
Research limitations/implications: Cohesive energy calculations indicate that interstitial sites are preferred to 
substitutional sites and that B leads to cohesive enhancement.
Originality/value: The effects of boron impurity atoms on nickel ∑ 5 (012) grain boundary by first principles 
calculations were evaluated.
Keywords: Ab-initio calculation; Stress corrosion cracking; Tensile test

1. Introduction 
Grain boundary (GB) embrittlement in metals induced by 

impurity atoms has been known for a long time. Despite the 
continuing effort to understand impurity atoms-induced properties 
of the material, the physics and chemistry underlying the 
phenomenon is still not fully understood. One common approach 
to understand the GB embrittlement is to calculate the segregation 
energy difference between a GB and a fracture free surface by 
using the Rice-Wang model [1]. This model allows ones to 

determine whether the type of the segregating impurity in GB is 
an embrittler or a cohesion enhancer. This method has been 
successfully applied to Fe and Ni GB’s [2-4]. The second 
approach to clarify the GB embrittlement is to examine the 
response of a GB with impurity segregation under various tensile 
or shear stress. The ideal mechanical strength of materials is the 
stress required to force deformation or fracture by the elastic 
instability of its crystal lattice. The realistic strength of material 
has been the source of scientific challenges for over 80 years [5]. 
The simple models for the ideal strength developed by Frenkel [6] 
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and Orowon [7] have been proven to be convenient means of 
understanding of this issue. 

In covalent materials, the behaviour of both the electrons and 
atoms should be considered to comprehend the basic mechanism 
underlying the strain-stress and strain-energy relationship of the 
realistic materials. Ab initio calculations based on the density-
functional theory (DFT) were applied to the ideal tensile or shear 
strengths of interface in metals or intermetallics [8-9]. But, the 
only rigid shifts of atomic layer were considered while the atomic 
relaxation was not taken into account. More realistic ab initio 
calculations with relaxation have been applied to the tensile 
strength and mechanical behaviour of bulk crystal [10-12]. 
Recently, this method has been successfully applied to single 
crystals [13-16] as well as several clean GB’s [17-20]. Yamaguchi 
et al. [21, 22] investigated the impurity-induced grain boundary 
(GB) decohesion by impurity segregation in a Nickel-Sulfur 
system. The total energy and average stress are obtained for each 
level of extension. By iterating this cycle, it is possible to observe 
failure from the weakest point at some critical stress. 

In this work, we employ a first-principles total energy method 
based on density functional theory as implemented in the Vienna 
ab-initio simulation package (VASP) for a detailed analysis of the 
symmetrical tilt Ni 5 (012) GB with impurity atoms such as B 
by applying tensile test or shear stress in the directions of (012) in 
the structure of 5 (012) GB. In particularly, the effects of boron 
segregation at the Ni 5 (012) GB are investigated in detail. The 
main goal of this study is to perform the ab initio tensile test for 
the Ni 5 (012) GB including the various impurity atoms at GB 
level as well as pure grain boundary models of Ni 5 (012) GB. 
That is, fundamental understanding of stress-corrosion cracking in 
metals and alloys including various impurity atoms is important to 
develop a new-structural material by considering a model system 
such as Ni ∑ 5 (012). 

This study has the following structure: computational details 
are presented in Sec. 2. Section 3 deals with the results of the 
first-principle calculations. Conclusions arising from this work are 
presented in Section 4. 

2. Computational method 
The calculations were carried out by using the Vienna ab-

initio simulation package VASP [23-26] with the projector 
augmented wave (PAW) potentials [27, 28] within generalized 
gradient approximation (GGA) [29]. Moreover, K-space sampling 
is performed using a 2x2x1 Monkhorst Pack scheme for 
Brillouin-zone integration in all model systems. The Methfessel-
Paxton smearing method with 0.1 eV smearing width is used for 
the determination of partial occupancies for each wave function. 
Model system size varies from a pure 80-atom Ni FCC model 
system to grain boundary systems including as many as additional 
4 boron atoms. First, the atomic positions have been relaxed with 
fixed lattice vectors, (a, b, c) subsequently, (here, a, b, and c 
correspond to the x y and z axis, respectively), then the lattice 
vectors have been optimized independently for each model 
system, specifically, we have fixed a- and b- axis while 
optimizing the atomic positions and c- vector length in the 
succeeding calculations where we have added more boron atoms 

to the model system. After evaluating c vector length, atomic 
positions and a- and b- vector lengths have been optimized to 
calculate the optimum values for each one, separately. The 
optimum values of a-, b- and c- vector lengths are obtained from 
the fitting of Birch-Murnaghan equation [30] to the total energy of 
the corresponding a, b, and c vector lengths calculations.  

In the present work, the computational unit cell as shown in 
Fig. 1 used for modeling for a Ni  5(012) symmetrical tilt grain 
boundary contains 80 Ni atoms with boron atoms in the interstitial 
positions. Lattice planes parallel to GB-plane in this unit cell are 
labeled as GB0, GB1, GB2… and GB10. There are four 
equivalent sites to place the boron atoms on the GB0 which is 
parallel to ab plane. These sites are in the plane of GB0, and are 
called as the vacancy sites to place the impurity atoms. Stable 
absorption sites on a (012) model surface for boron atoms do not 
neighbor each other in the model system. The distance between 
two GB0 sites is 3.52 Å, which is equal to the lattice constant of 
FCC Ni. The binding energy per one impurity atom in the GB 

with respect to the atomic gas state of impurity atoms, GB
bE ,

is calculated by using following formula; 
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nickel atoms when impurity atoms are substituted for nickel 
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calculated by using a large super-cell (10X11X12 in Å) with spin 
polarization. Symmetry breaking in these calculations is taken 
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the FCC bulk Ni system. 
In the tensile test, a uniaxial tensile strain is introduced into 

the stable configuration. Firstly, the supercell as shown in Fig. 1 is 
stretched by a small increment in a direction normal to GB0. The 
atomic positions are changed by uniform scaling. Then, all the 
atoms are converged until the convergence criteria is satisfied. 
Finally, the total energy and stress tensor are calculated from 
optimum values of the model systems. This procedure 
corresponds to a real tensile test at zero temperature. 

3. Results and discussions
The lengths of a-, b- and c- vectors are determined by 

allowing the only ionic relaxation of the systems considered in 
this study. A conjugate-gradient algorithm is used to relax the 
ions in their instantaneous ground-state. The results of the 
physical properties of the model systems are given in Table 1. 

The physical properties such as the length of c- axis, total 
energy of the model system and binding energy per impurity atom 
are listed in the Table 2 when the impurity atoms are incorporated 
in the model systems. The impurity atoms such as B are 
incorporated to GB0 level, increasing the concentration from ¼ to 
1 in appropriate steps of ¼ (i.e. 1, 2, 3 and 4 atoms). 

Fig. 1. Supercell of the model systems for 80 Ni-atoms in periodic 
boundary conditions containing a grain boundary (5 (012) 
symmetrical tilt GB). Gray balls indicate the Ni atoms and black 
balls represent the B atoms 

Table 1. 
The optimized/calculated lengths of a-, b- and c- vectors for pure 
GB model system 

 Ionic optimization 
a(Å ) 6.949 
b(Å ) 7.842 
c(Å ) 16.354 

TE(eV) -432.023 

Table 2. 
Some physical properties of the model systems including boron 
atoms at GB0 level 

Layer # of impurity 
atoms c(Å) -TE (eV) -Eb (eV/atom) 

1B 16.426 440.777 8.670 
2B 16.478 449.169 8.489 
3B 16.530 457.619 8.448 GB0

4B 16.568 466.056 8.424 

For each concentration the length of c-axis and atomic 
positions are optimized and corresponding energy of the model 
systems are obtained in order to assess the binding energy of the 
impurity atoms. A polynomial fit such as Birch-Murnaghan 
equation is used to obtain the equilibrium lattice for c- length and 
total energy of model systems. The third-order Birch-Murnaghan 
equation of state is given as [Birch, 1947]; 
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The c-axis for the model systems including B atoms added to 
GB0 layer one by one vary from 16.426, 16.477, 16.530 to 16.568 
Å, whereas total energy of the system increases from -440.777 
eV, -449.169, -457.619 to -466.056 eV. 

The Eq. 1 is used to calculate the binding energy per atom 
with respect to atomic gas states while varying the occupancy. 
The variation of binding energy per impurity atom is given in 
Table 2 when impurity atoms are added to GB0-layer. The model 
incorporating one impurity atom at GB0-layer is more 
energetically stable than the other cases as seen in Table 2. 

Fig. 2. Stress in the tensile direction (the GB normal direction) as 
a function of strain for the model systems with impurity atoms 
and without impurity atoms 

Fig. 3. Total energy of the pure model system and including 
impurity atoms in GB0 level as a function of strain loaded along 
(012) crystallographic direction 

3.		results	and	discussions

2.		computational	method
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et al. [21, 22] investigated the impurity-induced grain boundary 
(GB) decohesion by impurity segregation in a Nickel-Sulfur 
system. The total energy and average stress are obtained for each 
level of extension. By iterating this cycle, it is possible to observe 
failure from the weakest point at some critical stress. 
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based on density functional theory as implemented in the Vienna 
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the Ni 5 (012) GB including the various impurity atoms at GB 
level as well as pure grain boundary models of Ni 5 (012) GB. 
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metals and alloys including various impurity atoms is important to 
develop a new-structural material by considering a model system 
such as Ni ∑ 5 (012). 

This study has the following structure: computational details 
are presented in Sec. 2. Section 3 deals with the results of the 
first-principle calculations. Conclusions arising from this work are 
presented in Section 4. 

2. Computational method 
The calculations were carried out by using the Vienna ab-

initio simulation package VASP [23-26] with the projector 
augmented wave (PAW) potentials [27, 28] within generalized 
gradient approximation (GGA) [29]. Moreover, K-space sampling 
is performed using a 2x2x1 Monkhorst Pack scheme for 
Brillouin-zone integration in all model systems. The Methfessel-
Paxton smearing method with 0.1 eV smearing width is used for 
the determination of partial occupancies for each wave function. 
Model system size varies from a pure 80-atom Ni FCC model 
system to grain boundary systems including as many as additional 
4 boron atoms. First, the atomic positions have been relaxed with 
fixed lattice vectors, (a, b, c) subsequently, (here, a, b, and c 
correspond to the x y and z axis, respectively), then the lattice 
vectors have been optimized independently for each model 
system, specifically, we have fixed a- and b- axis while 
optimizing the atomic positions and c- vector length in the 
succeeding calculations where we have added more boron atoms 

to the model system. After evaluating c vector length, atomic 
positions and a- and b- vector lengths have been optimized to 
calculate the optimum values for each one, separately. The 
optimum values of a-, b- and c- vector lengths are obtained from 
the fitting of Birch-Murnaghan equation [30] to the total energy of 
the corresponding a, b, and c vector lengths calculations.  

In the present work, the computational unit cell as shown in 
Fig. 1 used for modeling for a Ni  5(012) symmetrical tilt grain 
boundary contains 80 Ni atoms with boron atoms in the interstitial 
positions. Lattice planes parallel to GB-plane in this unit cell are 
labeled as GB0, GB1, GB2… and GB10. There are four 
equivalent sites to place the boron atoms on the GB0 which is 
parallel to ab plane. These sites are in the plane of GB0, and are 
called as the vacancy sites to place the impurity atoms. Stable 
absorption sites on a (012) model surface for boron atoms do not 
neighbor each other in the model system. The distance between 
two GB0 sites is 3.52 Å, which is equal to the lattice constant of 
FCC Ni. The binding energy per one impurity atom in the GB 

with respect to the atomic gas state of impurity atoms, GB
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is calculated by using following formula; 
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In the tensile test, a uniaxial tensile strain is introduced into 

the stable configuration. Firstly, the supercell as shown in Fig. 1 is 
stretched by a small increment in a direction normal to GB0. The 
atomic positions are changed by uniform scaling. Then, all the 
atoms are converged until the convergence criteria is satisfied. 
Finally, the total energy and stress tensor are calculated from 
optimum values of the model systems. This procedure 
corresponds to a real tensile test at zero temperature. 

3. Results and discussions
The lengths of a-, b- and c- vectors are determined by 

allowing the only ionic relaxation of the systems considered in 
this study. A conjugate-gradient algorithm is used to relax the 
ions in their instantaneous ground-state. The results of the 
physical properties of the model systems are given in Table 1. 

The physical properties such as the length of c- axis, total 
energy of the model system and binding energy per impurity atom 
are listed in the Table 2 when the impurity atoms are incorporated 
in the model systems. The impurity atoms such as B are 
incorporated to GB0 level, increasing the concentration from ¼ to 
1 in appropriate steps of ¼ (i.e. 1, 2, 3 and 4 atoms). 

Fig. 1. Supercell of the model systems for 80 Ni-atoms in periodic 
boundary conditions containing a grain boundary (5 (012) 
symmetrical tilt GB). Gray balls indicate the Ni atoms and black 
balls represent the B atoms 

Table 1. 
The optimized/calculated lengths of a-, b- and c- vectors for pure 
GB model system 

 Ionic optimization 
a(Å ) 6.949 
b(Å ) 7.842 
c(Å ) 16.354 

TE(eV) -432.023 

Table 2. 
Some physical properties of the model systems including boron 
atoms at GB0 level 

Layer # of impurity 
atoms c(Å) -TE (eV) -Eb (eV/atom) 

1B 16.426 440.777 8.670 
2B 16.478 449.169 8.489 
3B 16.530 457.619 8.448 GB0

4B 16.568 466.056 8.424 

For each concentration the length of c-axis and atomic 
positions are optimized and corresponding energy of the model 
systems are obtained in order to assess the binding energy of the 
impurity atoms. A polynomial fit such as Birch-Murnaghan 
equation is used to obtain the equilibrium lattice for c- length and 
total energy of model systems. The third-order Birch-Murnaghan 
equation of state is given as [Birch, 1947]; 
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The c-axis for the model systems including B atoms added to 
GB0 layer one by one vary from 16.426, 16.477, 16.530 to 16.568 
Å, whereas total energy of the system increases from -440.777 
eV, -449.169, -457.619 to -466.056 eV. 

The Eq. 1 is used to calculate the binding energy per atom 
with respect to atomic gas states while varying the occupancy. 
The variation of binding energy per impurity atom is given in 
Table 2 when impurity atoms are added to GB0-layer. The model 
incorporating one impurity atom at GB0-layer is more 
energetically stable than the other cases as seen in Table 2. 

Fig. 2. Stress in the tensile direction (the GB normal direction) as 
a function of strain for the model systems with impurity atoms 
and without impurity atoms 

Fig. 3. Total energy of the pure model system and including 
impurity atoms in GB0 level as a function of strain loaded along 
(012) crystallographic direction 
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Table 3. 
Variations of segregation energy (

segE ) with respect to the 

number of impurity atoms such as boron added to the GB0 level. 
Energy values are given in term of eV/atom 

- segE (eV/atom) 

GB0+1B 2.362 
GB0+2B 2.181 
GB0+3B 2.140 
GB0+4B 2.116 

Table 3 also shows the variation of segregation energy on 
account of boron atoms to GB0 (for 1, 2, 3 and 4 boron atoms). 
The calculated segregation energies increase smoothly as impurity 
atoms are populated in GB0 layer. Here, it is concluded that 
increasing number of impurity atoms in GB0 noticeably raises the 
segregation energies of the boron studied in this work. 

The tensile stress and total energy changes in the model 
systems as a function of strain are shown in Figs. 2 and 3, 
respectively. Fig. 2 indicates that the increment of the boron atom 
in the GB0 level increases the value of the theoretical tensile 
strength for Ni for uniaxial loading in (012) directions. The same 
figure also showed that pure model system has a more stability 
during large strain of the model systems than the other systems 
containing impurity atoms at GB0 level. Fig. 3 indicates that the 
much more impurity atoms in the GB0 levels of model systems 
are considered, the much more stable model systems are 
observed. However, when the model system includes the more 
impurity atom in GB0 level, the stability of the models is 
decreased as the strain is decreased at long strain. 

Now, we stress that the segregation of the boron increases the 
Ni GB strength by performing the ab-initio tensile test as shown 
in Fig. 2 for the clean GB the stress reaches a maximum of 
23 GPa at the strain of 28 % after a continuous increase with 
increasing strain. Afterwards the stress decays slowly to zero. But, 
the fracture occurs later than the strain of 28 %. The stresses for 
the GB including one, two, three and four boron atoms are 
evaluated as 24 GPa, 26 GPa, 25.8 and 27 GPa, respectively, at 
the strain of 20 %. Thus, intergranular fracture of the Ni with GB 
including boron atoms is harder than that of the GB having the 
less boron atoms and the clean GB models. 

4. Conclusions
In this work, the effect of the B atoms on ∑ 5 (012) 

symmetrical tilt grain boundary for Ni are investigated by using 
first-principle calculations. The increasing the number of the B 
atoms at GB0 level causes the expansion of the GB as seen in 
Table 2. It is shown that the elongation of c-axis of Ni ∑ 5 (012) 
symmetrical tilt grain boundary for the B atoms is greater than 
those with more boron atoms. Tensile test calculations for the 
models with clean and impurity atoms indicate that the increasing 
the number of boron atoms at GB0 level causes the increasing of 
the maximum of the tensile strength for the model systems. It is 
concluded that the adding of the more B atoms to GB0 level leads 
to cohesive enhancement. The binding energies of the impurity 
per atom determined from the Eq. 1 and segregation energies of 

the impurity per atom by using the Eq. 2 show the same 
behaviour. By increasing GB strength, we can increase the boron-
induced GB embrittlement and improve the mechanical properties 
of the Ni.

Acknowledgements 
Authors would like to thank the following institutions and 

agencies in carrying out this work. Computations are carried out 
on TUBITAK-ULAKBIM clusters. Some parts of the calculations 
are fulfilled by using the opportunity of project in the Department 
of Physics supported by Pamukkale University (BAP Project No: 
2006FEF019).

References 
[1] R. Rice, J.S. Wang, Embrittlement of interfaces by solute 

segregation, Materials Science Engineering A107 (1989) 23-40. 
[2] R. Wu, A.J. Freeman, G.B. Olsen, First principles 

determination of the effects of phosphorus and boron on iron 
grain boundary cohesion, Science 265 (1994) 376-380. 

[3] W.T. Geng, A.J. Freeman, R.Wu, C.B. Geller, 
J.E. Raynolds, Embrittling and strengthening effects of 
hydrogen, boron, and phosphorus on a Σ5 nickel grain 
boundary, Physical Review B 60 (1999) 7149-7155. 

[4] L. Zhong, R. Wu, A.J. Freeman, G.B. Olsen, Charge transfer 
mechanism of hydrogen-induced intergranular embrittlement of 
iron, Physical Review B62 (2000) 13938-13941. 

[5] M. Sob L.G. Wang, V. Vitek, Local stability of higher-
energy phases in metallic materials and its relation to the 
structure of extended defects, Computational Materials 
Science 8 (1997) 100-106. 

[6] J. Frenkel, Z. Physics 7 (1926) 323. 
[7] E. Orowon, Fracture and strength of solids, Reports on 

Progress in Physics 12 (1949) 185-190. 
[8] L. Goodwin, R.J. Needs, V. Heine, A pseudopotential total 

energy study of impurity-promoted intergranular embrittlement, 
Journal of Physics: Condensed Matter 2 (1990) 351-365. 

[9] T. Hong, J. R. Smith D. J. Srolovitz, Impurity effects on 
adhesion: Nb, C, O, B, and S at a Mo/MoSi2 interface, 
Physical Review B 47 (1993) 13615-13625. 

[10] Y.M. Huang, J.C. Spence, O.F. Sankey, The effect of 
impurities on the ideal tensile strength of silicon, 
Philosophical Magazine A 70 (1994) 53-59. 

[11] M. Sob, L.G. Wang, V. Vitek, Theoretical tensile stress in 
tungsten single crystals by full-potential first-principles 
calculations, Materials Science Engineering A 234 (1997) 
1075-1079.

[12] W. Li, T. Wang, Elasticity, stability, and ideal strength of 
β-SiC in plane-wave-based ab initio calculations, Physical 
Review B 59 (1999) 3993-3999. 

[13] G.L. Lu, Y. Zhang, S. Deng, T. Wang, M. Kohyama, 
R. Yamamoto, F. Liu, K. Horikawa, M. Kanno, Origin of 
intergranular embrittlement of Al alloys induced by Na and 
Ca segregation: Grain boundary weakening, Physical 
Review B 73 (2006) 224115-224119. 

4.		conclusions

references

Acknowledgements

[14] V.B. Deyirmenjian, V.Heine, M.C. Payne, V. Milman, 
R.M. Lynden-Gell, M.W. Finnis, Ab initio atomistic 
simulation of the strength of defective aluminum and tests of 
empirical force models, Physical Review B52 (1995) 15191-
15195.

[15] W. Li, T. Wang, Ab initio investigation of the elasticity and 
stability of aluminium, Journal of Physics Condensed Matter 
10 (1998) 9889-9904. 

[16] S. Ogata, J. Li, S. Yip, Ideal Pure Shear Strength of 
Aluminum and Copper, Science 298 (2002) 807-811.  

[17] M. Kohyama, Tensile strength and fracture of a tilt grain 
boundary in cubic SiC: a first-principles study, 
Philosophical Magazine Letters 79 (1999) 659-668. 

[18] M. Kohyama, Ab initio study of the tensile Polar strength 
and fracture of coincidence tilt boundaries in cubic SiC: 
interfaces of the {122} Σ=9 boundary, Physical Review B 
65 (2002) 184107-184111. 

[19] G.H. Lu, S. Deng, T. Wang, M. Kohyama, R. Yamamoto, 
Theoretical tensile strength of an Al grain boundary, 
Physical Review B 69 (2004) 134106-134110. 

[20] J. Chen, Y.-N. Xu, P. Rulis, L. Ouyang, W.Y. Ching, 
Molecular dynamics simulation of Y-doped Σ37 grain 
boundary in alumina, Acta Materialia 53 (2005) 403. 

[21] M. Yamaguchi, M. Shiga, H. Kaburaki, Grain boundary 
decohesion by impurity segregation in a nickel-sulfur 
system, Science 307 (2005) 393-399. 

[22] M. Yamaguchi, M. Shiga, H. Kaburaki, Response to comment 
on “grain boundary decohesion by impurity segregation in a 
nickel-sulfur system”, Science 309 (2005) 1677d. 

[23] G. Kresse, J. Hafner, Ab initio molecular-dynamics 
simulation of the liquid-metal–amorphous-semiconductor
transition in germanium, Physical Review B49 (1994) 
14251-14269.

[24] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set, 
Physical Review B 54 (1996) 11169-11186. 

[25] G. Kresse, J. Furthmüller, Efficiency of ab-initio total 
energy calculations for metals and semiconductors using a 
plane-wave basis set, Computational Materials Science 6 
(1996) 15-19. 

[26] P.E. Blöchl, Projector augmented-wave method, Physical 
Review B 50 (1994) 17953-17797. 

[27] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the 
projector augmented-wave method, Physical Review B 59 
(1999) 1758-1775. 

[28] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient 
approximation made simple, Physical Review Letters 77 
(1996) 3865-3868. 

[29] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient 
Approximation Made Simple [Phys. Rev. Lett. 77 (1996) 
3865], Physical Review Letters 78 (1997) 1396-1399. 

[30] F. Birch, Finite Elastic Strain of Cubic Crystals, Physical 
Review 71 (1947) 809-824. 



181READING DIRECT: www.journalamme.org

Analysis and modelling

Table 3. 
Variations of segregation energy (

segE ) with respect to the 

number of impurity atoms such as boron added to the GB0 level. 
Energy values are given in term of eV/atom 

- segE (eV/atom) 

GB0+1B 2.362 
GB0+2B 2.181 
GB0+3B 2.140 
GB0+4B 2.116 

Table 3 also shows the variation of segregation energy on 
account of boron atoms to GB0 (for 1, 2, 3 and 4 boron atoms). 
The calculated segregation energies increase smoothly as impurity 
atoms are populated in GB0 layer. Here, it is concluded that 
increasing number of impurity atoms in GB0 noticeably raises the 
segregation energies of the boron studied in this work. 

The tensile stress and total energy changes in the model 
systems as a function of strain are shown in Figs. 2 and 3, 
respectively. Fig. 2 indicates that the increment of the boron atom 
in the GB0 level increases the value of the theoretical tensile 
strength for Ni for uniaxial loading in (012) directions. The same 
figure also showed that pure model system has a more stability 
during large strain of the model systems than the other systems 
containing impurity atoms at GB0 level. Fig. 3 indicates that the 
much more impurity atoms in the GB0 levels of model systems 
are considered, the much more stable model systems are 
observed. However, when the model system includes the more 
impurity atom in GB0 level, the stability of the models is 
decreased as the strain is decreased at long strain. 

Now, we stress that the segregation of the boron increases the 
Ni GB strength by performing the ab-initio tensile test as shown 
in Fig. 2 for the clean GB the stress reaches a maximum of 
23 GPa at the strain of 28 % after a continuous increase with 
increasing strain. Afterwards the stress decays slowly to zero. But, 
the fracture occurs later than the strain of 28 %. The stresses for 
the GB including one, two, three and four boron atoms are 
evaluated as 24 GPa, 26 GPa, 25.8 and 27 GPa, respectively, at 
the strain of 20 %. Thus, intergranular fracture of the Ni with GB 
including boron atoms is harder than that of the GB having the 
less boron atoms and the clean GB models. 

4. Conclusions
In this work, the effect of the B atoms on ∑ 5 (012) 

symmetrical tilt grain boundary for Ni are investigated by using 
first-principle calculations. The increasing the number of the B 
atoms at GB0 level causes the expansion of the GB as seen in 
Table 2. It is shown that the elongation of c-axis of Ni ∑ 5 (012) 
symmetrical tilt grain boundary for the B atoms is greater than 
those with more boron atoms. Tensile test calculations for the 
models with clean and impurity atoms indicate that the increasing 
the number of boron atoms at GB0 level causes the increasing of 
the maximum of the tensile strength for the model systems. It is 
concluded that the adding of the more B atoms to GB0 level leads 
to cohesive enhancement. The binding energies of the impurity 
per atom determined from the Eq. 1 and segregation energies of 

the impurity per atom by using the Eq. 2 show the same 
behaviour. By increasing GB strength, we can increase the boron-
induced GB embrittlement and improve the mechanical properties 
of the Ni.
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