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Abstract. During material deformation, the coincidence site lattice (CSL) grain boundaries 

(GBs) are exhibiting deviations from their ideal lattice structure. Hence, this will change the 

atomic structural integrity by generating full and partial dislocation joints on the ideal CSL 

boundaries. In this analysis, the ideal ∑5 (310) GB structures and its angular deviations in 𝜶-

iron within the limit of Brandon criterion, in order to conserve the dislocation core structure, will 

be studied in depth using molecular statics simulations. Firstly, the hydrogen and carbon atoms 

energetics within the GBs core structure and their free surfaces are calculated. Then Rice-Wang 

cohesive structure model is applied to compute the embrittlement/strengthening effect of the 

solute atoms on the ideal and deviated GB structures. Hydrogen showed significant 

embrittlement and degradation in the mechanical properties of 𝜶-iron, while carbon showed a 

desirable atomic strengthening effect.    

1.  Introduction 

Failure modes of polycrystalline materials depend on many factors that include diffusion and 

segregation of solutes as well as the structure of the coincidence site lattice (CSL) grain boundaries 

(GBs) [1-6]. Diffused solute atoms to GBs can change the properties of the steel. Segregation of certain 

impurities to GBs is the main cause for intergranular fracture of steel among various other mechanisms 

[7-10]. The existence of these solutes impacts the tensile and ultimate strength of steel alloys. Diffused 

solutes to sink defects lead to improving the strength of steel, on the other hand others can affect the 

plasticity behaviour of steel significantly [11-13]. Many studies indicated that carbon increases the 

cohesion strength at GB. While the presence of hydrogen in steel have undesirable material properties 

effects such as; high localized plasticity and decohesion of GBs of steel [4-6].   

In engineering materials, GB shows some deviation from ideal CSL configuration, either a deviation 

from the ideal symmetry plane or the misorientation angle exists. The deviations induce network of full 

and partial dislocations at the GB [14,15].  Different deviation angle changes the optimum diffusion 

sites of solute atoms at the grain boundary, this was also proved experimentally using atom probe 

tomography for measuring carbon diffusion and segregation at deviated CSL-GBs [16,17].  
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2.  Methodology 

In order to mimic the experimental observation of the GB misorientation, the angular deviations which 

will be applied to ∑5 (310) GB must be defined. Brandon criterion is used to measure the maximum 

deviation angle where the CSL-GB structure and energy can be maintained [18]. This maximum 

deviation angle is calculated as follows: 

 𝜽𝒎𝒂𝒙 =  𝜽○∑−𝟎.𝟓 (1) 

where 𝜽𝒎𝒂𝒙 is Brandon limit for conserving the GB characteristic structure, 𝜽○ is an imperial constant 

which is ~15° and ∑ is the CSL density. The illustration of the deviation from the ideal CSL-GB is 

shown in figure 1. 𝞱 indicates the misorientation symmetry angle between the two grains and 𝟇 is the 

deviation angle. 

 

Figure 1. ∑5 (310) GB structure (left)  

deviating angle convept (right) 

 

Rice-Wang model [19-21] is used to estimate the embrittlement/strengthening effect of hydrogen 

and carbon segregation to ∑5 (310) GB and its deviant configurations. According to the aforementioned 

model, the ability of either interstitial or substitutional atom to reduce the Griffith work of a GB is a 

proportional to the cohesive energies at the GB and free surface of this solute atom. The strengthening 

impact or embrittlement tendency can be then computed as follows:  

  𝑬𝑺𝑬
𝜶 =  𝑬𝒔𝒆𝒈 𝑭𝑺

𝜶  - 𝑬𝒔𝒆𝒈 𝑮𝑩 
𝜶   (2) 

where 𝑬𝑺𝑬
𝜶  is the strengthening energy due to impurity atom segregating to GB, 𝑬𝒔𝒆𝒈 𝑭𝑺

𝜶  is the surface 

segregation and 𝑬𝒔𝒆𝒈 𝑮𝑩 
𝜶 is GB segregation. For the case where the value of 𝑬𝑺𝑬

𝜶   is positive, the solute 

atom enhances the cohesive strength of the grain boundary and vice versa. Hence positive values of 𝑬𝑺𝑬
𝜶  

indicates a solute strengthening effect for the iron atoms at the GB, while negative values indicate 

embrittlement effect.  

Atomistic statics simulations are used to quantify the segregation energy of a single 

interstitial/substitutional atom (hydrogen/carbon) at the trapping sites along the GB ideal plane and the 

corresponding free surface. For each GB structure, the interstitial/substitutional atom segregation energy 

to GB within -15 to 15 Angstroms from the ideal symmetry plane and the surface segregation energy 

corresponding to each GB are computed. The following equations are used to calculate GB and surface 

segregation. 

 𝑬𝒔𝒆𝒈 𝑮𝑩
𝜶 = (𝑬 𝑮𝑩 

𝜶 − 𝑬𝑮𝑩) − (𝑬 𝒃𝒖𝒍𝒌
𝜶 − 𝑬𝒃𝒖𝒍𝒌)  (3) 

 𝑬𝒔𝒆𝒈 𝑭𝑺
𝜶 = (𝑬 𝑭𝑺 

𝜶 − 𝑬𝑭𝑺) − (𝑬 𝒃𝒖𝒍𝒌
𝜶 − 𝑬𝒃𝒖𝒍𝒌)  (4) 
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3.  Results  

The H/C-segregation energy effect as a function of position from ∑5 (310) GB as calculated from 

equation (3) is shown in figures. 2&3. For this studied GB, it is clear that the ideal GB and the deviated 

cases are preferable sites for hydrogen/Carbon diffusion and act as solute sink compared to the bulk 

structure. Moreover, as the angular deviations 𝛟 increases, the GB absorption length for H increases, 

while no significant changes noticed for carbon atoms due to larger distortion elastic filed of carbon, 

compared to hydrogen atoms. The aforementioned length measures the GB effective distance at which 

the H/C-atoms located at the tetrahedral/octahedral sites respectively can change the GB atomic 

bonding. 

 

 

Figure 2: Hydrogen GB segregation energy of the ideal 

 and deviant ∑5 (310) configurations 

 

 

Figure 3: Carbon GB segregation energy of the ideal 

 and deviant ∑5 (310) configurations 
 

The effect of ϕ on the H/C-segregation energy within a layer of 2 Angstroms from the GB plane can 

be deduced from figures. 2&3 for the ideal and deviated CSL-GBs structures. The segregation energies 

summarized in the paper are average values based on 95% confidence interval. ∑5 (310) GB shows a 

low sensitivity for varying ϕ on H-GB segregation; where it is approximately constant in the studied 

range 0° ≤ (ϕ) ≤ 7° with average value of ~ -0.34 eV. For carbon segregation energy, the values of 

segregation at the deviation angles are higher, in absolute terms, which indicates lower impact on the 

atomic bonding in the GB structure compared to H. Additionally, low C-segregation sensitivity is 

observed as well with average value of ~ -0.26 eV. However, a difference between the ideal and deviated 

structure can be observed for both carbon and hydrogen segregation. 

By calculating the GB and free surface segregation energies as shown in above, the effect of 

hydrogen and carbon atoms on the GB cohesion strength can be evaluated. Generally, interstitial or 
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substitutional atoms segregate at a GB can deteriorate or enhance the GB-cohesive energy depending 

on the resulting stress filed interactions. In order to compute the impact of the deviation from the ideal 

GB configuration on the tendency to H-embrittlement or GB strengthening, GB-cohesive energy is 

predicted using Rice-Wang model [21] as follows:  

 2𝜸𝒊𝒏𝒕 = (𝟐𝜸𝒊𝒏𝒕)𝟎 – ( 𝑬𝒔𝒆𝒈 𝑮𝑩
𝜶  -  𝑬𝒔𝒆𝒈 𝑭𝑺

𝜶 ) τ  (5) 

where 2𝜸𝒊𝒏𝒕 is the GB-cohesion energy due to solute atoms segregation, (𝟐𝜸𝒊𝒏𝒕)𝟎 is the cohesion energy 

of the pure GB, and τ is a fitting constant. The change of the GB cohesive energy along with the deviation 

angle ϕ for the studied configurations is shown in figure (4). 

 

As shown in figure (4) H reduces the cohesive energy and subsequently initiates intergranular fracture 

within these studied interfaces. This is due to the fact that hydrogen is more energy favourable in free 

surfaces sites than of the GB core sites, therefore, the Griffith work for brittle deformation behaviour is 

reduced and intergranular failure mode is experienced in a more frequent manner [22-24]. For carbon 

segregation within the investigated GBs; it can be shown that increasing the deviation angle up to 3° is 

sufficient to increase the cohesive strength considerably with regards to the ideal structure. However, 

the difference between the deviant structures is minor. Hence it can be concluded that for ∑5 (310) GB, 

all deviation angles have beneficial strengthening effect on the cohesive energy due to carbon existence, 

while H showed an embrittlement effect compared to the ideal GB interface.  

4.  Conclusion 

H/C segregation within the ∑5 (310) GB in 𝜶-iron structures is investigated through using molecular 

statics simulations. The results showed that the angular deviations from the ideal CSL-GBs are affecting 

significantly the H/C atomic bonding behaviour within the boundaries. H is showing significant 

embrittlement effect due to decreasing the atomic bonding between iron atoms at the GB and with more 

deviation upon 3° from the ideal GB configuration, slightly more cohesion degradation is observed. On 

the other hand, C is showing beneficial atomic bonding strengthening at the iron atoms located at the 

GB interface. This is due to the increase in the iron cohesive strength, however there is no significant 

effect with increasing the deviation angle upon 3° from the ideal GB structure. This can be used to infer 

that with slight atomic deviations, C atoms can have significant increase on the iron toughness and 

improve its overall deformability properties. While H atoms will show decrease in iron toughness, also 

more brittle iron behaviour will be observed with increasing the deviation angle. Hence, careful 

consideration is needed during recrystallization processing to produce iron resistant to hydrogen 

embrittlement and iron strengthened by carbon segregation.   
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Figure 4: Change in cohesive energy vs. deviation 

angle of GB 
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