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Abstract. The features of the plastic deformation at the atomic level and the formation of a 
dislocation structure in nanotwinned Hadfield steel under severe shear deformation along the 
direction perpendicular to parallel coherent twins were studied by the method of molecular 
dynamics. Similar studies for comparison were carried out for austenite. Dislocations in steel 
propagated and developed more weakly than in austenite, stacking faults between partial 
dislocations were shorter, and the number of dislocations was smaller, which was a 
consequence of the interaction of dislocations with impurity carbon atoms in steel. The main 
plastic shifts inside the computational cells containing parallel twins occurred predominantly 
along twin boundaries in the form of twinning dislocations. Dislocations from another slip 
system, not parallel to the twin boundaries, practically did not form. As a result of the passage 
of twinning dislocations, the twins moved during deformation. 
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1. Introduction  
Hadfield steel, due to its excellent work hardening capacity [1,2], is of great practical 
importance and has a long history of research into its unique properties. At the same time, to 
date, there are very few works devoted to modelling its atomic structure and the processes 
occurring in it under deformation conditions at the atomic level, which is due, in particular, to 
the complexity of modelling such multicomponent systems. Currently, there are a number of 
questions related to the mechanisms of plastic deformation at the atomic level in steels and 
which can be solved mainly by computer simulation methods. Such issues include,  
for example, the features of the formation and propagation of dislocations depending  
on various factors, the mechanisms of interaction with each other, grain boundaries, twins, 
and other defects. 

In recent years, it has been found that the introduction of a high density of coherent twin 
boundaries to grain domains can significantly improve the strength of materials [3,4]. Such 
phenomenon has been discovered in various materials such as copper, gold, high-entropy 
alloys, and steels [3-9]. For example, in [5] authors showed that the copper with nanometre-
scale twins (in terms of both twin thickness and spacing) exhibits a tensile strength ten times 
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higher than that of the conventional coarse-grained copper. This excellent strengthening effect 
of nanotwins is attributed to their role as effective dislocation barriers, which reduce the 
dislocation mean free path and thereby promote dislocation multiplication, similar to the 
effect of grain boundaries [10]. In works [11-14], performed using computer simulation, it is 
shown that a coherent twin is a serious obstacle for a moving edge dislocation. Significant 
energy and stress are required to overcome a twin by an edge dislocation. 

This work is devoted to studying, using molecular dynamics simulation, the features of 
plastic deformation at the atomic level and the formation of a dislocation structure in 
nanotwinned Hadfield steel under severe shear deformation along a direction perpendicular to 
parallel coherent twins. To determine and isolate the role of twins and impurity atoms in steel 
in the deformation process, studies were carried out in parallel on the example of four 
samples: Hadfield steel and fcc Fe without twins and containing parallel coherent twins.  
 
2. Description of the model 
Hadfield steel, as is known, is a multi-component system and, in addition to classical iron, 
manganese, and carbon, may contain some other alloying elements [1,2]. In this study, we 
limited to a system that included three elements: γ-Fe as a matrix, Mn, and C. To describe the 
Fe-Fe interactions in the austenite matrix, it was used Lau EAM potential [15], which 
reproduces well the structural, energy, and elastic characteristics of austenite [15,16]. For all 
other five interatomic interactions in the γ-Fe-Mn-C system, we used the Morse potentials 
found by us earlier in [17] based on experimental data on the dissolution energy and 
migration energy of the corresponding impurity atoms in the fcc iron crystal, the atomic 
radius, their electronegativity, mutual binding energy, and other characteristics. 

The standard ratio of components was used: Mn – 13 wt.% and C – 1.2 wt.% 
(12.63 at.% and 5.33 at.%, respectively) [1,2]. Mn atoms were introduced into fcc iron lattice 
randomly by replacing Fe atoms. The binding energy of Mn and C atoms in austenite lattice is 
very high – 0.35 eV, according to [18], which is approximately the same as, for example, the 
binding energy of carbon atoms with vacancies (0.37–0.41 eV [19]). That is, Mn atoms are a 
kind of effective "traps" for impurity carbon atoms, not allowing them, in particular, to form 
clusters on dislocations and grain boundaries. In this connection, carbon atoms were 
introduced into the octahedral voids closest to Mn atoms. The number of carbon atoms has 
corresponded to a given concentration. The choice of Mn atoms near which C atoms were 
introduced, as well as the selection of one of the neighboring octahedral voids, 
were made randomly. 

In pure fcc iron, which was considered in this work for comparison with Hadfield steel, 
the type of the crystal lattice remained constant over the entire temperature range; the 
polymorphic transformation was not taken into account in this work. As mentioned above, 
pure austenite was considered to determine the contribution of Mn and C impurities in the 
processes under study. 

In this work, we considered the computational cells of fcc Fe and Hadfield steels, which 
initially did not contain defects (except for impurity atoms) (Fig. 1a) and contained four 
parallel coherent twins Σ3(1�1�1)[1�10] (Fig. 1b). A total of four cells were considered. The 
computational cell of fcc Fe contained approximately 123 thousand atoms, while that of 
Hadfield steel contained 130 thousand atoms. It was 27.2 nm long, 20.3 nm high, and 2.5 nm 
thick. Thus, the distance between parallel twins was 6.8 nm, which does not contradict the 
data on the distance between twins in real materials [20]. Along the X and Y axes (Fig. 1), an 
infinite repetition of the structure was simulated, that is periodic boundary conditions were 
imposed. The shear in the model was initiated by the displacement of atoms in the upper and 
lower regions highlighted by light grey in Fig. 1 in opposite directions along and against the 
y-axis (the [111] direction). The areas in the upper and lower parts of the cell in the course of 
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the computer experiment moved as a whole. In our previous work [17], we selected the 
optimal shear rate for the molecular dynamics method in this case ‒ 10 m/s. 

The time integration step in the molecular dynamics method was 2 fs [21-23]. The 
simulation of the deformation was carried out at a temperature of 300 K. The temperature in 
the model was set through the initial velocities of the atoms according to the Maxwell-
Boltzmann distribution. When setting the temperature, it was obligatory to take into account 
the thermal expansion of the crystal lattice. To do this, for the interatomic interaction 
potentials used in the work, the average thermal expansion coefficients were previously found 
in the molecular dynamics model: 18∙10-6 К-1 for γ-Fe and 16∙10-6 К-1 for Hadfield steel. To 
keep the temperature constant during the simulation, a Nose-Hoover thermostat was used. 

 

      
                                    a)                                                                             b) 

Fig. 1. Computational cells for modelling the shear along the [111] direction (y-axis):  
a) without twins; b) containing four parallel twin boundaries (TB) 

 
3. Results and discussion 
To determine the mechanism of plastic deformation and the role of twins and impurity atoms 
in it, in this work, we studied the transformation of the structure during plastic shear in 15% 
and 30% of the considered computational cells. As is known, in crystals with an fcc lattice, 
the slip system {111}<110> is predominant [24,25]. During plastic shear along the <111> 
direction (y-axis), two slip systems are involved. The joint work of dislocations of two 
different slip systems is clearly seen, for example, in Fig. 2a, which shows the fcc Fe structure 
obtained after a 15% shear. In the figure, the computational cell is oriented in such a way that 
plastic shifts are better seen. Thin dark bands are mainly stacking faults separating partial 
dislocations. Relatively thick dark bands are the result of twinning. In Figure 2b, which shows 
the structure after a shear of 30%, this process is more pronounced. With such a large 
deformation, more complex defects are already formed: grain boundaries and parallel twins. 
There are fewer simple dislocations. In Figure 2b, near one of the cell borders (in this case, 
the upper one), along which the shear was performed, a low-angle grain boundary (GB in the 
figure) was formed, and the plastic shift proceeded mainly due to grain boundary sliding 
(GBS). Twins actively worked: the twin bands changed their width during deformation, which 
indicates the frequent passage of twinning dislocations along the twin boundary (TB) (in 
Fig. 2b one can clearly see such a twinning dislocation in the form of a step on TB in the 
centre of the computational cell). It is noteworthy that these twins ended at the grain boundary 
in the upper part of the cell. 

The difference between pure austenite and steel, as can be seen in Fig. 3, is quite large 
and visible visually. Dislocations in steel propagated and developed much more weakly than 
in pure fcc iron, stacking faults between partial dislocations are noticeably shorter and their 
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number is smaller. Obviously, in this case, the work of impurity carbon atoms takes place, 
which, as is known, have positive binding energy both with dislocations and stacking faults 
[26-28], thereby slowing down the movement of dislocations. 

In the case of steel, in contrast to pure austenite, the process of formation of parallel 
twins was not observed in the model. On the other hand, GBS manifested itself more clearly; 
it was the main mechanism of plastic deformation at a shear of 30% (Fig. 3b). 

 

  
                                     а)                                                                       b) 

Fig. 2. Structure of fcc Fe after a shear along the y-axis [111] by 15% (a) and 30% (b).  
GB – grain boundary, TB – twin boundary 

 

 
                                     а)                                                                       b) 
Fig. 3. Structure of Hadfield steel after a shear along the y-axis [111] by 15% (a) and 30% (b) 

 
Figure 4 shows the structures of the computational cell of fcc iron, initially containing 

four parallel twin boundaries at equal distances, deformed by shear along the [111] direction 
by 15% (Fig. 4a) and 30% (Fig. 4b). When considering the picture obtained with deformation 
of 15%, the first thing that attracts attention is the almost complete absence of dislocations 
from the slip system that is not parallel to the twin boundaries. And at the same time, there is 
a change in the distance between the twins. The displacement or migration of a twin boundary 
occurs, as is known, as a result of the passage of a twinning dislocation along the twin 
boundary [24,25]. The change in the distances between twins is the result of the passage of 
twinning dislocations. They could not go beyond the limits of the computational cell due to 
the rigid boundary conditions, as a result of which local deformations of the structure were 
formed in the computational cell near the upper and lower boundaries of the cell. In general, 
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there are noticeably fewer individual dislocations than in a pure crystal (Fig. 2a), because 
many of them in this case formed in the form of twinning dislocations, which are visible in 
the images as steps on twin boundaries. After passing along the twin boundary, they 
accumulated near the upper and lower boundaries of the computational cell. Intersections of 
twins by dislocations and shear through twins were not observed; as mentioned earlier, they 
represent a significant barrier to dislocations. 

At a deformation of 30%, the mechanisms described above were supplemented by the 
formation of a low-angle grain boundary along the upper and lower boundaries of the 
computational cell and the occurrence of deformation also due to grain boundary sliding 
(Fig. 4b). It should be noted that the distance between the twins has changed even more, 
which indicates that the work of twinning dislocations continues. 

 

   
                                    а)                                                                       b) 
Fig. 4. Structure of fcc Fe, which initially contained twins, after a shear along the y-axis [111] 

by 15% (a) and 30% (b) 
 

   
                                           а)                                                                                     б) 
Рис. 5. Structure of Hadfield steel, which initially contained twins, after a shear along the  

y-axis [111] by 15% (a) and 30% (b) 
 

When performing a similar simulation of deformation in steel, all the mechanisms 
identified above for fcc iron also took place in Hadfield steel, with the difference that there 
were again much fewer individual dislocations than in iron. The main plastic shifts inside the 
computational cells occurred along the twin boundaries in the form of twinning dislocations – 
Fig. 5 shows how the distances between the twins changed as the deformation increased. 
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Crystalline grains between twins, except for the structure near the upper and lower borders of 
the cell, remained virtually defect-free. 
 
4. Conclusion 
The features of the plastic deformation at the atomic level and the formation of a dislocation 
structure in nanotwinned Hadfield steel under severe shear deformation along the direction 
perpendicular to parallel coherent twins were studied by the method of molecular dynamics. 
Similar studies for comparison were carried out for steel and fcc iron, not containing twins.  

In pure fcc iron, which initially does not contain twins, plastic deformation in  
the considered type of deformation was carried out mainly due to the formation of 
dislocations in two slip systems. With an increase in deformation up to 30%, more complex 
defects (twins and grain boundaries) were formed; plastic deformation was carried out by 
twinning and grain boundary sliding. 

Dislocations in steel propagated and developed much more weakly than in pure fcc iron, 
and stacking faults between partial dislocations were shorter. At a high strain of 30% in steel, 
in contrast to austenite, the process of formation of parallel twins was not observed in the 
model. On the other hand, grain boundary sliding manifested itself more clearly; it was the 
main mechanism of plastic deformation at a shear of 30%. 

In the initial presence of twins, both in fcc iron and in steel, the main plastic shears 
inside the computational cells occurred predominantly along the twin boundaries in the form 
of twinning dislocations. Dislocations from another slip system, not parallel to the twin 
boundaries, practically did not form. As a result of the passage of twinning dislocations, the 
twins moved during deformation. 
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