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Abstract
The molecular dynamics (MD) simulations of Fe-C ferrite - the solid solution of carbon in body
centered cubic (BCC) iron - reported in the literature have been carried out using the BCC structure
of pure iron rather than the solid solution containing carbon atoms. We report MD deformation
experiments performed at room temperature and strain rates ranging from 1010 to 5 × 107 s−1
using both, pure iron and ferrite. Our results show noticeable differences in the strength and the
deformation behaviour of pure iron and the solid solution. These differences become sufficiently
large at strain rates below 109 s−1 in the [1 1 1] and [1 1 0] directions, indicating that using the solid
solution is a more accurate approach.
Keywords: Molecular dynamics, Iron, Ferrite, Tensile behaviour, Strain-rate sensitivity, solution
strengthening

1. Introduction
Steels are among the most widely used engineering materials and they have been thoroughly
studied. In the past few decades, the field of computational materials science has advanced remarkably, and it has provided valuable insights into various deformation mechanisms of metals and
alloys. Topics such as plasticity, fracture, hydrogen embrittlement and solid solution strengthening
have been studied using atomistic simulations [1–4]. The microstructural constituents that can be
found in annealed unalloyed steels are ferrite (the solid solution of carbon in α-Fe), cementite (the
iron carbide Fe3 C) and pearlite (the lamellar mixture of ferrite and cementite). Ab-initio calculations and classical molecular dynamics (MD) simulations of pearlite have been reported in the
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literature [5–7]. However, it appears that, C atoms have not been included in the ferrite lamellae,
due to their relatively small number.
The interstitial atoms have an important influence on mechanical properties of steels and other
metallic alloys. Carbon atoms are known for having significant strengthening effects in iron due
to dislocation pinning, increasing the resistance to slip. The effects of interstitial C atoms on the
glide of edge dislocations in iron has been studied using molecular dynamics [4], showing that
strengthening effects produced by carbon are stronger than those induced by other elements (e.g.
Cu and Ni). Although previous studies provide evidence of strengthening effects in metals, the
influence of carbon atoms on the tensile properties of ferrite has not been studied using molecular
dynamics.
There are a number of factors affecting the mechanical properties of single crystals, crystallographic direction being among the most important. The strength of iron whiskers has been
investigated experimentally [8] and it was found that the [1 1 1] direction was the strongest with a
strength of 13.4 GPa. The magnitude of the maximum recorded stress was found to increase with
decreasing the diameter of the whiskers.
MD simulations of tensile tests on α-Fe whiskers have been carried out to study the dependance
of the strength on crystal direction and cross-sectional area [9, 10]. The directions with the highest
strength were reported to be the [1 1 1] and [1 1 0] with 27.2 GPa and 22.7 GPa, respectively, and
dislocation slip was the identified deformation mechanism. The calculated strength of whiskers is
sensitive to the dimensions of the specimen in both, experiments and simulations.
The third important factor affecting the tensile test results is the strain rate which, in MD
simulations is several orders of magnitude higher than most laboratory measurements because of
the inherent timescale limitations of the method. Furthermore, experimental strain rates cannot be
directly compared to those in MD simulations because the former arise from the average dislocation
velocity and control the contact time of dislocations with obstacles, whereas the latter describe the
fluctuations in velocity of individual dislocations [14]. Molecular dynamics and dislocation dynamics
simulations have shown that, an increase in the strain rate results in stress overshoot caused by the
delay of dislocation propagation [11–13].
There are no published reports on the ferrite strain rate sensitivity by MD simulations. In this
work, molecular dynamics simulations of tensile tests on α-Fe and ferrite have been performed and
the results used to estimate the strengthening effects of carbon atoms.
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2. Simulation Methodology
2.1. Ferrite supercell
The solubility of carbon in α-Fe increases with temperature, the commonly accepted values
are 0.025 wt %C at 727 ◦C and 0.008 wt %C at room temperature. Because of the small amount of
carbon at room temperature, the lattice parameter of ferrite is usually taken equal to the lattice
parameter of α-Fe.
In order to build the ferrite unit cell, the α-Fe unit cell shown in Fig. 1 with a lattice parameter
a = 0.2856 nm [15] was used to create a 21 × 21 × 21 supercell to which carbon atoms were added
in the 6b Wyckoff positions. The ferrite unit cell is shown in Fig. 2. The corresponding carbon
content of this ferrite is 0.0069 wt % which is a good approximation of the room temperature value.

Fig. 1. α-Fe unit cell: a = 0.2856 nm, space group Im3̄m (229).

Fig. 2. Ferrite unit cell: carbon atoms (red) occupy octahedral sites (Wyckoff 6b).

The ferrite unit cell shown in Fig. 2 was used to create a 5×5×5 ferrite supercell (approximately
30 × 30 × 30 nm) for simulations with three periodic boundary conditions and a 2 × 2 × 4 supercell
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(12 × 12 × 24 nm) for simulations with non-periodic boundary conditions. In the former case, edge
effects of surfaces are eliminated, allowing the study of bulk properties while in the latter case
periodic boundary conditions were imposed only in the z direction, which is the loading direction,
while in the other two directions the atoms were allowed to move freely. This type of boundary
conditions allows the interactions between dislocations and sample surfaces. The corresponding
α-Fe supercells were made by removing the carbon atoms from the ferrite supercells.
2.2. Simulation setup
The molecular dynamics simulations have been carried out with LAMMPS [16] (http://lammps.
sandia.gov). The interatomic potential used was the EAM (embedded-atom method) form developed by Hepburn and Ackland [17]. This potential describes the carbon and iron interactions for
a wide range of systems containing defects and it has been used to study carbon interactions with
dislocations and to calculate elastic constants of α-Fe [18, 19].
Initially, energy minimisation was performed using the conjugate gradient method [20]. The
Velocity Verlet algorithm [21] was used to integrate the equations of motion with a timestep of
1 fs. The canonical ensemble (NVT) was used to bring the temperature of the system from 0.1 to
300 K in 100 ps. After heating, the temperature was maintained constant for 100 ps with the NVT
ensemble. Finally, the isothermal-isobaric ensemble (NPT) was used to relax the supercell at 0 bar
for 100 ps.
For the nanowhiskers only the Pzz component of pressure was set to 0 bar as periodic boundary
conditions are imposed only in the z direction. The damping parameters for the thermostat and
the barostat used were set to 100 and 1000 timesteps, respectively. Both, the equilibration and the
tensile test simulations were performed with a 1 fs timestep.
For the periodic boundary conditions setting (bulk), the tensile test simulations were performed
using the NPT ensemble. The non-loading axes were relaxed at 0 bar by adjusting the simulation
cell dimensions in order to maintain the uniaxial stress state. For the nanowhisker setting, the NVT
ensemble was used.
The applied strain rates for both types of boundary conditions were 1010 , 5 × 109 , 109 , 5 × 108 ,
108 and 5 × 107 s−1 . Simulations were run for 30, 60, 300, 400, 3000 and 4000 ps respectively,
to achieve the target strain. Nanowhiskers were also tested at 5 × 106 s−1 and run for 40 ns. The
stress was computed from the pressure tensor in the direction of the loading. Dislocations and twins
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were identified using the Dislocation Extraction Algorithm (DXA) and the Polyhedral Template
Matching (PTM) [22, 23], respectively, as implemented in the Ovito code [24].

3. Results and Discussion
3.1. Maximum stress and stress-strain curves
The maximum stress calculated for the four crystallographic directions considered in this study,
at the applied strain rates are given in Table 1, along with the Schmid factors for the bulk samples,
and are shown in Table 2 for the whiskers. Stress-strain curves obtained at ε̇ = 108 s−1 for the
bulk samples are presented in Fig. 3. The maximum stress in the [1 1 1] loading direction for ferrite
[1 1 1]

[1 1 1]

was σmax = 23.6 GPa while for α-Fe it was σmax = 20 GPa. Higher strength for ferrite was also
[1 1 0]

[1 1 0]

observed in the [1 1 0] direction as σmax = 18.5 GPa compared with σmax = 15.9 GPa for α-Fe. In
the other two directions, [1 1 2] and [1 0 0], the strenghtening effect of carbon was less significant,
the ferrite was only ≈ 1 GPa stronger than α-Fe in [1 1 2] and no difference was found in the [1 0 0]
direction.
It will be shown in section 3.3 that in the [1 1 1] and [1 1 0] directions deformation occurs by
dislocation slip whereas in the [1 1 2] and [1 0 0] deformation is dominated by twinning. This suggests
that the interaction of carbon atoms with dislocations causes the increase in σmax .
Stress-strain curves obtained for nanowhiskers at ε̇ = 108 s−1 are presented in Fig. 4. Similarly
to the bulk specimen, the [1 1 1] direction is the strongest, followed by the [1 1 0], for both, α-Fe
(Fig. 4(a)) and ferrite (Fig. 4(b)).
However, only small diferences between α-Fe and ferrite nanowhiskers were observed and the
strength was considerably lower compared with the strength recorded for the bulk specimen.
3.2. Strain rate sensitivity
Fig. 5 shows the stress-strain curves for the bulk samples in the [1 1 1] loading direction. It can
be seen that, with one exception (ε̇ = 5 × 108 s−1 ) the maximum stress is higher for ferrite than for
α-Fe at all strain rates.
To understand how the strain rate influences the strength of the specimen, σmax was plotted
versus ε̇ for the four loading directions and fitted to a power-law expression using the least squares
method. Fig. 6 shows the curves obtained for the bulk samples. Two distinct regions, characterised
by different slopes can be observed for the [1 1 1] and [1 1 0] loading directions. At high strain rates,
5

Table 1. Maximum stress and Schmid’s factors for bulk samples.

σmax (GPa) on specified [h k l]
ε̇ s

−1



[1 1 1]

[1 1 0]

[1 1 2]

[1 0 0]

1 × 1010

25.3

21.3

14.7

9.4

9

22.1

19.8

14.1

9.2

1 × 109

21.8

16.7

13.8

9.0

8

21.1

15.2

14.4

9.2

1 × 108

20.0

15.9

14.8

9.2

7

20.3

15.8

15.0

9.2

1 × 1010

26.7

22.3

16.4

9.6

9

23.4

21.6

16.2

9.4

1 × 109

21.7

20.5

15.8

9.2

8

21.6

19.3

15.7

9.2

1 × 108

23.6

18.5

15.6

9.2

7

21.6

18.8

15.5

9.1

0.36

0.48

0.34

0.47

5 × 10

α-Fe

5 × 10

5 × 10

5 × 10

Ferrite

5 × 10

5 × 10

Schmid’s factor

ε̇[1 1 1] > 5 × 109 and ε̇[1 1 0] > 5 × 108 for α-Fe (Fig. 6(a)) and ε̇[1 1 1] > 109 and ε̇[1 1 0] > 8 × 108
for ferrite (Fig. 6(b)) the maximum stress decreases sharply with decreasing ε̇ while for strain rates
lower than the above values the influence of the strain rate becomes negligeable and maximum stress
remains almost constant. The strength in the [1 1 2] and [1 0 0] direction is practically insensitive
to strain rate. For the nanowhiskers, the maximum stress decreases continuously with decreasing
strain rate, as shown in Fig. 7, and a power law relationship exists between σmax and ε̇:
σmax = C ε̇m

(1)

where σmax is the maximum stress, C is a constant, ε̇ is the strain rate, and m is the strain rate
sensitivity.
The calculated values for strain rate sensitivity, m and the constant C for each direction considered in this work are listed in Table 3. It can be seen that the strain rate sensitivity varies between
0.015 and 0.039 for different directions. These values are comparable with experimental values [25],
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between 0.01 and 0.015, obtained for low carbon steels.
Table 2. Maximum stress for whiskers.

σmax (GPa) on specified [h k l]
ε̇ s

−1



[1 1 1]

[1 1 0]

[1 1 2]

[1 0 0]

1 × 1010

20.5

18.7

14.6

9.4

9

19.5

17.6

13.8

9.2

1 × 109

17.6

15.8

13.2

9.1

8

17.3

15.4

13.0

9.0

1 × 108

17.1

15.2

12.4

8.7

7

16.9

14.6

12.0

8.5

1 × 107

16.3

14.6

11.9

8.5

1 × 1010

21.1

18.2

14.3

9.5

5 × 109

20.0

17.3

13.7

9.2

9

18.1

15.8

13.0

9.1

5 × 108

17.4

-

13.8

8.8

1 × 108

16.8

14.7

12.1

8.6

5 × 107

16.4

14.6

12.0

8.4

1 × 107

16.9

14.8

11.2

8.3

5 × 10

α-Fe

5 × 10

5 × 10

1 × 10
Ferrite

The two regions observed for bulk samples (Fig. 6) were not observed for the nanowhiskers and
no significant difference between the strength of the α-Fe and ferrite nanowhiskers was observed.
These two facts suggest that the large surface-to-volume ratio of the nanowhiskers obscures the
effect of the carbon atoms, due to constraint in the square-section whiskers.
3.3. Deformation Mechanisms
3.3.1. Deformation by twinning
Snapshots of the tensile deformation of α-Fe nanowhiskers in the [1 1 2] direction, at strain rates
ε̇ = 1010 s−1 , ε̇ = 109 s−1 and ε̇ = 108 s−1 are presented in Fig. 8, 9 and 10, respectively. A slice
along a (1 1 1) plane (parallel to the page) was made to remove surface atoms from the visualisation.
It can be seen that the number of twins nucleating at the yield point varies with strain rate. At
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Fig. 3. Stress-strain curves at ε̇ = 108 s−1 for bulk samples: (a) α-Fe; (b) ferrite. σmax for ferrite is higher when
loaded in the [1 1 1], [1 1 0] and [1 1 2] directions.
Table 3. Calculated strain rate sensitivity for α-Fe and ferrite for different directions.

Direction
[1 1 1]

[1 1 0]

[1 1 2]

[1 0 0]

α-Fe

9.80

7.36

7.43

6.66

Ferrite

9.04

8.59

6.78

6.34

α-Fe

0.0304

0.0389

0.0283

0.0152

Ferrite

0.0350

0.0313

0.0319

0.0168

C (GPa)

m

ε̇ = 1010 s−1 (Fig. 8(a)), several twins nucleate at the edges of the nanowhisker since they act as
stress concentrators. These twins grow due to

1
2 [1 1 1]

dislocations propagating on {1 1 0} planes,

and they intercept other growing twins, as shown in Fig. 8(b). The clash of these growing twins
leads to the formation of twinned regions, whose boundaries merge to accomodate the increasing
strain, as depicted in Fig. 8(c).
At a strain rate of 109 s−1 , the number of twins is considerably lower. In Fig. 9(a), it can be
seen that a twin nucleated on a {1 1 0} plane at an angle of 45◦ with the loading axis. Then, it
propagated through the whisker and reached the opposite surface while intercepting the advance
of another growing twin, as shown in Fig. 9(b). Similar processes occur in different regions of the
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Fig. 4. Stress-strain curves at ε̇ = 108 s−1 for nanowhiskers: (a) α-Fe; (b) ferrite. No significant difference in σmax .

nanowhisker. On further loading twin boundaries expand to account for the strain increase, as
depicted in Fig. 9(c). Once the whisker cannot accomodate the increasing strain, microvoids and
dislocations nucleate inside the nanowhisker at twin boundaries.
Fig. 10 shows the deformation of a α-Fe nanowhisker at ε̇ = 108 s−1 . Only two twin boundaries
can be seen suggesting that only a pair of twins nucleated. These twins propagate on {1 1 0} planes,
reaching the opposite surface of the whisker to grow into two full twins, as shown in Fig. 10(a) and
Fig. 10(b) and they become the boundaries of the twinned region, as shown in Fig. 10(c). Plastic
deformation takes place due to their advance. On further strain increase, microvoids nucleate at
twin boundaries and almost no dislocation activity is observed. This deformation behaviour is
similar to the one described by Sainath et al. [9].
From Figs. 8, 9 and 10, it can be seen that the main effect of decreasing the strain rate on
the deformation behaviour is the decrease in the number of twins which results in a lower strain
at yield. The strain at yield is 0.124, 0.1015 and 0.935 for simulations at 1010 , 109 and 108 s−1 ,
respectively. Experimental observations of twins in iron single crytals is commonly observed at low
temperatures and directions close to the [1 0 0], with increasing twinning at higher strain rates [26].
3.3.2. Deformation by dislocation slip
Snapshots of the deformation process of α-Fe nanowhiskers in the [1 1 1] direction at ε̇ = 1010 s−1
strain rate are presented in Fig. 11. It can be seen that plastic deformation begins with the
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Fig. 5. Stress-strain curves for bulk samples in the [1 1 1] direction: (a) α-Fe and (b) ferrite.

nucleation of

1
2 [1 1 1]

dislocations at the edges of the nanowhisker, as shown in Fig. 11(a). The

glide of these dislocations is accompanied by large localised distortions caused by the nucleation of
several dislocation loops, as shown in Fig. 11(b).
As the strain increases, dislocations on main slip planes propagate through the nanowhisker,
reaching the opposite surface, as can be seen in Fig. 11(c). Due to the short run time of the
simulations and the low mobility of screw dislocations compared with edge dislocations, the screw
dislocations do not have enough time to slip and reach the surfaces. This results in a high dislocation
density in the bulk of the nanowhisker.
Snapshots of the deformation process of a α-Fe nanowhisker at ε̇ = 5 × 108 s−1 are presented
in Fig. 12. Plastic deformation begins with the nucleation of

1
2 [111]

dislocations at an edge of

the nanowhisker, followed by propagation through the nanowhisker. The glide of these dislocations
causes significant plastic deformation which results in the formation of a crack, as it can be seen
in Fig. 12(a). Dislocations nucleate from the crack tip and slip to the surfaces of the nanowhisker
resulting in steps, which can be seen in Fig. 11(b). The crack growth continues with futher strain
causing an in-plane slip of the two parts of the nanowhisker at approximately 45◦ from the loading
axis, as depicted in Fig. 12(c). This deformation is consistent with the one reported by Sainath &
Choudhary [27].
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Fig. 6. Maximum stress versus strain rate for different directions using periodic boundary conditions (bulk): (a)
α-Fe and (b) ferrite. Two stages can be identified in the [1 1 1] and [1 1 0] directions. At lower strain rates,
σmax is strain rate-insensitive while at higher values of strain rate, σmax increases with ε̇.

(a) ε = 0.11

(b) ε = 0.15

(c) ε = 0.2

Fig. 8. Deformation of a α-Fe nanowhisker loaded in the [1 1 2] direction at ε̇ = 1010 s−1 : (a) Several twins nucleate
at the edges of the nanowhisker; (b) As they grow, they intercept other twins and reach the opposite edge of
the nanowhisker; (c) Twin boundaries merge to accomodate the increasing strain, resulting in larger twinned
regions. Colouring based on local lattice orientation. Yellow atoms: original orientation. Green atoms:
medium rotation. Red atoms: large rotation. Blue atoms: surface atoms.
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Fig. 7. Maximum stress versus strain rate for different directions using shrink-wrapped boundary conditions
(nanowhisker): (a) α-Fe and (b) ferrite. σmax is ralated to ε̇ by the power law σmax = C ε̇m .

(a) ε = 0.08

(b) ε = 0.09

(c) ε = 0.15

Fig. 9. Deformation of a α-Fe nanowhisker loaded in the [1 1 2] direction at ε̇ = 109 s−1 : (a) Twins nucleate at the
edges of the nanowhisker; (b) They propagate until they reach the opposite surface or other growing twins;
(c) Twin boundaries move and expand twinned regions, as the load increases. Colouring based on local
lattice orientation. Yellow atoms: original orientation. Green atoms: medium rotation. Red atoms: large
rotation. Blue atoms: surface atoms.
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(a) ε = 0.08

(b) ε = 0.09

(c) ε = 0.15

Fig. 10. Deformation of a α-Fe nanowhisker loaded in the [112̄] direction ε̇ = 108 s−1 : (a) A pair of twins nucleate
at the edges of the nanowhisker; (b) They grow through the nanowhisker, reaching the opposite surface to
become the twin boundaries; (c) As the strain increases, the twin boundaries advance to extend the twinned
regions. Nanovoids nucleate at twin boundaries with almost no dislocation activity. Colouring based on
local lattice orientation. Yellow atoms: original orientation. Green atoms: medium rotation. Red atoms:
large rotation. Blue atoms: surface atoms.

A further decrease in the strain rate does not show an important change in the deformation
mechanism of the whiskers. As shown in Fig. 12(d), a similar 45◦ slip failure was observed when
loading at ε̇ = 5 × 106 s−1 . However, when compared with the deformation at ε̇ = 5 × 108 s−1
(Fig. 11), more slip-steps can be seen at the surface, indicating that more dislocations managed
to leave the bulk of the whisker. After yield, the dislocation density was approximately ten times
higher in the nanowhisker loaded at ε̇ = 5 × 108 s−1 compared with that at ε̇ = 5 × 106 s−1 . This
suggests that at higher strain rates, dislocations, especially of screw character, do not have enough
time to move and reach surfaces. A higher number of dislocations results in a higher tensile stregth.
For these two whiskers, there was a difference of more than 2 GPa in favour of the one loaded at
ε̇ = 5 × 108 s−1 .
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(a) ε = 0.17

(b) ε = 0.175

(c) ε = 0.2

Fig. 11. Deformation of a α-Fe nanowhisker loaded in the [1 1 1] direction at ε̇ = 1010 s−1 : (a) Several

1
[111]
2

dislocations nucleate at the edges of the nanowhisker; (b) and (c) Dislocations on main slip planes propagate
through the nanowhisker and reach the opposite surface. Highly deformed areas are shown in grey.

(a) ε = 0.14155

(b) ε = 0.1434

(c) ε = 0.15

(d) ε = 0.15, ε̇ =
5 × 106 s−1

Fig. 12. Deformation of a α-Fe nanowhisker loaded in the [1 1 1] direction at ε̇ = 5 × 108 s−1 : (a) Intense dislocation
nucleation resulting in the formation of a crack; (b) Dislocation emission from the crack tip and formation
of surface steps; (c) In-plane slip at 45◦ from the loading axis; (d) Deformation at ε̇ = 5 × 106 s−1 , showing
significantly more slip steps than in (d). Atomic strains larger than 1 are shown in red.

3.4. Orientation dependance of strength
The yield strength of a single crystal is closely related to the stress required to nucleate 12 h1 1 1i
full dislocations responsible for slip deformation, or the 61 h1 1 1i partial dislocations responsible for
twinning. As discussed by Li et al. [28], there is a competition between the slip and twinning
mechanisms. Plastic deformation begins with the formation of a one-layer stacking fault through a
1
6 h1 1 1i

partial dislocation. The following step determines whether slip or twinning will take place:

If another 16 h1 1 1i partial dislocation nucleates, a twin will form and the amount of twinned crystal
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will increase by further nucleation of partial dislocations of this type. On the other hand, if the
subsequent dislocation is of type 31 h1 1 1i, a full 12 h1 1 1i dislocation will form.
When the crystal is loaded on the [1 0 0] or [1 1 2] direction, twinning is crystallographically
favoured and yield occurs at lower stresses because the nucleation of
requires lower energy than full

1
2 h1 1 1i

1
6 h1 1 1i

partial dislocation

dislocation [29]. On the other hand, when the crystal is

loaded in the [1 1 1] or the [1 1 0], dislocation slip is promoted and high stress is needed to nucleate
full 12 h1 1 1i dislocations. Furthermore, the Schmid’s factors for the h1 1 1i {1 1 2} slip system when
loaded on the [1 1 1] and [1 1 0] direction are 0.36 and 0.48, respectively. The lower Schmid’s factor
when loading on the [1 1 1] direction suggests that higher stresses are needed initiate slip than when
loading on the [1 1 0] direction.
3.5. Effects of C interstitials on strength
From Fig. 6, it can be seen that there is noticeable difference between σmax of the α-Fe and ferrite
supercells. The difference in strength is attributed to the presence of C interstitials. Furthermore,
higher differences in the strength values were observed in the [1 1 1] and [1 1 0] directions. Because
the dominating mechanism of deformation on these directions is dislocation slip, the interaction of
C atoms with dislocations is the cause for the higher strength of the ferrite supercell.
MD simulations have shown that carbon atoms significantly increase the critical shear stress
required for dislocation slip and reduce the glide velocity [4]. Carbon atoms, however, need to be
at a very close proximity to the glide plane in order to cause an increase on the critical stress (less
than 0.2 nm). The supercells used in this work were approximately 14 times larger than those used
by Schmauder & Kohler [4], in order to maximise the posibility of dislocations sliding on planes
with C atoms. Furthermore, the magnitude of the strengthening effect depends on the position of
both carbon atoms and slip planes. Hence, a large number of randomly distributed atoms is needed
to account for the variability of the Fe–C system. In Fig. 6(b), data scatter at lower values of ε̇
for ferrite loaded on the [1 1 1] and [1 1 0] can be observed, evidencing the random nature of the C
atoms and dislocation core encounters.
3.6. Strain rate effects
The stress-strain curves in Fig. 5 show that σmax increases with the strain rate. Because of the
high strain rates dislocations cannot move through the crystal and the large number of dislocations
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that nucleate on yielding are trapped in the supercell, resulting in the observed strengthening. TEM
observations of samples deformed at strain rates comparable with those used in this work confirm
that the dislocation slip mechanism is active at high strain rates, and also strenghtening occurs
due to high dislocation densities [30]. In this work higher dislocation densities were observed for
simulations at higher strain rates, consistent with the work reported by Wang et al. [30].
The two regimes describing the dependance of σmax on the ε̇, observed when loading on the
[1 1 1] and [1 1 0] using the periodic boundary conditions (bulk) can be explained as the transition
between thermally assisted (at low strain rates) and athermal yielding. At low strain rates, the
energy required by dislocations to overcome energy barriers and obstacles, such as C interstitials, is
provided by the applied stress and by thermal vibrations [31]. The probability of thermal activation
at higher strain rates decreases and with limited thermal assistance, dislocations require higher shear
stresses to overcome obstacles, resulting in higher values of σmax .

4. Conclusions
Molecular dynamics was used to perform tensile tests on iron and ferrite in order to determine
the strength and to investigate the deformation mechanisms. The results of the simulations carried
out with periodic boundary conditions (bulk) show that the strength of ferrite can be 20 % higher
than the strength of iron in certain crystallographic directions, i.e. [1 1 1] and [1 1 0]. The mechanism
of deformation in these directions is dominated by dislocation slip as opposed to other directions
investigated ([1 0 0] and [1 1 2]) on which the deformation mechanism is mainly twinning. In these
directions, strengthening due to carbon atoms is absent or negligible.
The results of the simulations carried out using nanowhiskers show little or no difference between
the strength and the deformation mechanism of iron and ferrite suggesting that surface effects
dominate the deformation.
The influence of strain rate on the deformation of iron and ferrite was investigated by running
simulations with the following strain rates 1010 , 5 × 109 , 109 , 5 × 108 , 108 and 5 × 107 s−1 . The
values calculated for strain rate sensitivity, m = 0.015 to 0.039 are comparable with experimental
values, m = 0.01 to 0.015 obtained for low carbon steels [25].
Two regimes describing the dependance of σmax on the ε̇, were observed for the [1 1 1] and
[1 1 0] directions when using periodic boundary conditions. This behaviour is associated with the
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deformation by dislocation slip, and the two regimes correspond to athermal (ε̇ > 109 s−1 ) and
thermally assisted yield (ε̇ < 109 s−1 ).
Molecular dynamics (MD) simulations of Fe-C ferrite reported in the literature are carried out
using the BCC structure of pure iron not the solid solution containing carbon atoms.
Considering the differences observed between iron and ferrite, we reccomend that, for more
accurate results, molecular dynamics (MD) simulations of Fe-C ferrite should be carried out using
atomic configurations which include the interstitial carbon atoms.
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