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High-shear methods have long been used in experiments to refine grain structures in metals, yet
the underlying mechanisms remain elusive. We demonstrate a refinement process using molecular
dynamic simulations, wherein nanocrystalline structures are generated from initially perfect lattices
under high-shear strain. The simulation cells undergo a highly disordered state, followed by recrys-
tallization and grain coarsening, resulting in nanograins. We explore the dependence on parameters
such as temperature, heat dissipation rate, shear strain rate, and carbon impurity concentration.
Higher temperatures lead to the formation of larger and longer grains. The faster heat dissipation
sample initially yields more small grains, but their number subsequently reduces, and is lower than
the slower heat dissipation sample at approximately 1.5 strain. Slower strain rates do not promote
nanograin formation. The presence of carbon impurities appears to have little effect on grain for-
mation. This detailed analysis affords insight into the mechanisms that control the formation of
nanograins under high-shear conditions.

I. INTRODUCTION

Grain refinement can be achieved through various
methods, including the use of chemical refiners or spray-
forming techniques [1]. An attractive approach to accom-
plish grain refinement is through severe plastic deforma-
tion (SPD) techniques, such as accumulative roll bond-
ing (ARB) and equal channel angular pressing (ECAP)
[2]. High-shear methods, such as high-pressure torsion
(HPT), can significantly alter the microstructure of met-
als. Numerous materials, including Al, Cu, and Mg al-
loys, have shown a reduction in grain size with increasing
shear strain [3–7]. Yusuf et al. [7] observed a reduction in
grain size with increasing shear strain for 316L stainless
steel, which also correlates with an increase in Vickers mi-
crohardness. Despite numerous experimental studies at-
tempting to elucidate the mechanisms of nanocrystalline
formation with increased shear strain, the results are in-
conclusive. [8].

The leading theory for grain refinement suggests that
dislocations are generated in the material due to shear
strain. These dislocations accumulate and form subgrain
boundaries. As the shear strain increases, dislocations
are annihilated at these boundaries, leading to a rise in
the misorientation angle between the grains. Some of the
formed dislocations are not absorbed and persist, forming
low-angle grain boundaries (LAGBs), which perpetuates
the grain refinement process [4, 8–10].

Other factors can also influence grain refinement, such
as the number and distribution of precipitates within
the material [11–13], as well as the presence of twin-
ning deformation [14, 15]. Isik et al. [16] observed a
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significant contribution to grain subdivision and induced
grain refinement through a deformation-induced marten-
sitic phase transformation, from γ → ϵ phase in Co-28Cr-
6Mo alloy.

Numerous computational methods have been employed
to explore the mechanism of grain refinement through
plastic shearing. Finite element analysis (FEA) has been
used to understand how the HPT process can modify
the samples [17–20]. FEA simulations greatly depend on
the constitutive model used during the simulation [21].
As such, the physics of a given FEA system are largely
defined by the constitutive model which may not allow
other physical mechanisms of grain refinement to exist
within the simulation, which in turn affects the observ-
able deformation modes. Nevertheless, numerous FEA
studies have been conducted that draw conclusions on
possible grain refinement mechanisms under shear strain.
Wei et al. [22] investigated the mechanisms of grain re-
finement in single crystal Ni subjected to HPT, employ-
ing crystal plasticity finite element simulations. The re-
sults proposed the existence of two rotation modes that
directly contributed to the formation of grain boundaries
with high misorientations. Additionally, FEA simula-
tions of high angle pressing (HAP) were conducted by
Frydrych et al. [23] to explore the mechanism of grain re-
finement in an already nanocrystalline face-centered cu-
bic (FCC) material. This study confirmed that grain ori-
entation was a major indicator of their susceptibility to
further refinement. The study calculated the Taylor fac-
tor, which is a function of lattice orientation, for grains
in the original configurations. The study showed that
grains which had larger Taylor factors were more prone
to refinement. A larger Taylor factor correlates to greater
plastic work done, when compared over the same range
of slip [24]. The work of Frydrych [23] makes no further
attempt to quantify the orientations making it difficult to
obtain exact lattice orientations which were more prone
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to refinement.
Molecular dynamics (MD) simulations have been em-

ployed to study microstructural evolution in metals sub-
jected to SPD [25–31]. However, most of these studies
start with simulation cells that are already in a nanocrys-
talline state, and therefore, do not explore the mech-
anisms by which a single crystal can transform into a
nanocrystalline state. Interestingly, the work of Nikonov
[31] used MD simulations to shear a perfect, single crystal
simulation cell. However, the results were only used for
shear stress vs. strain comparisons with a polycrystalline
box, and no conclusions were reached about the single
crystal shear. The work of Guan et al. [32] attempted
to replicate the HPT process using an MD simulation of
Aluminum. However, similar to the other MD investiga-
tions mentioned above, the initial box was already in a
nanocrystalline state before the shearing took place, and
thus, there was no investigation into the actual formation
of nanocrystals.

The precise underlying processes responsible for the
development of a nanocrystalline microstructure via HPT
remains elusive. Despite the significant disparity between
shear rates in simulations and experimental settings, we
conducted molecular dynamics simulations on iron to
gain insights into potential mechanisms through which
shear could induce the formation of nanocrystalline struc-
tures. Additionally, we scrutinized the progression of mi-
crostructures to facilitate meaningful comparisons with
experimental outcomes.

Iron is chosen as the material of the current study be-
cause of its diverse uses in domestic and industrial ap-
plications. Especially, in advanced fission and future
fusion reactors [33–35], iron-based steels, such as fer-
ritic/martensitic (FM) steels, are chosen as the structural
material. FM steels have the same body-centred cubic
(BCC) crystal structure as iron. It was shown experimen-
tally that FM steels exhibited less neutron irradiation-
induced swelling than austenitic steels with face-centred
cubic (FCC) structure [36].

In the following, we first discuss our simulation meth-
ods. Then, we present our simulation results and discuss
potential mechanisms underlying the observed phenom-
ena. We also draw comparisons with experimental HPT
studies.

II. SIMULATION SETUP

All MD simulations were carried out using LAMMPS
[37]. Simulation cells were created using Atomsk [38].
We constructed perfect crystal simulation cells with 80×
80×80 unit cells, where each unit cell contains 2 atoms in
BCC structure with a lattice parameter of 2.8665 Å, cor-
responding to Fe. Each simulation cell contains 1,024,000
atoms. The starting crystal orientations are x = [100], y
= [010], and z = [001]. Periodic boundary conditions are
applied in all three directions.

We also examined the effect of carbon impurities. We

created simulation cells by adding 102 carbon atoms into
those perfect cells at random positions. This corresponds
to a carbon impurity content of 100 appm.
We adopted the interatomic potential for Fe developed

by Ackland et al. [39], which has been widely used to
investigate the microstructure evolution of iron [40–43].
For Fe-C simulations, we used the Hepburn-Ackland FeC
interatomic potential [44], which was developed based on
the aforementioned Ackland Fe potential. It has been
used in several studies concerned with the effect of carbon
on the microstructural evolution of iron [45–48].
The trajectory of a system of interacting atoms is gov-

erned by the Langevin equation of motion:

dri
dt

= vi (1)

m
dvi

dt
= Fi − γvi + fi (2)

where ri, vi, and Fi = −∂U/∂ri are position, veloc-
ity, and force associated with atom i. U is the inter-
atomic potential energy. m is the mass of an atom.
The temperature is controlled by the Langevin ther-
mostat, where the damping parameter γ is related to
the delta-correlated fluctuating force fi according to the
fluctuation-dissipation theorem [49, 50], namely,

⟨fi(t)⟩ = 0, (3)

⟨fiα(t)fjβ(t′)⟩ = µδijδαβδ(t− t′), (4)

where α and β are Cartesian coordinates, and

µ = 2γkBT. (5)

The fluctuation and dissipation of atoms can be con-
sidered as a result of electron-phonon interaction, so γ
describes the strength of electron-phonon coupling. We
used the electron-phonon coupling parameter for Fe ac-
cording to Mason et al. [51], such that γ = 6.875 eV fs
Å−2. We denote this as γ1. In some simulations, we used
a damping parameter that is ten times larger, which is
denoted as γ2 = 10γ1. If we do not explicitly mention
the value of γ below, we are using γ1.
Before applying any shear, the simulation cells are

thermalised to particular temperatures. The cell volumes
are also relaxed isotropically, so they attain stress-free
conditions.

Shear was imposed by continually deforming the sim-
ulation cell. The shear strain is applied on the xy plane
with displacement in the x direction. This was done by
imposing a cell tilt factor change, which is effectively an
engineering strain. A total simulation time of 335 ps was
used, with a maximum final shear strain of ε = 10. This
means the shear rate dε/dt is approximately 2.985×1010

s−1. We also performed the same simulation with a 10
times longer simulation time, corresponding to a 10 times
lower strain rate.

To avoid boundary self-interactions, we can remap the
simulation cell when the tilting is more than 0.5 of the
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cell length. The cell vector and the positions of atoms
are remapped along the shearing direction, with the sim-
ulation cell going from a 0.5 to a -0.5 tilt. It is important
to note that, due to the periodic boundary conditions,
there is no change in the local atomic environment.

We used OVITO [52] for analysis. Grains are identi-
fied using the grain segmentation modifier. The mini-
mum grain size was chosen as 50 atoms. We discuss the
effect of using a different number of atoms as the min-
imum grain size in Appendix A3. Since this algorithm
requires the crystal orientation of each atom, the polyhe-
dral template matching (PTM) modifier [53] is adopted
beforehand. PTM can determine the local crystal orien-
tation of each atom in terms of a quaternion, where each
quaternion can be projected into Rodrigues space [54].
Then, the orientation of each atom in this space can be
visualised by mapping orientation to an RGB colouring
scheme [55]. Dislocation lines are detected using the dis-
location analysis (DXA) modifier [56].

III. RESULTS

We first present the results of our simulations explor-
ing the influence of shear strain on initially perfect, sin-
gle crystalline iron. Next, we investigate the behaviour
of samples under various conditions, including differing
temperatures, damping parameters, strain rates, and the
presence of carbon impurities.

A. Shear-induced nanocrystalline structure

Figure 1 shows a key result of this work. Figure 1a to
1g show the simulation cell at different shear strains. The
results reveal a process in which nanograins are formed
due to shear strain in a real-space representation. This
simulation was run for 335 ps, up to ε = 10, at a constant
strain rate, at a temperature of 300 K, and with a con-
stant damping parameter of γ1. We will refer to this as
the benchmark simulation. The colouring of each atom in
Figure 1 is based on its crystal orientation. Only atoms
detected as BCC structures are shown. Since a simi-
lar colour means a similar crystal orientation, one can
clearly observe the formation of nanograins in real space.
We are not aware of any similar simulations showing the
formation of nanograins under high shear strains in the
literature.

Figure 1a shows the initially perfect crystal simulation
cell. It is subjected to a shear strain in the xy direc-
tion, which causes the atoms to gradually lose their BCC
structure. At around 0.27 strain, there is a high level
of atomic disorder, as shown in Figure 1b. Most atoms
deviate from the BCC structure. We can consider that
atoms are now in a disordered state. Shortly after that,
a recrystallization process begins, as shown in Figure 1c,
at around 0.3 strain. Many small grains are visible. Be-
tween Figure 1c and 1d, grain formation clearly occurs,

with the atomic crystal orientations still largely similar.
By Figure 1e, at 4 strain, the atomic crystal orientations
are largely dissimilar, with grains exhibiting different ori-
entations. It appears that the grain refinement process
continues between 4 and 7 strains, see Figure 1f. Then,
the grain number and sizes attain a dynamical quasi-
steady state.

Grain growth has been observed for different metals in
simulations [32, 57] and experiments [58]. These inves-
tigations typically focus on samples that already possess
a grain structure before applying any strain or stress.
A fundamental difference is that the current simulations
start with a perfect crystal structure. Our results show
that when shear strain is applied, atoms become highly
disordered, followed by recrystallisation into a polycrys-
talline structure. However, such a mechanism does not
always occur in different simulation conditions, as will be
discussed below.

For a more detailed analysis, we can consider Figure 2
alongside Figure 1. Figure 2a shows the average atomic
potential and kinetic energy as a function of shear strain.
Figure 2b is an enlarged version that only covers a range
of up to 1 shear strain. When the shear strain is first
applied, there is a gradual increase in the potential en-
ergy up to a value of around -3.73 eV/atom. The initial
potential energy increment appears parabolic, suggesting
a linear elastic response, as the elastic potential energy
is proportional to ε2. The maximum point of potential
energy occurs at 0.27 strain, which is the point shown in
Figure 1b. The disordered state is a state of high poten-
tial energy.

Then, the potential energy in the system gradually
reduces to around -3.89 eV/atom and remains roughly
at this value for the remaining shearing process. At
0.27 strain, where the potential energy reaches its peak,
we also observe a rapid increase in the kinetic energy
of the system, as shown in Figure 2b, from a value of
0.039 eV/atom to 0.072 eV/atom, peaking at 0.3 strain.
This increase is followed by a sharp decrease, reaching a
value of around 0.042 eV/atom, at which the simulation
plateaus for the continued shearing. Since the estimated
system temperature is directly proportional to the kinetic
energy, we observe a substantial increase in temperature
at 0.27 strain, as shown in Figure 2c. The maximum
temperature reaches 560 K, which is far below 1,811 K,
the melting temperature of iron.

Figure 2d illustrates the number of grains detected by
OVITO. The number of grains undergoes a sharp in-
crease at 0.25 strain and peaks at 0.27 strain with ap-
proximately 400 grains. This corresponds to the highly
disordered state, where OVITO identifies small pockets
of BCC structure as individual grains within a volume of
highly disordered atoms. After that, there is a rapid de-
crease in grain number, reaching a minimum of 25 grains
at around 0.3 strain, coinciding with the decrease in po-
tential energy. Following this, the number of grains once
again rises to around 230 at 2 strains. Then, there is a
decrease to about 160 at 3 strains. Another increase in
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(a) (b) (c)

(d) (e) (f)

(g)

FIG. 1: Grain refinement process with atoms coloured by crystal orientations. Temperature T =300 K. Strain rate
dε/dt = 1/33.5 ps−1 ≈ 2.985× 1010 s−1 and damping parameter γ = 6.875 eV fs Å2. (a) 0 Strain (b) Highly

Disordered - 0.27 Strain (c) Recrystallisation - 0.32 Strain (d) 1 Strain (e) 4 Strains (f) 7 Strains (g) 10 Strains.

grain count is observed after reaching 6 strains, plateau-
ing at a value of around 240 until the end of the sim-
ulation. In Figure 2e, we also observe an increase in
dislocation density starting at a strain value of 0.27. The
dislocation density is given as the total line length divided
by the volume of the simulation cell. Dislocation density
rises to approximately 2.6× 10−3/Å2 at 0.82 strain, fol-
lowed by a decrease to 1.2× 10−3/Å2 at around 2 strain.
The dislocation density experiences a slight increase to
1.6× 10−3/Å2 at 3 strains and subsequently remains rel-
atively constant during further shearing.

The average atomic von Mises stress, as shown in Fig-

ure 2f, and the potential energy per atom are well cor-
related. There is an initial increase in von Mises stress,
followed by a rapid decrease when the highly disordered
state is formed at 0.27 strain. Nikonov [31] also found
an increase in stress during the single crystal shearing
of BCC iron. The same rapid increase, followed by a
sharp decrease, was observed and attributed to lattice
reorientation. It is noteworthy that the potential energy
never decreases to its original value, as some excess en-
ergy, associated with dislocations and grain boundaries
generated during deformation, is stored within the ma-
terial [59].




















































