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Molecular dynamics study 
of the effect of extended ingrain 
defects on grain growth kinetics 
in nanocrystalline copper
Vladimir V. Dremov, Pavel V. Chirkov & Alexey V. Karavaev*

The paper presents results of a large-scale classical molecular dynamics study into the effect of 
ingrain defects on the grain growth rate of face centered cubic nanocrystalline material under thermal 
annealing. To do this, two types of virtual MD samples are used. The samples of the first type are 
constructed artificially by filling Voronoi cells with atoms arranged in fcc lattice essentially with no 
ingrain defects. The other samples are obtained by natural crystallization from melted material and 
contain numerous extended ingrain defects. These samples with a high concentration of ingrain 
defects imitate nanocrystalline material produced by severe plastic deformation via high pressure 
torsion or equal channel angular extrusion. The samples of both types are subjected to long-time 
zero pressure isothermal annealing at T ≈ 0.9T

m
 ( T

m
 is melting temperature) which leads to grain 

coarsening due to recrystallization. Direct molecular dynamics simulations of the annealing of 
different samples show that at the same conditions recrystallization goes two times faster in the 
samples with a high concentration of extended ingrain defects than in the defect-free samples. That 
is, to increase the thermal stability of nanostructured material the technologies used for forming 
nanocrystalline structures should be developed so as to avoid the thermomechanical treatment 
regimes leading to the formation of structures with high concentration of ingrain defects.

The properties of ultrafine-grained materials differ greatly from those of conventional ones. In particular, these 
materials reveal enhanced strength properties (see review  paper1) as well as enhanced resistance to radiation 
 damage2. That is why such materials are considered as promising for many technical applications including 
nuclear technologies. On the other hand, extreme conditions may cause degradation of their unique properties. 
In particular, high temperatures cause rapid grain coarsening, and a search for efficient technologies that could 
provide for higher thermal stability is an urgent need in materials science.

From the numerical simulation point of view, nanocrystalline materials provide the reliable bridge between 
experiment and direct atomistic modeling. The grain size of ∼ 1µ m is a quite available scale for state-of-the-art 
massively parallel classical Molecular Dynamics (MD) simulations. Classical MD simulations are only based 
on the semi-empirical model of interatomic interactions and give proper results if the empirical interatomic 
potential is properly parameterized. Starting from the pioneering  works3–10, various properties and phenomena 
in nanocrystalline solids were thoroughly investigated within MD studies (see recent  papers11–14). Most of those 
MD studies dealt with a local structure and the properties of grain boundaries (local stresses, defect mobility 
under external stress, emission of dislocations by grain boundaries and their interaction with dislocations etc.) 
and with the elastic-plastic behaviour of nanocrystalline materials under external mechanical stresses includ-
ing intense shock-wave loading. So, the technique of simulations developed  in15–17 allowed direct modeling of 
the elastic-plastic nanocrystalline material response to quasi-static loading and calculation of the yield stress.

Atomistic simulations also provide an opportunity to study directly various factors affecting the thermal 
stability of nanocrystalline solids. For example, Okita et al.18,19 investigated grain growth kinetics in bcc iron crys-
tallized from the melt with the main focus on the deviation of the growth rate from ideal one due to anisotropic 
grain boundary properties. Another study by Holm and  Foiles20,21 was performed to model the grain growth 
in fcc Ni with the purpose of revealing reasons for its stopping even in high purity materials. The  authors18–21 
paid great attention to the grain boundaries while the samples were essentially free of ingrain extended defects.
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In the present work we model the grain growth during thermal annealing with the focus on the effect of 
extended ingrain defects on the recrystallization rate (grain coarsening rate) of nanocrystalline fcc copper. To 
do this two kinds of samples were constructed: the samples essentially free of defects except grain boundaries 
and the samples containing a lot of extended ingrain defects—numerous nanotwins and relatively rare stacking 
fault planes. The samples of the second kind are aimed to imitate nanocrystalline material produced by severe 
plastic deformation, for example, by high pressure torsion or equal channel angular extrusion.

MD simulations presented here were carried out using two massively-parallel classical MD codes,  MOLOCH22 
and  LAMMPS23,24. For sample structure analysis we used orientation analyses by Polyhedral Template Matching 
(PTM)25 implemented in scientific data visualization and analysis software for atomistic simulations,  OVITO26–28 
and Adaptive Template Analysis (ATA)29 which allows precise, high confidence recognition of crystal structures 
and various defects in samples at elevated temperatures up to the melting point. To describe interatomic interac-
tions the Embedded Atom Model (EAM) potential for  copper30 is used. All simulations of crystallization, ther-
malization, and recrystallization were carried out for NPT-ensembles at zero pressure and various temperatures 
using Nose-Hoover31,32 thermostat in periodic boundary conditions in the cartesian directions.

Virtual nanocrystalline samples generation
Atomistic simulations of recrystallization process were carried out with submicrocrystalline samples of copper. 
For atomistic simulations, it is crucial to construct virtual samples relevant to the problem under consideration. 
The detailed description of the technique used for the construction of virtual nanocrystalline samples is given in 
 paper16. Briefly the procedure is as follows. There are two options to construct virtual nanocrystalline samples. 
The first one is to subdivide the simulation box into a number of Voronoi polyhedra cells and fill them with 
atoms arranged in the desired crystal lattice. The mutual crystal orientation in the polyhedra may be chosen as 
random or having a particular order. A special procedure is applied to provide for proper sintering of grains at 
 boundaries16 to allow the use of periodic boundary conditions in all directions.

The advantage of this option is the construction of samples composed of nanocrystallines which have the 
required average size and are almost free of ingrain defects (see Fig. 1). One can see that the grains are “transpar-
ent” because atoms belonging to fcc structure are not shown, but a number of stacking faults and vacancy clusters 
(which transform in copper into stacking faults  tetrahedra33) are formed during the procedure but their overall 
concentration is low. Using Voronoi filling one may choose the number of crystalline grains, their average size and 
mutual orientation. The virtual samples prepared with this technique are designated hereafter as V-type samples.

The other option to construct nanocrystalline samples is to perform MD simulation of solidification from 
liquid (see Fig. 2). To achieve conditions for the formation of numerous crystallization embryos in the bulk of the 
MD sample, significant overcooling of liquid is needed due to the high surface free energy of crystal embryos in 
melt typical of  metals34. On the other hand, there is a danger of getting a frozen amorphous glass-like structure 
from overcooled liquid in the time- and space-scales available for direct MD modeling which also depends on 
interatomic interaction potential being used in the simulations. In the present study for our samples of ∼ 45× 106 
atoms and the EAM  potential30 used, the onset of well-reproducible massive nucleation of fcc crystal embryos 
was achieved at T ≈ 0.68Tm at reasonable incubation times � 1 ns . The zero pressure melting temperature Tm 
for the EAM  potential30 was calculated to be Tm = 1328 K (the NIST experimental reference value is 1357.95 K) 
by two independent methods, namely, the Thermodynamic Integration  Method35,36 in the formulation by Freitas 
et al.37 and modified Z-method38,39 which give essentially coinciding results.

Figure 1.  Nanocrystalline sample generated by Voronoi polyhedra filling (V-type sample): (a) just after the 
construction, (b) after 50 ns of annealing at T = 0.904Tm . Grain boundaries are of mixed colours, the blue 
colour is for atoms in stacking faults and stacking faults tetrahedra. Atoms belonging to the fcc structure are not 
shown.
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Because of the random and non-simultaneous formation of crystallization nuclei in the overcooled liquid 
within the calculation box, it is difficult to control the number, shape, and relative size of resulting crystalline 
grains after the crystallization is completed. However, the following annealing at elevated temperature leads to 
recrystallization and grain coarsening (see Figs. 2 and 3). At this stage, for recrystallization acceleration the tem-
perature is to be increased up to 1200 K which is ∼ 0.9 Tm . The advantage of this technique is that grain shapes 
and boundaries between them are non-artificial unlike for the Voronoi cell filling method.

The samples crystallized from melt possess a high concentration of ingrain extended defects (numerous 
nanotwins, dislocations and stacking faults) due to the natural process of crystallization. Since atoms belonging 
to the fcc structure are not shown in Fig. 2 it seems (see Fig. 2a) that the stacking faults and twin boundaries 
(blue) originate immediately from liquid, but actually they are embedded in the growing fcc matrix. Because of 
the relatively low stacking fault energy in copper (experimental value is ∼ 40mJ/m240,41, which is well reproduced 
by the EAM  potential30) the nanotwin boundaries and stacking faults dominate the other types of ingrain defects. 
In Fig. 2a–e they are seen from different angles—in some grains almost face up and from the edge in others (such 
grains look transparent). On the lower right of Fig. 2 the isometric 3D view of the sample from (e) is shown for 
clarity. During the annealing stage the number of defects significantly decreases but stays at a rather high level. 
The density of extended ingrain defects in such samples is in the range from 15× 10−3 to 40× 10−3 , more than 
90 % of which are twin boundaries and less than 10 % are stacking fault planes. Such samples imitate material 
after severe plastic deformation. Note here that Okita et al.18,19 used crystallization from melt to produce initial 
nanocrystalline samples. However, they studied iron which crystallizes in not close-packed bcc crystal structure. 
Because of that the authors unlike us got the initial ultrafine-grained samples essentially without extended ingrain 
defects. Apart from the extended ingrain defects during crystallization and following recrystallization there are 
vacancies and interstitial atoms in such samples. Concentrations of the vacancies and interstitials reach 10−4 and 
10−5 respectively just after crystallization then decrease rapidly and stay nearly constant at the level ∼ 4.5× 10−5 
for vacancies and ∼ 2× 10−6 for interstitial atoms during annealing at T ≈ 0.9 Tm . The samples prepared with 
the crystallization-from-melt technique are designated hereafter as M-type samples. The samples of both types 
were constructed to have approximately the same size of ∼ 150× 150× 25 nm ( ∼ 45× 106 atoms), the number 

Figure 2.  Nanocrystalline samples generated by crystallization from melt (M-samples). (a–e) Snapshots 
of the system structure at different stages: (a) The very beginning of fcc crystal nucleation in the liquid (the 
temperature of the sample at this instance is T = 900 K ≈ 0.678Tm ), (b) Crystallization is almost completed—
the liquid crystallized in a very fine-grained polycrystal (after this instance the temperature of the sample 
gradually increase to T = 1200 K ≈ 0.904Tm ), (c–e) Illustration of grain coarsening during annealing at 
T = 0.904Tm (time interval 0–12 ns). No fcc structure atoms are shown. On the lower right, the isometric 3D 
view of the sample from (e) is shown.
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of randomly orientated grains as well as random spatial distribution of grain centres, i.e. similar grain size dis-
tribution at the beginning of annealing (see Fig. 3).

Results and discussion
Samples of both types (V and M) with an equal initial number of grains ( N = 64 ) were annealed at T = 0.904Tm 
for ∼ 50 ns . Results of the simulations are presented in Fig. 4 as a dependence of the number of grains N on 
time. One can see that sample of V-type shows a lower rate of grain coarsening compared to that of the M-type 
sample. After 10 ns the number of grains is 20 and 12 in V-type and M-type samples, respectively, and after 25 ns 
of annealing the numbers are 11 and 6. Here we argue that the rate of grain growth for the samples of V-type 
depends on the current number of grains (i.e. the current average grain size) and does not depend on annealing 
history. One may also suppose that though the M-type and V-type samples are similar in average, the difference 
between their behaviour is due to peculiarities in their initial grain size and orientation distributions. To check 
the hypothesis, two more samples of V-type (V2 and V3) containing 32 and 16 initial grains were constructed. 
Their annealing curves are also presented in Fig. 4. The recrystallization rate curves for these samples were right 
shifted to the times 2.1 ns and 13 ns corresponding to current grain numbers in sample V1 equal to the initial 
number of grains in samples V2 and V3.

It is well seen in Fig. 4 that the annealing curves for all three V-type samples almost coincide, lie higher and 
demonstrate noticeably milder slope than the curve for the M-type sample. As for the sample of M-type, the rate 
of grain coarsening is determined not only by the current average grain size but also by the current concentration 
of ingrain defects. During annealing both the characteristics change. The question is why the M-type samples 
anneal faster.

Recrystallization is a kinetic process of metastable state decay and its rate is determined by a driving force 
which in its turn is defined by the degree of metastability and by the activation thresholds. Experimental results 

Figure 3.  Comparison of the nanocrystalline grains and ingrain defect structures of V-type and M-type 
samples during annealing at T = 0.904Tm . The first two rows are for the V-type sample while the last ones 
are for the M-type sample. The orientation colouring was done using PTM analysis in OVITO visualization 
software. The defect structure recognition was done by the ATA. The snapshots from left to right are separated 
by 5 ns time intervals. N is the number of grains in the samples at the presented instances.
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suggest that the higher thermal stability of ultradispersed structures is provided by the isotropic material 
 structure42. Indeed, from the atomistic point of view, the presence, for example, of numerous low angle grain 
boundaries (i.e. preferred orientation) leads to lower thresholds of recrystallization. From this point of view 
both V- and M-type samples are isotropic because of the absence of the preferred grain orientation or texture at 
least at the beginning of modeling due to a rather big number of grains. On the other hand, the high concentra-
tions of ingrain defects in M-samples increase their free energy and, therefore, the degree of metastability, thus 
providing for an additional driving force for recrystallization. So, the overall concentration of ingrain defects 
along with grain mutual orientations, sizes, and shapes is to be considered as an important factor affecting the 
thermal stability of submicrocrystalline materials. Though the behaviour is clear from the thermodynamic point 
of view, it would be interesting to look at the micro-mechanism responsible for the faster grain growth in the 
M-type sample.

According to the classical topological theory of recrystallization by von Neumann and  Mullins43,44 the rate 
of the ideal grain growth is determined by the number of neighbouring grains (at equal other conditions such 
as grain boundary mobility and relative free energies). In quasi-2D case, a grain grows if the number of neigh-
bouring grains is more than 6 (in 3D case, more than 16). It means that if at a triple boundary junction all three 
angles are equal to 2π/3 , such a configuration is quasi-steady. If one of the angles is greater, i.e. the ideal grain 
the angle belongs to has more than 6 neighbours, the junction point moves outward this grain due to the higher 
probability of atoms to “jump” into it, and as a result the grain grows. The motion of junction points results in 
the curvature of grain boundaries inward the growing grains (see Figs. 2 and 3) which in its turn increases the 
probability of atoms to jump (build-in) into this grain and, as a consequence, increases the growth rate.

In Fig. 5 the PTM orientation colouring and the defect structure recognized by the ATA in the M-type sample 
at t = 35 ns are presented. An enlarged section of the grain boundary in the sample designated by the dashed 
rectangle is shown on the right in Fig. 5. One can see several twin boundaries resting against the grain boundary 
and causing its distortion. The grain boundary gets curvature and the junction points (actually junction lines 
because of the quasi-2D character of the sample) shift a bit along the twin boundaries. The atomic structure of 
the twin intersection with the grain boundary in nanocrystaline gold was reported in experimental  paper45. In 
high-resolution transmission electron microscopy images (see Fig.3  in45) it can be seen that the twins indeed 
changed local curvature of the grain boundaries in the way described above. We argue that at equal other condi-
tions the grains with the higher concentration of extended defects diminish faster due to this added curvature.

To check the hypotheses, some additional calculations were carried out using the LAMMPS MD 
code for artificially constructed grains in smaller systems of ∼ 17× 106 atoms in quasi-2D geometry 
( ∼ 14.4 nm× ∼ 121 nm× ∼ 121 nm ) in periodic boundary conditions in all directions (see Fig. 6). A rectangular 

Figure 4.  Grain coarsening upon annealing (number of grains in samples vs. time). The insets show the 
grain structures at different times. The thin solid lines are for samples of V-type with different initial numbers 
of grains: the blue, green, and red lines are for the V1, V2, and V3 samples (64, 32, and 16 initial grains, 
respectively). The last two lines are shifted to the times when the initial numbers of grains are equal to the 
current ones on the blue line for the V1 sample. The thick solid magenta line is for the sample of M-type.
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grain of initial size ∼ 60× 60 nm was put in the centre of the samples shown in the upper left corner of Fig 6. 
The first simulation was carried out with a system having no defects except the grain boundaries (the top row 
in Fig. 6). In the second simulation, 38 twin boundaries were added inside the central rectangular grain (the 
middle row in Fig. 6), and in the third simulation, 36 stacking fault planes were added in the central grain. Then 
the systems were annealed at T = 1200 K for 15 ns in NPT-ensembles. The relative central grain volume V/V0 
as a functions of time is presented in Fig. 7. One can see that the grains with nanotwins and stacking faults 
in the central grain show a rapid decrease of its size whereas the grain free of defects slowly grows. So, in this 
particular case, the presence of extended defects strongly affected the character and the rate of the central grain 

Figure 5.  The grain orientation map from PTM analysis (on the left) and the defect structure recognized by the 
ATA (in the middle) in the M-type sample at t = 35 ns . The enlarged defect structure in the box designated by 
the dashed rectangles is shown on the right. The blue color is for twin boundary atoms, the green is for atoms 
with hcp surroundings, the red shows atoms of unrecognized structure. The gray dots are vacancies in the fcc 
structure. Atoms belonging to the fcc structure are not shown. On the lower right, the same enlarged defect 
structure as on the upper right is shown tilted to demonstrate twin boundaries in the upper grain seen from the 
edge.

Figure 6.  Recrystallization in artificially constructed systems of ∼ 17× 106 atoms in quasi-2D geometry 
( ∼ 14.4 nm× ∼ 121 nm× ∼ 121 nm ) in periodic boundary conditions in all directions. On the left: snapshots 
of the system structures at t = 0 , 2, 6, and 10 ns. The first row is for the system free of ingrain defects. The 
second row is for the system with 38 twin boundaries (at t = 0 ) in the central rectangular grain. The third row is 
for the system with 36 stacking fault planes (at t = 0 ) in the central grain. Grain orientation colouring was done 
using PTM analysis. On the right, the enlarged central grain structure with nanotwins in the box designated by 
the dashed rectangle for t = 10 ns is shown.
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change. Note here also that stacking faults due to the higher free energy compared to that of twin boundaries 
have the greater effect. Nevertheless the samples with extended defects retain the anisotropy of central grain 
shrinkage proper to the defect free sample, i.e. slower rate of shrinkage in z-direction (see Fig. 6 right). But the 
anisotropy is weakened by the effects of twins. In Fig. 6 (right) it is also seen that twins changed geometry of the 
grain boundary forcing it to get curvature similar to that shown in Fig. 5 (right column). Twins subdivide the 
grain boundary into a number of convex segments which favor the grain boundary motion inward the grain. The 
general conclusion is that, indeed, the presence of extended ingrain defects favors the faster grain diminishing.

Conclusion
State-of-the-art supercomputing technologies allow addressing the problem of materials design and their proper-
ties change due to processing, storage and exploitation in direct large-scale molecular dynamics simulations. In 
this paper the atomistic approach was applied to the simulation of thermal recrystallization of submicrocrystalline 
fcc material. It was proved that the timescale available for contemporary large-scale classical molecular dynamics 
( ∼ 102ns ) was quite sufficient to track recrystallization at elevated temperatures in samples of representative sizes. 
Here the only factor affecting the thermal stability of nanocrystalline materials was considered, namely ingrain 
defects. The other factors such as alloying additions, impurities, and precipitates and their local distribution, 
texture etc. can also be studied with the technique. The effect of twins on grain growth in nanocrystalline gold 
under mechanical loading was experimentally studied  in45. According  to45 under the cyclic loading twins grow 
through grain boundary causing its local dissociation and thus assisting grain growth. This mechanism is quite 
different from that reported here for thermal grain growth that can be activated at rather high temperatures. As 
it was shown in the numerical experiments the ingrain defects weakened thermal stability and made the rate of 
recrystallization noticeably higher due to change of the grain boundary curvature making it locally convex and 
favorable for the inward motion. At the same initial number of grains and their average sizes, the dependence 
of the number of grains on time was steeper for the samples containing a lot of ingrain planar defects. Thus the 
conclusion following from the results of numerical experiments is as follows. To increase thermal stability, the 
technologies used for forming ultradispersed structures should be developed so as to avoid the thermomechanical 
processing regimes leading to the formation of structures with high concentrations of ingrain extended defects.
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