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We report fully three-dimensional atomistic molecular dynamics studies of grain growth kinetics in nano-
crystalline Cu of 5 nm average grain size. We observe the formation of annealing twins as part of the grain
growth process. The grain size and energy evolution was monitored as a function of time for various tempera-
tures, yielding an activation energy for the process. The atomistic mechanism of annealing twin formation from
the moving boundaries is described.
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Annealing twins in face-centered-cubic metals have been
observed as early as 1897,1–3 and are a prominent feature
observed in routine metallography of these materials. The
formation of these twins is usually associated with the pro-
cess of grain growth that occurs during annealing at rela-
tively high temperatures. Twin boundaries are usually flat
and extend across an entire grain. The resulting density of
twins after an annealing treatment is controlled by grain-
boundary energy, prior deformation, and resulting grain
size.4–11 The formation of annealing twins is a very common
experimental observation; the fraction of annealing twins
typically increases with annealing time and therefore with
the amount of grain growth. Up to two to three twins per
grain are typically observed, and it has been suggested that
the nucleation and growth of twinning are mechanistically
linked to anomalous grain growth.12–14

In addition, it has been shown that imposed shear stresses
during annealing of deformed fcc metals with low stacking
fault energies tend to result in recrystallized microstructures
containing higher fractions of twin boundaries than those
annealed without an imposed shear stress.13 This appears to
be true also for materials deformed by severe plastic defor-
mation where high residual shear stresses are present.

The mechanisms by which annealing twins are formed are
not completely understood. Current theories propose that ac-
cidents at growing grains and particularly faults on �111�-
type planes are responsible for the formation of annealing
twins.15–18 The models of twin formation generally require
grain-boundary migration. In the model of Mahajan et al.,15

the nucleation of Shockley partial dislocations at growth ac-
cidents on �111� steps is associated with grain-boundary mi-
gration.

In nanocrystalline materials, there is strong evidence that
deformation occurs through emission of Shockley partial dis-
locations from grain boundaries which are absorbed in the
opposing grain boundaries. These mechanisms based on par-
tial dislocations lead to twinning when partial dislocations
are emitted in adjacent �111�-type planes. The deformation
response of these materials has been studied using molecular
dynamics simulation techniques,19–21 and similar theoretical
work can help in the detailed understanding of the process of
twin formation during annealing treatments.

In the present work, we report on relatively long molecu-
lar dynamics simulations of grain growth at zero external
pressure and high temperature. We observe grain growth and

twin formation. The nanometer size scale in the grains here
is mandated by the viability of the molecular dynamics simu-
lations. A large driving force for grain growth is present in
the sample due to its nanoscale grain-boundary structure,
driving the relatively fast grain growth observed in nanocrys-
talline materials. This, in turn, allows us to observe grain
growth even in the short times accessible to molecular dy-
namics simulations. In the following, we describe our simu-
lation technique and show results for the kinetics of grain
growth and annealing twin formation. Finally, we discuss the
observed mechanism of annealing twin formation at the ato-
mistic scale.

Our sample is created with a Voronoi construction scheme
and contains �300 grains �approximately 1.6�106 atoms�
with a mean grain size of 5 nm. We used a Cu embedded
atom method �EAM� potential developed by Sorensen et
al.,22 which predicts a stacking fault energy of 45 mJ/m2.
The simulation code used for the molecular dynamics simu-
lations was LAMMPS.23

We first relaxed the as-created nanostructure at T
=300 K and p=0 bar for 100 ps. This produced a stable mi-
crostructure for the study of the grain growth process. The

FIG. 1. �Color online� Time sequence for an annealing tempera-
ture of 800 K. A representative sample slice is shown for annealing
times of 25, 500, 1025 and 1500 ps. Color scale is given by the
centrosymmetry parameter, with normal fcc atoms in blue.
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growth process itself was followed during annealing at vari-
ous temperatures and zero pressure, as maintained by a

Nose-Hoover thermostat and barostat. As the treatment pro-
ceeds, snapshots of the sample were created for visualization
and analysis of the grain growth process. The details of the
induced grain growth were studied using visualization tech-
niques based on the centrosymmetry parameter.24 We utilized
massively parallel computational facilities to achieve long
annealing times, by molecular dynamics standards, up to
1.5 ns. This combination of techniques allowed the study of
the kinetics of the grain growth process as well as the de-
tailed mechanism of the formation of the observed annealing
twins. Measurement of the grain size and annealing twin
fractions was performed by standard counting techniques as
the annealing process evolved the microstructure. In the fol-
lowing, we give the detailed results of the kinetics and
mechanisms observed.

Figure 1 shows the time sequence evolution of the micro-
structure for an annealing temperature of 800 K, with a rep-
resentative sample slice shown after 25, 500, 1025, and
1500 ps. In this sequence, we can clearly observe grain
growth and the appearance of annealing twins. Figure 2
shows the temperature effect for an annealing time of 250 ps
at 800, 1000, and 1100 K. As expected, the higher the tem-
perature, the more extensive these phenomena are. In order
to quantify these results, the average grain size was obtained
as a function of time using a simple standard technique of
counting the number of grains in various sections of the
sample to obtain a statistically meaningful average for the
entire sample. The results of this procedure are shown in Fig.
3 for the treatment at 800 K. In the initial part of the anneal-
ing treatment, linear grain growth was obtained. We note that
in this process, the number of grains has decreased to about
half the original number. The linear grain growth kinetics
observed in the first 500 ps represents in itself a significant
decrease in the total number of grains and is therefore not a
transient regime, but rather a characteristic of the nanoscale
sizes used here.

Both experimental and theoretical studies25–28 have
pointed out that grain growth kinetics in nanocrystalline ma-
terials may be different from that in coarse-grained materials.
The nanoscale effects in the kinetics can arise from a variety
of factors, such as the role of triple junctions or grain rota-
tion.

Continuing the analysis of the observed grain growth pro-
cess, we followed the energy evolution of the samples as a
function of time for various temperatures. The average po-
tential energy per atom in the sample was monitored, and we
observed that the energy per atom E decreases as function of
the time with a square root of time dependence as follows:

E = E0 − st1/2,

where E0 is the average �temperature-dependent� potential
energy per atom in the initial equilibrated structure at t=0,
and s is a temperature-dependent constant. The values of s
and E0 were obtained from this fitting analysis and are given
in Table I, together with the R2 values that indicate the ac-
curacy of the linear fit. The values of s can be plotted in
Arrhenius form to obtain the activation energy for the pro-
cess. Figure 4 shows these results, and the activation energy
obtained for the grain growth process is 34.7 kJ/mol. These

FIG. 2. �Color online� Temperature effect for an annealing time
of 250 ps. A representative sample slice is shown for treatments at
800, 1000, and 1100 K. Color scale is given by the centrosymmetry
parameter, with normal fcc atoms in blue.
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values are of the order of magnitude expected for grain-
boundary self-diffusion in Cu and can be considered consis-
tent with the migration kinetics being governed by the same
individual atomic jump processes as grain-boundary self-
diffusion. Using the same interatomic potential, Suzuki and
Mishin29 found an activation energy of 53 kJ/mol for the �5
grain boundary in Cu. Other grain-boundary �GB� mobility
calculations, using different Cu potentials, have found simi-
lar values �24–31 kJ/mol� for different types of GB.34–36

Figure 5�a� shows the number of annealing twins ob-
served in an average cross section of the sample �the area is
716 nm2� as a function of time for the annealing treatment at
800 K. The number of twins increases with time in a kinetics
that closely resembles the kinetics of the observed grain
growth. If the number of twins is divided by the number of
grains in the same cross section of the sample, we can easily
obtain an average number of twins per grain, which can be
analyzed as a function of grain size. Figure 5�b� shows the
number of twins per grain plotted as a function of grain size
for the annealing treatment at 800 K, indicating that the
number of twins per grain varies linearly with grain size
reaching values close to one twin per grain. At higher tem-
peratures, more twins per grain are observed, as shown in
Fig. 5�c�. This figure shows the number of twins per grain
observed after 250 ps as a function of the annealing tempera-
ture.

The observed kinetics suggests that twins nucleate at
grain boundaries during their migration at a more or less
constant rate, and the number of twins produced is propor-
tional to the distance of grain-boundary migration. This is in
excellent agreement with the mechanisms proposed by Ma-

TABLE I. Linear fitting results for the energy evolution as a
function of the square root of time obtained at the various annealing
temperatures. E0 is given in eV and s is in eV/�ps.

T
�K�

s
�eV/�ps� R2

E0

�eV�

800 2.93�10−4 0.95 −3.286

900 5.56�10−4 0.89 −3.254

1000 7.815�10−4 0.93 −3.221

1100 12.7�10−4 0.90 −3.184

FIG. 3. Average grain size versus time obtained for the anneal-
ing at 800 K.

FIG. 4. Arrhenius plot of the energy evolution constant s as a
function of temperature.

FIG. 5. �a� Number of twins observed in an average cross sec-
tion of the sample as a function of time for the annealing at 800 K.
�b� Number of twins per grain observed as a function of grain size
for the annealing at 800 K. �c� Number of twins per grain observed
after 250 ps as a function of the annealing temperature.
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hajan et al.15 This model speculates that annealing twins in
fcc metals and alloys form due to growth accidents on �111�
propagating steps present on migrating grain boundaries. As
a result of the accidents, Shockley partials are generated at
grain boundaries. These partials glide away from the bound-
ary producing a twin. The model proposes that the formation
of annealing twins entails the nucleation of Shockley partial
loops on consecutive �111� planes by growth accidents on
propagating �111� steps which are associated with a migrat-

ing grain boundary. The model predicts that the higher the
velocity of the boundary, the higher the probability of dislo-
cation nucleation. Lateral growth of faults also occurs due to
a repulsive interaction between Shockley partials constitut-
ing the twin boundary. Our simulations support the model
where the twins nucleate and grow from the migrating
boundaries through the emission of Shockley partial disloca-
tions. The emission of the partials can be seen clearly in the
stacking fault that the partials leave as they move. The sites
of emission of the partials are mostly near triple points and
near ledges, as suggested in previous models. An example of
the observed mechanism is given in Fig. 6, which shows the
sequence of events illustrating the mechanism of formation
of the annealing twins. The first partial is nucleated near a
triple point at the left, and additional partials nucleated in
successive �111� planes achieve the growth of the twin. In
Fig. 6 this process is seen to occur from a point near the
triple junction on the left first and then from a similar site
located at the right. This process occurs simultaneously with
the migration of the boundary upward.

As a summary, we have studied the formation of anneal-
ing twins in a nanomaterial. We find behavior consistent with
experiments in both nanomaterials and micron-size polycrys-
tals. Experimentally, it has been shown that heavily twinned
nanomaterials offer exceptional mechanical and electrical
properties.30 Twinning can result in additional hardening in
nanowires31 and can be also produced in nanocrystals by ion
implantation.32 Understanding how to control twin formation
might lead to better engineered nanomaterials for various
technological applications. We have found no particular re-
duction in the activation energy as seen in ceramic nanocrys-
talline materials.33 We have also found that in fcc nanocrys-
talline materials, twins appear in a mechanism that is similar
to that postulated for larger grain materials, with an activa-
tion energy similar to that of grain-boundary diffusion. The
activation energy that we found for grain-boundary migra-
tion of 34.7 kJ/mol compares well with that found in previ-
ous studies in other fcc materials and with different interac-
tion potentials which are in the the range of
24–31 kJ/mol.34–36
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