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Abstract—The effect of carbon and oxygen impurity atoms on diffusion along the tilt grain boundaries with
100 and 111 misorientation axis in metals with FCC lattice was studied by the molecular dynamics method.
Ni, Ag, and Al were considered as metals. Metal atom interaction was described by many particle Clery-
Rosato potentials constructed within the framework of tight binding model. To describe interactions of light-
element impurity atoms with metal atoms and impurity atoms, Morse pair potentials were used. According to
obtained results, impurities in most cases lead to an increase in self-diffusion coefficient along the grain
boundaries, which is caused by crystal lattice deformation near the impurity atoms. Therefore, additional dis-
tortions and free volume are formed along the boundaries, which is more expressed for carbon impurities.
Moreover, with an increase in carbon concentration in the metal, an increase in coefficient of grain-boundary
self-diffusion was observed first, and then followed by a decrease. This behavior is explained by aggregate for-
mation of carbon atoms at grain boundary, which leads to partial blocking of the boundary. Oxygen atoms had
smaller effect on diffusion along the grain boundaries, which is apparently explained by the absence of aggre-
gates and lesser deformation of crystal lattice forming around impurity. The greatest impurity effect on self-
diffusion along the grain boundaries among the examined metals was observed for nickel. Nickel has the
smallest lattice parameter, and impurity atoms deform its lattice around itself more than aluminum and silver.
Therefore, they create relatively more lattice distortions in it and additional free volume along the grain
boundaries, which lead to an increase in diffusion permeability. Diffusion coefficients along the high-angle
boundaries with misorientation angle of 30° turned out to be approximately two times higher than along low-
angle boundaries with a misorientation angle of 7°. Diffusion along the 100 grain boundaries f lowed more
intensively than along the 111 boundaries.
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INTRODUCTION
The interaction of light-element impurity atoms

with metals is of great scientific and technological
interest. Carbon, nitrogen, and oxygen atoms signifi-
cantly affect metal characteristics even at small con-
centrations, which is primarily caused by their interac-
tion with lattice defects. Although the mechanisms
and processes of the light-element impurity effect
alloying on metal characteristics are important, there
are still many problems regarding impurity behavior in
the metal matrix at the atomic level. Determination of
the impurity effect on the processes involving grain
boundaries is one of these problems. It is known that
polycrystal grain boundaries determine a lot of their
characteristics, and diffusion along grain boundaries

occurs much more intensely than in the bulk crystal.
On the contrary, the impurity effect on the grain-
boundary diffusion is presently not studied in detail.

In the case of low-angle boundaries, the bond
energy is clearly close to the bond energy of impurity
atoms with dislocations. One example is that the car-
bon-atom bond energies with dislocation in iron in the
range of 0.4–0.7 eV were obtained in [1, 2], while this
value corresponded to 0.5 eV in [3] in the case of oxy-
gen atoms in zirconium. The magnitude of these val-
ues indicates insufficiently strong binding of impurity
atoms both with dislocations and grain boundaries. It
is known that grain boundaries, as well as individual
dislocations, accumulate impurity atmospheres in
analogy with the Cottrell atmosphere [4]. One exam-
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Fig. 1. Construction scheme of a three-dimensional com-
putational cell with the tilt grain boundaries (G1 and G2—
grains; CC—computational cell; GB—grain boundary).
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ple is that the migration mobility in this case is signifi-
cantly reduced, because additional energy is required
to break boundary from atmosphere as in the case of
dislocations. Relatively little is known about the impu-
rity effect on diffusion along boundaries. For example,
a molecular dynamics study was carried out in [5] on
the hypothetic impurity effect (not associated with any
chemical elements) on the diffusion in aluminum
along grain boundaries; it was found that impurities
have a marginal influence on the grain-boundary dif-
fusion intensity.

This work is devoted to studying the effect of car-
bon and oxygen impurity atoms on the diffusion along
tilt grain boundaries with misorientation axes of 100
and 111 in FCC metals, such as nickel, silver, and
aluminum. This metal set is unique, because two of
them possess nearly identical atomic radii, while the
other two possess almost identical electronegativity
values. Atomic radii of aluminum, silver, and nickel
are 1.43, 1.44, and 1.24 Å [6], while electronegativity
values (Pauling scale) are 1.61, 1.93, and 1.91 [7],
respectively. Thus, there is a clear relationship with
atomic size or electronegativity values while obtaining
various dependences for these three metals.

MODEL DESCRIPTION

Interactions of metal atoms with each other were
described by many particle Clery–Rosato potentials
[8], which were plotted within the tight-binding
model. To describe the interactions of light-element
impurity atoms with metal atoms and impurity atoms,
Morse pair potentials were used [9]. Both potentials
were useful in some molecular-dynamics calculations
[10–12]. Potential parameters for the described inter-
actions of carbon and oxygen impurity atoms with
atoms of the considered metals were taken from [9].
They were determined from the empirical depen-
dences and known characteristics such as: melting or
decomposition temperature of the metal’s corre-
sponding chemical with light element, as well as acti-
vation energy of impurity atom diffusion in the metal
lattice. To describe the interactions of impurity atoms
with each other in metals [9], the potentials suggested
by other authors were taken as a basis. In the case of
C–C bond, the pair potential from [13] was trans-
formed into the Morse potential. In the case of O–O
bonds, the potential from [14] was used.

The tilt boundary was generated with a molecular-
dynamic model in the computational cell’s middle by
rotating two crystals at the misorientation angle θ
around 11 or 100 angles (Fig. 1). After crystal rota-
tion, excess atoms behind the grain-boundary line in
the range of another grain were eliminated. In this
case, the atoms were displaced to the positions corre-
sponding to the energy minimum, which was accom-
panied by slight heating of the calculation block. After
temperature stabilization, the calculation block was
cooled to 0 K. The number of atoms in calculation
blocks was nearly 30000. Strict conditions were
applied along X and Y axes and periodic conditions
were applied along Z axis (that is, along misorientation
axis) (Fig. 1). Thus, the calculation block sides, which
are parallel to the grain tilt axis, were specified; these
did not allow the grain boundary to migrate beyond
the block boundaries during the molecular-dynamic
experiment.

The time of molecular-dynamic experiments
during diffusion coefficient determination was 300 ps,
in which the calculation cell temperature remained
constant (0.9 Tm) and corresponded to 1553, 1112, and
840 K in the case of nickel, silver, and aluminum,
respectively (where Tm is the metal’s melting point).
During diffusion coefficient calculations, the grain
boundary width was identical in all cases and corre-
sponded to 7 Å. It is known that diffusion processes
along grain boundaries in pure metals mainly occur in
the layer that is 5–6 Å in thickness [15–18]. How-
ever, the diffusion width of the boundaries slightly
increases due to the impurity presence up to nearly
7 Å in this case.

RESULTS AND DISCUSSION

Figure 2 shows typical patterns of atomic displace-
ments during grain-boundary diffusion, which
occurred within 300 ps at the temperature of 0.9Tm.
Diffusion along low-angle boundaries (θ = 7°)
(Figs. 2a and 2b) occurs near the nuclei of grain-
boundary dislocations. In the case of 111 low-angle
boundaries, diffusion anisotropy should be antici-
pated; it is clear that diffusion should predominate
along the Z axis (misorientation axis), because atom
displacements mainly occur along the dislocation
nuclei.
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Fig. 2. Atomic displacements at the tilt boundary in projection onto XY plane during computer experiments for 300 ps at tempera-
ture of 0.9Tm at low-angle (7°) boundary 111 in nickel (a), at low-angle (7°) boundary 100 (b) and at a high-angle (30°) bound-
ary 100 (c) in silver.
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Fig. 3. Aggregate formation of carbon atoms (black atoms)
at grain boundaries in silver at low-angle (7°) boundary
100 (a) and at the high-angle (30°) boundary 100 (b)
(GBD—grain boundary dislocations).
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Atom displacements during computer experiments
were usually more intense in 100 low-angle boundar-
ies than in 111 boundaries under the same condi-
tions. In the case of 100 boundaries, diffusion
anisotropy should also be presumably anticipated,
though not so clear as in the case of 111 boundaries.
The fact is that that additional atomic displacements
along X and Y axes occurred during oscillation of the
dislocation positions in 100 boundaries (Fig. 2b),
which play an important role in boundary migration
[19]. In 111 boundaries, such displacements, which
are related to the change of dislocation position,
occurred much less often (Fig. 2a).

Figure 2c shows atom displacements as a result of
diffusion along the high-angle boundary (θ = 30°). In
contrast to the displacements in low-angle boundar-
ies, they are more intense and located along the entire
boundary. Atom displacements were usually located in
the layer that is 5–7 Å in thickness.

Impurity atoms were added randomly into the
octahedral voids of both grains. It is known that light-
element impurity atoms (such as carbon and oxygen)
are located in the FCC metal lattice in octahedral
voids [20–25]. Introduction of impurities usually
resulted in enhancement of diffusion along grain bound-
aries. This was caused by the deformation of crystal lat-
tice near impurity atoms, which resulted in additional
distortions and free volume along boundaries.

During the carbon atom introduction into the
metal lattice up to a relatively high (more than 5%)
concentration, these atoms tended to form aggregates
during computer experiments, which were mainly
concentrated on the grain boundary. In addition,
they were mainly concentrated near grain-boundary
STEEL IN TRANSLATION  Vol. 49  No. 12  2019
dislocations at low-angle boundaries (Fig. 3). Aggre-
gate formation of carbon atoms resulted in the
decrease in self-diffusion intensity due to partial
boundary blocking.

Oxygen atoms did not form aggregates, which is
caused by the potential features describing the oxygen
atom interaction with each other [9]. Oxygen atoms in
metal repel from each other in contrast with carbon
atoms, which tend to form bonds. Nevertheless, oxy-
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Fig. 4. Dependences of self-diffusion coefficients along the Y and Z axes at low-angle tilt grain boundaries 111 7° on concentra-
tion of carbon and oxygen impurity atoms at temperature of 0.9Tm in nickel (a), in silver (b), and in aluminum (c).
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gen atoms also influenced the diffusion permeability
of grain boundaries.

Figure 4 shows dependence examples of self-diffu-
sion coefficients along 111 tilt boundaries with mis-
orientation angle of 7° along Y and Z axes at the tem-
perature of 0.9Tm on the impurity atom concentration.
The values of self-diffusion coefficients along grain
boundaries possess similar values for the considered
metals at various temperatures (1553, 1112, and
840 K), though at the identical melting point of 0.9Tm.
The relationship of activation energy and diffusion
coefficients with the melting point of metals was
emphasized many times by various researchers [26].

A clear anisotropy was observed on the plots in the
case of 111 low-angle boundaries as anticipated
(Fig. 4); the diffusion coefficients along the Z axis
were nearly two times as large as the coefficients along
the Y axis. In the case of 100 low-angle boundaries
and particularly in the case of high-angle boundaries,
anisotropy was not observed. In the case of 100 low-
angle boundaries, this was related to atom displace-
ment appearance, which accompany displacements of
grain-boundary dislocations, as mentioned above.

The diffusion coefficients along high-angle bound-
aries were predictably larger than those along low-angle
boundaries (nearly two-fold in the case of θ = 30° as
compared to θ = 7°), which agrees with the atomic dis-
placement patterns (Fig. 2). In this case, diffusion
along 100 boundaries occurred more intensely than
along 111 boundaries.

The largest impurity effect on self-diffusion along
grain boundaries among the considered metals was
observed for nickel, which is intrinsic for the lowest
lattice parameter. Impurity atoms distort the lattice in
nickel around them to a higher extent than in alumi-
num and silver [9]. For this reason, they generate rel-
atively higher lattice distortions and additional free
volume along grain boundaries, which lead to diffu-
sion permeability growth.
CONCLUSIONS
Using molecular dynamics, the effect of carbon

and oxygen impurity atoms on the diffusion along tilt
grain boundaries with misorientation axes of 100 and
111 in FCC metals (nickel, silver, and aluminum) has
been studied. It has been shown that the impurities in
most cases result in the increase in self-diffusion coef-
ficient along grain boundaries, which is caused by the
crystal lattice distortion near impurity atoms. For this
reason, additional distortions and free volume arise
near boundaries. This effect is more pronounced for
carbon impurity. With an increase in the carbon con-
centration in metal, an increase in the grain-boundary
self-diffusion coefficient has been observed, which has
been followed by a decrease. Such behavior is rational-
ized by the aggregation of carbon atoms on grain
boundary, which results in partial boundary blocking.
Oxygen atoms have influenced diffusion along grain
boundaries to a lower extent, which is presumably
rationalized by an aggregate formation absence and
lower distortion of crystal lattice around impurity.

The largest effect from impurities on the self-diffu-
sion along grain boundaries among the considered
metals has been observed in the case of nickel. Nickel
possesses the lowest lattice parameter, and impurity
atoms distort its lattice around it to a higher extent
than aluminum and silver. Thus, impurity atoms gen-
erate relatively larger lattice distortions and additional
free volume along grain boundaries, which lead to dif-
fusion permeability growth.
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