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Аннотация. С помощью молекулярно-динамического моделирования проведено исследование влияния угла разориентации и энергии 

границ зерен наклона с осями разориентации 100 , 110  и 111  на температуру плавления и характер начальной инициации плавления 
на границе зерен в аустените. Показано, что при постепенном нагревании плавление начинается от границ зерен, там, где имеются 
нарушения кристаллической структуры и, соответственно, атомы находятся в менее глубоких потенциальных ямах. В случае больше
угловых границ плавление начинается одновременно вдоль всей границы, в случае малоугловых ‒ в ядрах зернограничных дислокаций. 
Получены зависимости температуры плавления моделируемых расчетных ячеек от угла разориентации зерен и избыточной энергии. Для 
осей разориентации 100 , 110  и 111  результаты оказались аналогичными. В области малых углов разориентации (менее 15°) темпе-
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Abstract. Using molecular dynamics simulation, the authors studied the influence of misorientation angle and energy of tilt grain boundaries with 

the misorientation axes 100 , 110  and 111  on the melting temperature and nature of early initiation of melting at grain boundaries in austenite. 
It is shown that with gradual heating, melting begins from the grain boundaries, where there is a violation of the crystal structure and, accordingly, 
the atoms are located in less deep potential wells. In the case of large‒angle boundaries, melting begins simultaneously along the entire boundary, 
in the case of small-angle boundaries – in the cores of grain-boundary dislocations. Dependences of the melting temperature of the simulated calcula-
tion cells on the angle of grain misorientation and excess energy were obtained. For the misorientation axes 100 , 110  and 111 , the results were 
similar. In the region of small misorientation angles (less than 15°), the melting point decreases almost linearly with increasing angle, then, for large-
angle boundaries, the decrease becomes less intense. These dependences correlate with the energy of grain boundary formation or with the associated 
excess energy of the calculation cell. The main quantitative criterion determining the effect of defects on a decrease in melting temperature is excess 
energy, that is, the energy difference between the considered structure and the ideal crystal, which can also be interpreted as the energy of the consi
dered structure formation. The melting point decreases linearly with increasing excess energy. Obviously, the effect of grain boundaries on the melting 
point becomes significant only for materials with a very high content of grain boundaries, for example, for materials with a nanocrystalline structure. 
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 Introduction

In recent decades, considerable attention has been paid 
to nanocrystalline materials, which include polycrystals 
with an average grain size of  less than 100 nm. These 
materials exhibit size-dependent physical and mechani-
cal properties, primarily due to  a significantly higher 
volume fraction of grain boundaries, triple junctions, and 
other defects compared to  conventional coarse-grained 
counterparts  [1 ‒ 3]. Ultrafine grain sizes are achieved 
using various methods, which typically include severe 
plastic deformation. Such materials can also be  pro-
duced by sintering nanopowders, vapor-phase condensa-
tion, or other nanostructuring methods. A characteristic 
feature of  nanocrystalline materials is their highly non-
equilibrium structure, associated with a significant level 
of excess (or stored) energy [1 ‒ 3]. Excess energy, i.e., 
the difference between the free energy of the material and 
that of  an ideal crystal at the  same temperature (or, in 
other words, the energy that can potentially be released 
during structural transformations such as recrystalliza-
tion), in nanocrystalline materials arises from the  high 
density of  defects: grain boundaries, triple junctions, 
dislocations, disclinations, and others. The specific set 
and types of defects largely depend on the method used 
to  produce the  nanocrystalline structure and the  sub
sequent treatment [1 ‒ 4]. 

The unique properties of  nanomaterials are largely 
determined by the high volume fraction of  surface area 
and other interfaces (interphase or intergranular boun
daries). One of  these properties, which is important 
from both an application and manufacturing standpoint, 
is the  dependence of  melting temperature on effective 
size: grain size, film thickness, or nanoparticle diameter. 
The dependence of the melting point of nanoparticles on 
their size is the most thoroughly studied. It is currently 
well established that the melting temperature of spherical 
nanoparticles is inversely proportional to their diameter, 
a finding demonstrated both experimentally  [5 – 9] and 
through molecular dynamics (MD) simulations [10 – 14], 
as well as supported by theoretical models [15 ‒ 20]. 

 As for materials with a nanocrystalline structure, stu
dies  [21 – 25] employing MD simulations have shown 
that melting in such materials is not a homogeneous 
process: it usually starts from free surfaces and grain 
boundaries. A reduction in the  average grain size leads 
to a decrease in the melting temperature of nanocrystal-
line silver  [22; 23] and aluminum  [24; 25]. Similar fin
dings were reported in  [14; 26], where nanocrystalline 
nickel particles exhibited a lower melting point compared 
to monocrystalline counterparts. 

The phenomenon of melting point reduction as a func-
tion of average grain size in nanocrystalline materials, in 
comparison with monocrystalline nanoparticles, is more 
complex and less thoroughly understood. This complexity 
arises from the  presence of  not a single type of  defect 
(such as particle surfaces), but rather a broad spectrum 
of  grain boundaries with varying energies, along with 
other structural defects. This study investigates the influ-
ence of  the  misorientation angle and the  corresponding 
energy of tilt grain boundaries on the melting temperature 
and the mechanism of melting initiation at the boundary. 
Tilt boundaries with misorientation axes 100 , 110  and 
111  are examined. Austenite is chosen as the  model 

material due to its widespread practical applications. 

 Model description

To describe interatomic interactions in the  molecu-
lar dynamics model, an embedded atom method (EAM) 
potential was employed  [27]. This potential was deve
loped based on comparisons with experimental data and 
ab initio calculations of various properties of  austenite. 
It reliably reproduces a wide range of  mechanical and 
structural-energetic properties and has been successfully 
validated in simulations of various processes, including 
melting [27 ‒ 29].

The calculation cells had a parallelepiped shape with 
approximate dimensions of  9.9×10.8×13.5 nm and con-
tained about 118,000 atoms (Fig. 1). A tilt grain boun
dary was introduced at the center of the calculation cell 
by rotating two crystals, i.e., the two halves of the cell, by 

ратура плавления с ростом угла падает почти линейно, затем, для большеугловых границ, снижение становится менее интенсивным. 
Эти зависимости коррелируют c энергией образования границ зерен или со связанной с ней величиной избыточной энергии расчетной 
ячейки. Главным количественным критерием, определяющим влияние дефектов на снижение температуры плавления, является избы-
точная энергия, то есть разность энергий рассматриваемой структуры и идеального кристалла, которую еще можно интерпретировать 
как энергию образования рассматриваемой структуры. Температура плавления линейно уменьшается с ростом избыточной энергии. 
Очевидно, что данный эффект, то есть влияние границ зерен на температуру плавления, становится существенным только для материалов 
с очень высоким содержанием границ зерен, например, для материалов с нанокристаллической структурой. 
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a misorientation angle θ around the  100 , 110  or 111  
axis, which coincided with the x-axis in Fig. 1. To keep 
the grain boundary positioned at the center of the calcula-
tion cell throughout the simulation, fixed boundary condi-
tions were applied along the z-axis (at the top and bottom 
of  the  calculation cell in Fig. 1): atoms shown in dark 
gray remained stationary during the simulation. Periodic 
boundary conditions were applied along the other direc-
tions. As a result, two parallel, identical grain boundaries 
were present in the calculation cell. Fig. 1 shows an exam-
ple of  the calculation cell visualized using the Common 
Neighbor Analysis (CNA) method [30], highlighting 
the presence of  two boundaries – one in the  center and 
one at the  edge of  the  cell  – with a misorientation axis 
of  111  and a misorientation angle of  30° (hereafter 
referred to as 111  30°). After the rotation of the crystals 
and the removal of overlapping atoms, the structure was 
relaxed for 20 ps at a constant temperature of  1000 K. 
During relaxation, atoms shifted into positions cor-

responding to  the  local energy minimum. Fig. 1 shows 
the calculation cell after structural relaxation.

The misorientation angle θ for the  100 , 110  and 
111   grain boundaries was varied from 0° to 30°. Thus, 

half of  the  boundaries considered (up to  15°) corres
ponded to  small-angle grain boundaries, i.e., bounda
ries with clearly distinguishable geometrically neces-
sary grain-boundary dislocations, while the  other half 
(above  15°) represented large-angle grain boundar-
ies. As  will  be shown below, the  main characteristic 
influencing the  melting process is the  grain boundary 
energy, which is typically nearly constant for large-
angle boundaries. This is why, for example, most angles 
between boundaries at  triple junctions tend to  be close 
to 120° [31; 32]. For this reason, the misorientation angle 
was limited to 30° for all types of tilt boundaries consi
dered in the present study.

The model employed an NPT ensemble in combination 
with a Nosé–Hoover thermostat. During melting, the spe-
cific volume increases due to the destruction of the crys-
tal lattice; therefore, it was important to maintain constant 
pressure at zero. Thermal expansion with increasing tem-
perature was taken into account, including for the fixed 
regions at the boundaries of the calculation cell (the dark 
gray regions in Fig. 1). A time integration step of 2 fs was 
used in the molecular dynamics simulations. 

To determine the  melting temperature, the  gradual 
heating method was applied, involving the  construction 
of  dependence of  the  average atomic potential energy 
on temperature  – a commonly used approach in simi-
lar studies [10 ‒ 14; 26; 33 ‒ 35]. The temperature was 
increased linearly at a rate of 1012 K/s by correspondingly 
scaling the  magnitudes of  atomic velocities at regular 
time intervals (5 ps in this case).

 Results and discussion

Fig. 2 shows examples of the dependencies of the ave
rage atomic potential energy on temperature for calcula-
tion cells with 111  6° (curve 3) and 111  30° (curve 4) 
grain boundaries, as well as for monocrystalline aus-
tenite (curves 1 and 2), during gradual heating at a rate 
of 1012 K/s in the range from 1500 to 2300 K. As the tem-
perature increases, the  average atomic energy within 
the same phase increases almost linearly due to enhanced 
thermal vibrations of  the  atoms and thermal expansion. 
A  sharp rise in the  average atomic energy on the  plots 
corresponds to a phase transition, i.e., melting. 

As previously noted, the structure in the fixed boun
dary regions (Fig. 1) remained crystalline even after 
melting, which clearly affects the melting behavior and 
temperature of  the  entire calculation cell. Neverthe-
less, the  use of  fixed boundaries was necessary to  pre-
serve the  grain boundaries with the  initially assigned 

Fig. 1. Example of a calculation cell containing 
two tilt boundaries  111  30° 

(blue – atoms whose immediate environment corresponds  
to the FCC crystal lattice of austenite;  

white – crystal lattice was not identified;  
dark gray – atoms remained stationary during the simulation) 

Рис. 1. Пример расчетной ячейки, содержащей 
две границы наклона 111  30° 

(голубым цветом показаны атомы, ближайшее окружение которых 
соответствует ГЦК кристаллической решетке аустенита;  
белым – кристаллическая решетка не идентифицирована;  
темно-серым ‒ атомы, которые оставались неподвижными  

в течение моделирования)
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characteristics within the  cell throughout the  simula-
tion. For monocrystalline austenite, i.e., a calculation 
cell without any defects, an additional analysis was car-
ried out to evaluate the influence of fixed boundaries on 
the melting temperature. Fig. 2 presents the temperature 
dependence of the average atomic energy for the mono-
crystal: with fixed boundaries (curve 1) and with periodic 
boundaries on all sides (curve 2). As can be seen, melt-
ing in the presence of fixed boundaries indeed occurred 
at a higher temperature compared to  the case with fully 
periodic boundary conditions. However, this difference 
was minor and had little effect on the qualitative results 
of the study.

In the presence of grain boundaries within the calcu-
lation cell, melting proceeded heterogeneously, meaning 
that it was initiated at the  grain boundary, after which 
the solid–liquid front advanced from the boundary toward 
the center of the grains at a finite velocity, which is known 
to depend on temperature. The velocity was on the order 
of several tens of meters per second [36; 37]. Static two-
phase coexistence, i.e., the simultaneous presence of part 
of the calculation cell in the liquid state and another part 
in the crystalline state for a relatively long period, was not 
observed: the solid–liquid front consistently advanced in 
one direction or another. Therefore, the melting tempera-
ture was determined based on the onset of the phase tran-

sition (indicated by arrows in Fig. 2), which in turn was 
identified as the intersection point of the linear approxi-
mations before and after the start of melting.

Fig. 2 clearly shows that the calculation cell contain-
ing a large-angle 111  30° grain boundary melts at a sig-
nificantly lower temperature (1835 K) than the one with 
the  small-angle 111  6° boundary (2013 K), confirming 
the influence of grain boundary type on melting behavior. 
The grain boundary energy, and consequently the degree 
of  disruption of  the  crystalline structure, is higher 
in the case of the large-angle boundary.

Fig. 3 shows a calculation cell in the  yz-plane con-
taining two large-angle 111  30° boundaries at different 
stages of melting, visualized using a structure identifica-
tion tool based on the Common Neighbor Analysis (CNA) 
method  [30]. This method allows each atom to be clas-
sified according to  its local crystalline environment 
by analyzing the arrangement of its neighboring atoms. In 
the present case, an atom was considered to belong to an 
FCC lattice if more than 75 % of  its nearest neighbors 
were located near the lattice sites of an ideal FCC crystal 
(taking into account thermal expansion), within a  tole
rance of  25 % of  the  first coordination sphere radius. 
Atoms that did not satisfy these conditions, or the condi-
tions for classification as HCP, were considered to be part 
of an amorphous structure (shown in white in Fig. 3).

Fig. 3, a shows the relaxed initial structure of the cal-
culation cell with two parallel 111   30° boundaries. 
In the case of a large-angle boundary, the defect appears 
almost continuous: disruption of the crystalline structure 
is observed along the  entire boundary. As the  tempera-
ture increased, melting began almost uniformly along 
the boundary (Fig. 3, b), except near the fixed boundaries 
(at the  top and bottom of  the calculation cell), which is 
expected, as the  influence of  the constrained crystalline 
structure at those boundaries becomes significant in those 
regions. 

With further temperature increase, the  solid–liquid 
front propagated from the grain boundaries into the bulk 
of  the  material (Fig. 3, c). The number of  atoms in 
the  amorphous phase (shown in white) increased 
accordingly. It can be observed that melting initiation 
at the boundary occurred even at a lower temperature than 
the melting point determined from the energy – tempera-
ture plot for the  entire calculation cell (Fig. 2). This is 
due to the fact that the melting temperature of the entire 
calculation cell is influenced by the grain boundary den-
sity. A similar dependence was observed in [22 ‒ 25] as 
the average grain size in nanocrystalline silver or alumi-
num decreased, the melting temperature also decreased. 
In the  present case, this implies that, for example, an 
increase in the  size of  the  cell along the  y-axis would 
reduce the influence of the grain boundary on the overall 
melting temperature.

Fig. 2. Dependences of the average potential energy of an atom 
on temperature when heated at a rate of 1012 K/s: 

1 ‒ for monocrystalline austenite with boundaries fixed along z axis; 
2 ‒ with periodic boundary conditions on all sides; 

3 ‒ for a computational cell with two tilt boundaries 111  6°; 
4 ‒ with two tilt boundaries 111  30° at corresponding melting 

temperatures T1 , T2 , T3 and T4 

Рис. 2. Зависимости средней потенциальной энергии атома 
от температуры при нагревании со скоростью 1012 К/с:

1 ‒ для монокристаллического аустенита с зафиксированными 
вдоль оси z границами; 2 ‒ с периодическими граничными 

условиями со всех сторон; 3 ‒ для расчетной ячейки с двумя 
границами наклона 111  6°; 4 ‒ с двумя границами наклона 111  30° 

при соответствующих температурах плавления T1 , T2 , T3 и T4
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Melting initiates at grain boundaries because the crys-
talline structure is more easily disrupted in their vicinity. 
This occurs because atoms located in defect regions are 
situated in shallower potential wells compared to those in 
a perfect crystal, and can escape more easily due to ther-
mal vibrations. Atoms located near the solid–liquid inter-
face on the  crystalline side are also found in relatively 
shallow potential wells, as the  atomic arrangement on 
the molten side is more disordered. In addition, the melt 
exhibits more intense self-diffusion and a greater amount 
of free volume compared to the crystal. These factors also 

contribute to easier disruption of the crystal structure near 
the interface than within the bulk of the crystal, and thus 
drive the motion of the solid–liquid front.

Fig. 4 shows a calculation cell containing two small-
angle 111  6° grain boundaries at different time points-
during the heating process. The structure of small-angle 
tilt boundaries is known to  consist of  an array of  geo-
metrically necessary grain-boundary dislocations, pro-
vided that no additional defects are introduced. Fig. 4, a 
displays the initial structure of the calculation cell, where 
the  cores of  the  grain-boundary dislocations are clearly 

Fig. 3. Melting from large–angle grain boundaries 111  30° during heating at a rate of 1012 K/s:
a – initial structure of the calculation cell at yz plane; b and c – structure of the calculation cell when temperature reaches 1810 and 1830 K

Рис. 3. Плавление от большеугловых границ зерен 111  30° в процессе нагревания со скоростью 1012 К/с: 
a – начальная структура расчетной ячейки в плоскости yz; b и c – структура расчетной ячейки при достижении температуры 1810 и 1830 К

Fig. 4. Melting from small–angle grain boundaries 111  6° during heating at a rate of 1012 K/s: 
a – initial structure of the calculation cell at yz plane; b and c – structure of the calculation cell when temperature reaches 1980 and 2000 K

Рис. 4. Плавление от малоугловых границ зерен 111  6° в процессе нагревания со скоростью 1012 К/с: 
а – начальная структура расчетной ячейки в плоскости yz; b и c – структура расчетной ячейки при достижении температуры 1980 и 2000 К
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visible. These appear as small regions of disrupted crys-
talline order (white atoms) periodically arranged along 
the boundaries. For a misorientation angle of 6°, the dis-
tance between dislocations is sufficiently large, and it 
is clearly seen that the  structure between them remains 
fully crystalline, with no visible disorder. Melting initia
ted from the dislocation cores (Fig. 4, b) as the  crystal-
line structure began to break down. In this case, melting 
began at a higher temperature compared to that observed 
for the  large-angle grain boundary. As the  temperature 
continued to  increase, some amorphous regions grew 
more rapidly, merged, and eventually spread throughout 
the entire volume.

Fig. 5, a shows the dependences of the melting point Tm 
of  the  calculation cell on the  misorientation angle θ for 
all grain boundaries considered in the study. The resulting 
dependences were identical for all three grain boundary 
misorientation axes 100 , 110  and  111 . It should be 
noted that special misorientation angles, i.e., those charac
terized by a high degree of atomic coincidence between 
adjacent grains, were not considered in this study.  

As the  misorientation angle θ increases in the  low-
angle range (less than 15°), the melting point decreases 
almost linearly. For large-angle grain boundaries, 
the decrease becomes less pronounced. The obtained Tm (θ) 
dependences correlate with the grain boundary energy or 
with the associated value of excess energy of the calcula-
tion cell. Fig. 5, b shows the dependences of  the excess 
energy per atom Δ  , on the misorientation angle θ. This 
excess energy was calculated as the  difference between 
the average potential energy per atom in a calculation cell 
containing a pair of the studied grain boundaries, and that 
in an ideal crystal containing the same number of atoms. 

The obtained Δ  (θ) dependences are typical of  the 
angular dependences of grain boundary energy [38 – 40]. 
Initially, up to approximately θ = 15° (i.e., for small-angle 
grain boundaries), the  excess energy increases almost 
linearly, which is due to the linear increase in the density 
of grain-boundary dislocations. At larger misorientation 
angles (above ~15°), the  dislocation cores merge into 
a single extended defect, and the energy increases more 
slowly with increasing θ.

The obtained dependencies   indicate a correlation 
between Tm and Δ  . To verify this, the Tm (Δ ) depen-
dence was plotted (Fig. 6). Within the studied range of Δ

 , values, the  relationship is approximately linear and 
follows the equation Tm = –49,828Δ  + 2,135 (shown as 
a dashed line).

Thus, it can be concluded that the  main quantita-
tive criterion determining the  influence of  defects on 
the reduction of the melting point is the excess energy – 
that is, the difference between the energy of the structure 
under consideration and that of  an ideal crystal. This 

Fig. 5. Dependences of the melting point of the calculation cell Tm (а) 
and the excess energy per atom, Δ   (b) on misorientation angle:

1 – 100 ; 2 – 110 ; 3 – 111

Рис. 5. Зависимости температуры плавления расчетной  
ячейки Tm (а) и избыточной энергии Δ  , приходящейся  

на один атом (b), от угла разориентации θ:
1 – 100 ; 2 – 110 ; 3 – 111

Fig. 6. Dependence of the melting point 
on the excess energy per atom: 

, ,  – results of the model for misorientation axes 100 , 110  
and 111 , dashed line – linear approximation

Рис. 6. Зависимость температуры плавления 
от избыточной энергии, приходящейся на один атом:

, ,  – результаты модели для осей разориентации 100 , 110  
и 111 , штриховая линия – линейная аппроксимация
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quantity can also be interpreted as the formation energy 
of the given structure or as the energy potentially released 
during structural transformation, such as recrystallization. 
The observed linear dependence is likely due to the fact 
that the  excess energy reflects the  reduction in work 
required to break the crystal lattice during melting – or, 
put differently, the  corresponding decrease in  the  mate-
rial’s heat of fusion.

 Conclusions

Molecular dynamics simulations were used to  inves-
tigate the  effect of  the  misorientation angle and grain 
boundary energy of  tilt boundaries with misorientation 
axes 100 , 110  and 111  on the  melting temperature 
and the  nature of  melting initiation at grain bounda
ries in austenite. The results show that during gradual 
heating, melting begins at the  grain boundaries, where 
the  crystal structure is disrupted and atoms are located 
in shallower potential wells. For large-angle bounda
ries, melting is initiated simultaneously along the entire 
boundary, whereas for small-angle boundaries, it starts 
at the cores of grain-boundary dislocations. Dependences 
of  the  melting temperature of  the  simulated calculation 
cells on the grain misorientation angle and excess energy 
were obtained. Similar results were observed for the 
100 , 110  and 111  misorientation axes. In the  range 

of low misorientation angles (less than 15°), the melting 
point decreases almost linearly as the  angle increases. 
For large-angle boundaries, the  decrease becomes less 
pronounced. These dependences correlate with the grain 
boundary energy or the  corresponding excess energy 
of  the  calculation cell. The key quantitative parameter 
determining the  influence of  defects on the  reduction 
of the melting point is the excess energy – that is, the dif-
ference between the energy of the structure under consi
deration and that of an ideal crystal. This value can also 
be interpreted as the formation energy of the given struc-
ture. A linear decrease in melting point with increasing 
excess energy was observed. It is clear that this effect – 
the influence of grain boundaries on the melting point – 
becomes significant only in materials with a very high 
content of grain boundaries, such as those with a nano-
crystalline structure.
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