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Mechanical properties of materials are highly dependent on microstructure. One characteristic example is
tensile stresses at the grain boundaries, which is one of the most critical factors in crack nucleation. Although
experimental techniques have significantly evolved during the past decades with respect to obtaining high-
resolution snapshots of the microstructure with methods such as scanning electron microscopy, the quantitative
estimation of continuum quantities, such as localized stresses, still remains a very challenging task. The
molecular dynamics simulation method has been proven to be a quite effective simulation tool for providing
insights in such challenges due to its high spatial and temporal resolution. In this study, molecular dynamics
simulations have been performed to obtain a spatial resolution of the residual stresses in solidified aluminum.
A best-effort realistic microstructure was obtained by starting from a pure aluminum block which was initially
melted and subsequently quenched under various cooling rates, and finally relaxed. The obtained results suggest
that residual stresses are higher in absolute terms at the vicinity of grain boundaries than at the grain interiors, and
higher crystallinity has been found to be correlated to lower residual stresses. Moreover, it has been shown both
qualitatively and quantitatively that grain boundaries undergo tensile loading, in contrast to the grain interiors
which are compressed; this result comes to support the conclusions of quite recent experimental investigations,
showing that the residual stress is tensile at the grain boundaries and gradually transits into compressive in
the grain interiors, and highlights the potential of molecular dynamics simulation to capture nanoscale physical

phenomena.
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I. INTRODUCTION

Residual stresses are defined as a type of stationary stress
which remains in a solid body or material even after its cause
has been removed [1]. They can be the result of any mechan-
ical [2] or thermochemical [3,4] process and influenced by
material properties including the heat capacity, plasticity, ther-
mal conductivity, Young’s modulus, and Poisson’s ratio [5].
According to the pioneering study of Macherauch [6], resid-
ual stresses can be categorized according to different scales
such as macroscopic and microscopic stress. Macroresidual
stresses can be classified as type I, while microresidual stress
as types II and III. Type I residual stresses are approximately
homogeneous over large areas, much larger than the grain
size, and are uniform over the material domain. Type II are
homogeneous within a one-grain size or parts of grains and
balance over a minimal number of grains, while type III resid-
ual stresses are not homogeneous at the atomic level and are
uniformly distributed over small areas of a single grain.

Studies on residual stresses have been conducted since
the early 1840s when the first quantitative analysis was es-
tablished by Neumann’s investigation [7]. Over the course
of time, several qualitative and quantitative techniques have
been developed to investigate residual stresses [8]. These
methods compute strains and equivalent displacements in-
stead of stresses, which can be implicitly evaluated based on
several material parameters such as the modulus of elasticity
or Poisson’s ratio [9]. Residual stresses can be favorable or
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detrimental to the mechanical properties of the material. In a
study on the benefits of residual stress conducted by Kandil
et al. [10], the authors advocated that compressive residual
stresses at the surface of brittle or ceramic materials increase
the fatigue strength, cracking corrosion resistance, and bend-
ing strength. On the contrary, residual stresses can be very
harmful to materials and downgrade their performance and
the life cycle of the component [11]. The effect of residual
tensile stress on material properties has been one of the most
widely investigated topics. A study by Shiozaki et al. [12]
reported that after a cyclic load during the punching process
to manufacture holes in sheet steel, the fatigue strength was
reduced at the hole edge due to the residual tensile stress
induced during this process.

Due to the significant effects on mechanical properties
of materials, researchers have attempted to measure residual
stresses using experimental techniques. Zhang et al. [13] in-
vestigated the effects of the cooling rate on residual stresses
via means of x-ray diffraction and finite-element analysis
simulations. They controlled the cooling rate by immersing
2A14 alloy samples in water with varying initial temperature,
ranging between 20 and 100 °C. They observed that residual
stresses decline for lower cooling rates. Similar conclusions
were drawn by Yi et al. [14], who measured the residual
stresses using x-ray diffraction in Fe-B alloy specimens which
were prepared under various cooling rates ranging between
0.1 and 30 K/s. The authors found that residual stresses were
highly dependent on the cooling rate; more specifically, it was
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shown that higher cooling rates lead to increasingly compres-
sive residual stresses. The major limitation of experimental
techniques for measuring residual stresses is low spatial res-
olution, while fracture and crack nucleation are phenomena
mostly correlated with localized stress values. It has also been
shown that the grain size, which is highly affected by the cool-
ing rate, can introduce significant uncertainties in measuring
residual stresses using diffraction techniques [15]. Experi-
mental techniques have primarily been based on measuring
residual stresses using averages; thus, they fail to capture
residual stresses of type II and most importantly III. Only
recently, Basu et al. [16] managed to obtain a spatial resolu-
tion of residual stresses via a hybrid electron backscattered
diffraction and focused ion-beam digital image correlation
method.

The molecular dynamics (MD) simulations method is a
numerical simulation technique used to study the behavior of
materials at the nanoscale level using cutting-edge compu-
tational facilities. Their high resolution renders MD capable
of capturing stresses of both types II and III [6]. Numerous
investigations have used MD simulations in several applica-
tions including solidification [17-20], solid deformation of
materials [21,22], machining [23], and chemical processes
[24]. Molecular dynamics has also been employed to model
residual stresses. Guo et al. [25] were the first to perform
molecular dynamics simulations to model residual stresses in
nano- and polycrystalline copper. They developed polycrys-
talline copper microstructures, containing randomly oriented
grains, and obtained a spatial resolution of residual stresses in
the simulation domain. They expressed residual stresses using
equivalent von Mises and hydrostatic stresses and showed
that residual stresses are much higher at the grain-boundary
regions. They also investigated the effects of the average grain
size on residual stresses and showed that both von Mises
and hydrostatic stresses drop for higher grain sizes. Finally,
they presented the distribution of von Mises and stresses for
various microstructures. Although their study was the first one
to show the potential of molecular dynamics simulations to
spatially resolve residual stresses, the grain-size distribution
was not associated with the cooling rate but it was con-
trolled via Voronoi tessellation parameters and no quantitative
results on the average residual stresses distribution across
different atom types were presented. Papanikolaou et al. [19]
reproduced a spatial map of residual stresses in nanocrys-
talline aluminum using MD. Nanocrystalline structures were
generated via melting an aluminum fcc block which was sub-
sequently quenched and relaxed under various cooling rates.
They reached conclusions similar to the ones presented in Guo
et al. [25] and also obtained a qualitative measure of the evo-
lution of residual stresses over time for all atoms. However,
they did not examine the distribution of tensile stresses in their
simulation domain and used only the von Mises stresses as
a measure for residual stresses. Similarly to Ref. [25], they
did not present any quantitative results on the interrelationship
between atom types and residual stresses.

The present investigation aims at providing a spatial res-
olution of residual stresses in rapidly solidified metals and
illustrating the interdependence of crystallinity and residual
stresses. To obtain a best-effort realistic nanocrystalline alu-
minum, an aluminum block has been melted and subsequently

quenched under various cooling rates and equilibrated ac-
cording to the methodology presented in Ref. [18]. Various
cooling rates were used to tune the grain-size distribution in
the equilibrated structure; an alternative approach to control
the grain size would be to vary the simulation pressure which
affects the nucleation rate [26]. In addition to the previous MD
studies on residual stresses, the present investigation offers
a qualitative measure of residual stresses over the two main
microstructure types encountered in solidified metals, i.e.,
crystals (grains) and amorphous (grain boundaries). Finally,
the present study investigates the evolution of residual stresses
using the hydrostatic stress, being indicative of the values
of tensile residual stresses. It has been found that residual
stresses tend to be tensile at the grain-boundary regions and
compressive within the grain bodies. This result comes to
support recent experimental investigations reaching the exact
same conclusion and highlights the potential of MD simula-
tions to capture nanoscale phenomena.

II. METHODOLOGY

The molecular dynamics workflow of this investiga-
tion consists of three main stages, namely (i) melting, (ii)
quenching—solidification, and (iii) relaxation. The starting
point was an aluminum (Al) block with dimensions of 25 x
25 x 25 nm? containing 1 x 10°® atoms positioned at the sites
of a face-centered-cubic (fcc) lattice with a lattice constant
of 4.05 A [18]. The Al block was first relaxed at 273 K
and subsequently isothermally heated up to 1173 K, which
exceeds the melting point of aluminum by 240 K [27]. At
1173 K, 100% of the initial fcc structure was transformed into
melt as shown in Fig. 1. According to Ref. [28], the aluminum
atoms pass through the body-centered cubic (bcc) metastable
phase during phase change.

Following equilibration, the melt was isothermally cooled
down to 273 K. For the purposes of this study, four differ-
ent cooling rates ranging between 0.5 and 4 K/ps have been
used; these values led to a wide and representative variety
of microstructures with very few (0.5 K/ps) to numerous (4
K/ps) grains, as it will be shown in the following sections.
Following quenching, the block was relaxed for 100 000 time
steps at 273 K until pressure and temperature were stabilized.
Periodic boundary conditions were applied to all directions
(x, y, and z). Moreover, the NPT (isothermal-isobaric) en-
semble was used for both melting and solidification, while
pressure and temperature were tuned via a barostat and a
Nosé-Hoover thermostat. The corresponding temperature and
pressure-damping coefficients were 1000 (2 ps) and 100 (0.2
ps) time steps respectively, according to the values proposed
by previous MD studies [18].

To ensure accuracy, it was necessary to choose the
most suitable interaction potential. Previous MD simulations
[18,29,30] employed the Finnis-Sinclair (FS) potential [31] to
model the interatomic interactions of aluminum. This is be-
cause Finnis-Sinclair potentials have an advantage over other
interatomic potentials, such as Lennard-Jones (LJ) [32]; i.e.,
the atomic forces depend on the local atomic density. More-
over, FS potentials have been found to accurately reproduce
key magnitudes related to the scope of this study including
elastic constants, melting point, and vacancy formation energy
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FCC Aluminium block

Solidified structure

FIG. 1. Melting and equilibration process.

[33]. As it will be shown later, the estimated residual stresses
are very close to the values proposed by other investigations.
The Finnis-Sinclair potential is described by

N N N
Ew= )Y Vi) =AY i )
i=1j=1 i=1
In the expression above, Eyy is defined as the total energy,
V;j is the potential energy as a function of the interatomic
distance r;;, A is a potential parameter, and p; is the local
electron density given by

N

pi= Z

J=li#]

(pij(rij)» ()

where ¢;; is the local electron density. The potential energy of
the i-j pair of atoms, V;;, can be computed as follows:

N (rij—C)Z(CQ—FC]F,‘]'—I—Czrizj)ifrijgC
Vl.,(r,.,)—{ 0 if rijj > ¢ ®)

In Eq. (3), c is the cutoff distance while the constants ¢; are
used to fit the potential energy to experimental results. The
simulation parameters are listed in Table L.

The present investigation is focused on residual stress
distribution of various structural atom types. To study the
residual stress evolution and distribution during solidification
and equilibration, four cooling rates ranging between 0.5 and
4 K/ps were considered. The Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [34] was utilized for
the MD simulations, and the OVITO PRO visualization tool
[35] in conjunction with some complementary PYTHON was
utilized to visualize, postprocess data, and extract meaningful
continuum properties from atomistic simulations.

TABLE I. Simulation parameters.

Time step (fs) 2

Ensemble NPT

Total number of atoms 1 000 000
Interatomic potential Finnis-Sinclair
Cutoff distance (A) 6

Simulation box dimensions (nm) 25 x 25 x 25
Boundary conditions Periodic
Pressure (GPa) 0

Cooling rates (K/ps) 05,1,2,4
Equilibration time (ps) 200

III. RESULTS AND DISCUSSION

In this section the effects of the quenching rate on nucle-
ation, microstructure, and residual stress distribution will be
discussed. Both qualitative and quantitative results have been
obtained and discussed in the following subsections. Sec-
tion IIT has been organized in four main subsections, namely
Sec. III A, structural properties; Sec. 3 B, atom-type evolu-
tion; Sec. III C, nucleation; and Sec. III D residual stresses.
The results presented in Secs. III B and III C have also been
discussed in greater detail in Refs. [18,19].

A. Structural properties

The common neighbor analysis of Fig. 2 illustrates the
evolution of the atomistic structure during the solidification
process at various time steps for a cooling rate of 0.5 K/ps.
The formation of fcc nuclei (green atoms) over time can be
observed from the initial melt [white (amorphous) atoms]. The
growth of fcc grains continues until the simulation domain
temperature has reached about 507 K. By that point in time,
fcc grains occupy most of the space, and grain boundaries,
characterized by their amorphous structure, can be distin-
guished.

B. Atom-type evolution

To analyze the atom-type evolution during solidification,
all atom-type populations were monitored over time for the
examined cooling rates as shown in Fig. 3. The current anal-
ysis is focused on fcc, hexagonal-close packed (hcp), and
amorphous atoms as bcc and icosahedral populations are al-
most negligible during solidification. The results show similar
trends to previous studies [18,36]. Overall, the graphs illus-
trate a similar trend between them, i.e., the formation of fcc
clusters is accompanied by a simultaneous and lower in vol-
ume increase of the HCP atoms and a significant reduction of
the amorphous atoms.

Initially, the population of amorphous, fcc, and hcp atoms
remains constant in the simulation domain (Fig. 3). The
number of amorphous atoms starts decreasing dramatically
while the fcc and hep structures begin to form and grow
concurrently. This trend is predominant until all atom-type
populations reach an equilibrium stage. However, hcp atoms
reach an asymptotic value, ranging between 50 000 and
100 000, sooner than the fcc and the amorphous ones; this
indicates the premature formation of the hcp phase.
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FIG. 2. Common neighbor analysis at various time steps (cg = 0.5 K/ps).

1.0 le6
—— Amorphous
—-=- HCP
0.8 q
0w
=
2
0.6 ©
Y
o
—
(]
0.4 Q
S
>
=2
0.2 q
0.0 T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000
Time (ps)
()
1.0 le6
—— Amorphous
—-=- HCP
0.8 q
0
1S
S
0.6 ©
Y
(o]
—
(]
0.4 QO
£
L =]
=2
0.2 1
!
] jemmmmmmmmmmmmmmmmmee
17
0.0 T T T = T T T
0 100 200 300 400 500 600
Time (ps)

(b)

1.0 le6
—— Amorphous
-=-- HCP
—-- FCC
0.8 1
i -
o
/
0.6 1 3
!
0.4 1 I
!
!
I
0.2 1 H
!
1
e ]
.I/I
0.0 T T sl T T
0 200 400 600 800 1000
Time (ps)
1.0 le6
—— Amorphous
—-=- HCP
0.8 1
0.6 1
0.4
0.2 1
0.0 T T T T T T T T
0 50 100 150 200 250 300 350 400
Time (ps)

FIG. 3. Atom-type evolution for a cooling rate of (a) 0.5, (b) 1, (c) 2 K, and (d) 4 K/ps.
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FIG. 4. (a) Atom types at equilibrium and (b) solidification commencement as a function of the cooling rate.

Figure 3 shows that higher cooling rates result in a reduced
number of fcc atoms and increased amorphous and hep pop-
ulations at the equilibrated structure. This behavior is clearly
illustrated in Fig. 4(a) and is attributed to the fact that super-
cooling favors the formation of amorphous structures instead
of crystalline ones. Finally, the solidification commencement
times have been plotted in Fig. 4(b); it can be observed that
the higher the cooling rate the sooner the outset of solidifica-
tion. More specifically, the solidification commencement time
appears to be parabolically decreasing with cooling rate.

C. Nucleation

A 3D visualization of the solidified grain structure for each
cooling rate following equilibration is shown in Fig. 5. For
the calculation of the grain sizes, all grains were assumed to

(a) (®)

=

& il
{\\ SO e e

FIG. 5. Microstructure following equilibration for a cooling rate
of (a) 0.5, (b) 1, (c) 2, and (d) 4 K/ps.

be spherical; thereby, the grain-size diameter d, was estimated
as follows:

4 (dy\’ [3NV,
—n(2) =NV,= d, =2,] —=, 4)
37\ 2 4

where N is the total number of atoms of an fcc grain and V,
is the aluminum atom volume as calculated by the Voronoi
analysis module of OVITO PRO [37].

The number of clusters at the end of the equilibration stage
is dependent on the cooling rate. More specifically, faster
cooling leads to a higher number of grains and smaller grains
in the equilibrated structure. For faster cooling, nucleation can
be triggered in many sites of the melt and consequently higher
number of grains should be expected.

In order to analyze the effect of the cooling rate on the
grain-size distribution, the average grain diameter dg .. was
drawn as a function of the cooling rate in Fig. 6 (dg av. values
correspond to the last time step of the equilibration stage).
The mean grain size as a function of the cooling rate is char-
acterized by a parabolic downward trend. As expected, for the
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s
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FIG. 6. Average grain diameter (d, a.) following equilibration vs

cooling rate.
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FIG. 7. Grain-diameter distribution for a cooling rate of (a) 0.5, (b) 1, (¢) 2, and (d) 4 K/ps.

slowest cooling rate selected (cg = 0.5 K/ps), the dg 4 value
is just above 4 nm and this drops to 2 nm for cgp = 4 K/ps.
This is again attributed to the dependence of microstructure on
the cooling rate; for faster quenching the number of very small
grains increases dramatically, and this results in the decrease
of the measured average diameter.

In addition, the grain-size distribution for several cooling
rates is plotted in Fig. 7. To effectively visualize the distribu-
tion of grain sizes for each cooling rate, grains were sorted
in different size groups according to their diameter and their
population was subsequently estimated. Overall, the bar charts
of Fig. 7 show that the grain-diameter distribution is much
wider for low cooling rates. It can be seen that the largest
grain observed corresponds to the lowest cooling rate and
has a diameter between 19.28 and 20.66 nm while the largest
observed grain diameter for the fastest cooling rate is between
8.26 and 9.64 nm. Moreover, as pointed out above, the number
of small grains increases dramatically for faster cooling. More

J

specifically, the number of grains with a diameter between
0 and 1.38 nm, corresponding to a cooling rate of 0.5 K/ps,
was just above 50, while this number climbed to 900 for the
highest cooling rate examined (4 K/ps). The obtained grain
sizes fall in the range of nanocrystalline aluminum (dg 4 <
100 nm) [38] and are similar to the grain sizes reproduced
by similar MD studies [39]. However, it has to be mentioned
that these values are far from experimental values of pure
aluminum, which are in the range of hundreds of um [40].
The reason for this is the very high cooling rates and spatial
constraints that must be imposed in MD simulations given the
current computational power limitations.

D. Residual stresses

In this subsection, the distribution of residual stresses
within the simulation domain will be discussed. The equiv-
alent von Mises stress (EVMS), which was used to represent
residual stresses, is given by:

o2 \/(Gxx - Uy’y)z + (Gy_\‘ — Oz )2 + (Uzz - UXX)z + 6(03» + 6)’22 + azzx)
VM — .

5 (&)
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FIG. 8. CNA and von Mises (VM) stresses following quenching
and relaxation for a cooling rate of (a) 0.5 and (b) 2 K/ps.

Figure 8 illustrates the CNA and EVMS distribution results
at the end of quenching process for two cooling rates. The
obtained von Mises (VM) values are very close to the spatial
distribution of residual stresses snapshot obtained by Guo
et al. [25]. From the comparative analysis between CNA and
EVMS ovITO renders, it is evident that the grain boundaries
present the highest residual stresses; this is in accordance
with experimental studies [41]. On the other hand, in ar-
eas where the fcc phase is prevalent (grains), the residual
stresses are about equal to zero. Moreover, Fig. 8 shows a
high residual stress concentration near hcp lattice structure
which denotes lattice dislocations. According to Ref. [42],
dislocation initiation and propagation are associated with high
stress concentration and therefore, residual stresses could be
the underlying reason for this behavior.

In addition, a wider quantitative analysis to study the evo-
lution of the residual stresses over the simulation domain
has been conducted. The average residual stress per atom
(ovMm.ave) has been estimated as follows:

1 N

OVM, ave = N OVM, i» (6)

i=1

and plotted in Fig. 9 over time for the selected cooling rates.
In general, it is shown that all cooling rates exhibit a similar
trend of the oym ave Value over solidification and equilibration.
Moreover, it is evident that the initial oy ave Value is constant
and proportional to the cooling rate. These results are in agree-
ment with previous investigations [19] where the analogy that
thermal stresses are proportional to cooling rates was used
to explain these phenomena. In the following stage, oM, ave
value begins to sharply increase before it enters a fluctuation
interval before stabilizing. As expected, the extended grain
boundary and lattice dislocation area, owing to faster cooling,
led to a higher final value of the average residual stress.

o — Cr=0.5K/ps

i --- G, =1K/ps

2.5 4 —:= Cr=2Klps
Lo e Cr=4Kips

O vM, ave (G Pa)

0 250 500 750 1000 1250 1500 1750 2000

Time (ps)

FIG. 9. Average oyum as a function of time.

To further investigate the fluctuations observed in Fig. 9,
the number of grains has been plotted against time for various
cooling rates in Fig. 10. In general, a similar trend is presented
for each one of the cooling rates examined, i.e., the population
of grains sharply increases and reaches a peak. Later on, it
begins to decrease until it asymptotically reaches a constant
value. The underlying reason for this behavior will be ana-
lyzed in the following paragraph. By comparing Fig. 9 and
Fig. 10, it can be observed that residual stresses and grain
population increase dramatically following the same trend at
the same time.

It is well known that crystallization is an exothermic pro-
cess during which latent heat is released [18]. In the vicinity
of regions with elevated temperature due to the latent heat
release, some grains might concatenate with their neighbors,
a behavior also known as “coarsening” [36]. As a result,
residual stresses are relieved during coarsening, and this ex-
plains the downward step observed in all curves of Fig. 9. The
behavior discussed above is more dominant for fast quenching
because the latent heat is concurrently released at various re-
gions of the simulation domain because faster quenching leads

5000
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FIG. 10. Number of grains vs time.
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FIG. 11. Average oyy vs time for a cooling rate of (a) 0.5, (b) 1, (c) 2, and (d) 4 K/ps.

to a higher number of grains as discussed above. For the same
reason, this downward step of the residual stresses cannot be
clearly distinguished for a cooling rate of 0.5 K/ps (Fig. 9).
After this step, residual stresses maintain an increasing trend
for a short time interval before stabilizing; this is because
interatomic bonds become stronger and potential energy in-
creases, in absolute terms, during cooling and equilibration.

Figure 11 illustrates the average VM stress of various atom
types as a function of time for the examined cooling rates.
Overall, all plots exhibit a similar trend: the amorphous atoms
reach a higher average VM residual stress value compared
to fcc atoms. The average VM residual stresses for all atom
types, fcc, and amorphous presents similar trends to the ones
of Fig. 9. It is evident that the residual stresses for all atom
types start to increase as solidification progresses, as expected.
Moreover, it can be observed that residual stresses start in-
creasing at an earlier timepoint for faster cooling rates, as
expected.

Following their initial increase, the residual stresses of
fcc atoms undergo a fluctuation period before they reach
equilibrium. This trend is similar for all cases analyzed in
this investigation and is attributed to the coarsening phe-

nomenon as discussed above. However, this behavior cannot
be observed for the amorphous atoms (residual stresses do
not fluctuate) except for the highest cooling rate examined
[Fig. 11(d)], where the residual stresses of amorphous atoms
decline in the time span between 225 and 275 ps. The re-
duction of the residual stresses of the amorphous atoms,
for a cooling rate of 4 K/ps following their peak, is due
to the concurrent latent-heat release at many sites (grains)
of the simulation domain. This affects both the population
and the average stress of amorphous atoms. More specifically,
the concurrent latent-heat release leads to the relaxation of
stresses at the grain boundaries which is reflected by the
decreasing trend in the residual stresses of the amorphous
atoms. Subsequently, residual stresses continue increasing as
the absolute potential energy keeps climbing.

The total von Mises stress as a function of time for different
atom types and cooling rates has been plotted in Fig. 12. In
general, all simulated cooling rates show similar trends. It
can be observed that the total VM residual stress (ovm,sum)
of amorphous atoms starts increasing slightly while the cor-
responding value for fcc atoms remains constant and equal to
0 for a cooling rate equal to 0.5 K/ps. As mentioned above,
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FIG. 12. Total oy vs time for a cooling rate of (a) 0.5, (b) 1, (¢) 2, and (d) 4 K/ps.

this initial slope and its starting point are dependent on the
cooling rate since it is more pronounced for higher cooling
rates. It can be discerned that the amorphous oym sum value
starts decreasing sharply as the fcc oy sum value begins to
rise at the same time. This trend is maintained until the resid-
ual stresses reach an equilibrium point. Moreover, for higher
cooling rates, the difference between the amorphous and fcc
VM residual stresses becomes higher. For cg = 0.5 K/ps the
residual stresses of fcc atoms are higher compared to the
amorphous ones while for cg = 4 K/ps this trend is reversed,
and their difference exceeds 1 GPa. The reason for this is that
higher cooling rates favor the increase of the area of the grain
boundaries as well as the population of amorphous atoms; this
in turn leads to higher concentration of residual stresses at the
grain boundaries compared to the grains. Finally, it should
be mentioned that higher cooling rates appear to predomi-
nantly affect the residual stresses at the grain boundaries and
not at the cores of the grains. The final (equilibrated) total
residual stresses value for fcc atoms climbed from ~ 0.6 to
~ 0.75 GPa (increase of 0.15 GPa) as the cooling rated in-
creased from 0.5 to 4 K/ps, while the corresponding increment

in the total residual stresses of amorphous atoms exceeded 0.8
GPa.

Residual stresses are useful for expressing the magnitude
of residual stresses over the simulation domain. However, the

Solidified structure Hydrostatic stress distribution

L0 Amorphous m FCC m HCP -5 _ 5
I o1, (GPa)

FIG. 13. CNA and hydrostatic stress following quenching and
relaxation (cg = 0.5 K/ps).
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FIG. 14. Total oy vs time for a cooling rate of (a) 0.5, (b) 1, (¢) 2, and (d) 4 K/ps.

mechanical behavior of materials is dependent on the applied
tensile stresses. In this study, the hydrostatic stress (oys), cal-
culated according to (6), was used to examine tensile stress
distribution over the simulation domain:

Oxx + Oyy + 07
3 .

As illustrated in Fig. 13, tensile stresses vary between
tensile and compressive across the simulation domain. From
a first glance, it appears that grain-boundary atoms undergo
tensile loading. On the contrary, stresses at the grain bodies
appear to be zero or even compressive. In order to make safer
conclusions about the nature of the hydrostatic stresses, their
sums were plotted as per each atom type for all cooling rates
in Fig. 14. By comparing Fig. 12 and Fig. 14, it can be seen
that tensile stresses are much lower than von Mises. Most
importantly though, it appears that the nature of the tensile
stresses changes with the atom type and consequently the
microstructure. More specifically, it can be observed that fcc
atoms are compressed, in contrast to the grain-boundary atoms
which undergo tensile loading. It is worthwhile to note that

(7

Ohs =

this observation is in agreement with the experimental results
of Basu er al. [16], who used a focused ion-beam—digital
image-correlation technique to measure spatial stress gradi-
ents at the vicinity of grain boundaries. More specifically, the
authors of this study observed that the stress distribution in
pure titanium is tensile at the grain boundaries and gradually
transits into compressive in the grain interiors. Similar ex-
perimental observations have also been made for transparent
conductive oxide films [43]. The underlying physical mecha-
nism could be that as grains try to grow in a confined space
during solidification and cooling, they start compressing each
other. Their tendency to grow leads to the development of
frictionlike forces at the grain boundaries which are translated
to tensile loading at these areas.

IV. CONCLUSIONS

In this study, the influence of the cooling rate on residual
stress evolution and distribution was investigated with the
help of three-dimensional molecular dynamics simulations.
The grain structure as well as key magnitudes such as the
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potential energy and the grain-size evolution during solidifi-
cation were used to interpret the behavior of residual stresses.
The main findings of this investigation are briefly summarized
below:

(i) Amorphous atoms, located at the grain boundaries,
and hcp atoms at the vicinity of lattice dislocations
accumulate high residual stresses compared to fcc
atoms of the grains.

(i) Faster quenching induces an increase in the grain-
boundary area and lattice dislocations for high
cooling rates and consequently, an increase of the
total residual stresses.

(>iii) It has been found that the residual stress distribution
per atom type is influenced by the cooling rate. More
specifically, high cooling rates favor the formation

of amorphous atoms, and consequently, an increment
of residual stress at the grain-boundary areas can be
observed.

(iv) Tensile loads are applied to the grain-boundary atoms
and compressive loads at the crystal grains. This re-
sult is in agreement with quite recent experimental
investigations showing that residual stress is tensile
at the grain boundaries and gradually transits into
compressive in the grain interiors.
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