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Volframi pinna elastusustensori arvutamine

molekulaardiinaamika meetodiga

Nanoskaalal asuvate osakeste mehaanika uurimisel tuleb osakeste suure pindala
ja ruumala suhte tottu votta arvesse ka pinnaefekte, mida makroskaalal ignoreeri-
takse. Selles to6s uuritakse molekulaardiinaamika meetoditega volframi pinnaener-
giat, pinnapinget ja arvutatakse pinna elastsus tensorit, mis on vajalikud, et edasi
uurida hulktahukalise profiili kujunemist ja nanoskoopiliste teravike tekkimist laser-
impulssdega kiiritatavatel mikroskoopilisel volframtipul. Pindasid kirjeldavad su-
urused arvutati 4 erineva molekulaardiinaamika potentsiaaliga ning neid vorreldi
omavahel.

P250 Tahke aine: struktuur, termilised ja mehhaanilised omadused, kristallo-
graafia, phase equilibria

Marksonad volfram, molekulaardiinaamika, pinnaenergia, pinnapinge

Calculation of the surface elastic modulus tensor of

tungsten using molecular dynamics method

While studying the mechanics of nanosized objects, both the bulk and surface ef-
fects, which can be ignored on a macroscale, must be taken into account because
of the high ratio of the surface to the volume of the nanoscale objects. The aim
of this thesis is to calculate the surface energy, surface stress and surface elastic
modulus tensor of tungsten, which is necessary to investigate the mechanism of
progressive facet development and potential nanotip growth on laser-irradiated
microscopic tungsten tip. The values that describe surfaces were calculated using
4 different interatomic potentials and compared.

P250 Condensed matter: structure, thermal and mechanical properties, crystal-
lography, phase equilibria

Keywords tungsten, molecular dynamics, surface enerqy, surface stress
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Acronyms and glossary of symbols

FCC — Face-Centered Cubic

BBC — Body-Centered Cubic

MD — Molecular Dynamics

CERN — European Council for Nuclear Research

CLIC — Compact LInear Collider

EAM — Embedded-Atom Method

LAMMPS — Large-scale Atomic/Molecular Massively Parallel Simulator
PBC — Periodic Boundary Conditions



1 Introduction

A recent experiment conducted by Yanagisawa et al. involved the use of fem-
tosecond laser impulses and a strong DC electric field to irradiate a microscopic
tungsten tip. This irradiation led to the gradual and reproducible development of
faceted surfaces and the potential growth

of nanotips. The objective of the exper- |Er.

iment was to create nanotips using laser
impulses, with the intention of utilizing
these metal nanotips as sources of pulsed,

bright, and coherent electron waves dur- Exposed side

ing laser irradiation. This approach sim- Figure 1: SEM images of the formed tungsten tip [1]
plifies the fabrication process compared to

existing methods by allowing the laser itself to form a nanotip on a larger tip,
thereby avoiding complications associated with maintaining the cleanliness of sen-
sitive optical elements. In addition to that, understanding the mechanism of elec-
tromagnetic wave induced surface changes may help discover the process leading
to vacuum breakdowns in accelerators such as the CLIC linear particle collider,
which is currently in the design phase at CERN, which accelerates particles us-
ing extremely strong electric fields, where the occurrence of spontaneous vacuum
breakdowns, which are theorized to be controlled by electric field-induced surface
changes, limits the feasible acceleration gradient. [1]

While studying the mechanics of nanosized
objects, both the bulk and surface effects,
which can be ignored on a macroscale, must
be taken into account because of the high /?\
ratio of the surface to the volume of the

nanoscale objects. To study the forming ‘

tungsten tips during irradiation a Monte

Carlo simulation has been set up, but it still
needs surface elastic properties of tungsten Figure 2: Current model of the nanotip [2]
as an input to realistically model the pro-

cesses that are hypothesized to be happening in the formation of the nanotip.



Calculating the surface properties of the metal using molecular dynamics sim-
ulations before incorporating them into a Monte Carlo simulation enhances the
probabilistic accuracy and computational efficiency of the Monte Carlo simulation
outcomes. [2]

The aim of this thesis is to calculate the surface energy, surface stress and surface
elastic modulus tensor of tungsten, which is necessary to investigate the mechanism
of progressive facet development and potential nanotip growth in metals. To do
that, first the surface properties of aluminium will be computed using a molecular
dynamics simulation in LAMPPS software and compared with previously obtained
results from literature. Then a similar simulation will be set up for tungsten and
results using different interatomic potentials will be compared. In addition to
that, the surface elastic constants for tungsten will be computed with additional
relaxation of the metal after the straining. It is hypothesised that the surface
elastic constants obtained after additional relaxing will be smaller than the ones

calculated without additional relaxing time.



2 Theory

2.1 Molecular Dynamics

Molecular dynamics (MD) is a computer simulation technique that simulates the
motion of each atom separately. It enables the prediction of time evolution of an
interacting particular system involving the generation of atomic trajectories of a

system using numerical integration of Newton’s equations of motion:
— = VU, 75, ....7) ie{l,..,n} (1)

These equations relate the forces acting on an atom to its mass and acceleration.
By integrating these equations over time, the positions and velocities of the atoms
can be updated. Various numerical integration algorithms are used to update the
atom positions and velocities at discrete time steps. The algorithms approximate

the continuous trajectory of the atoms by discretizing time. [3]

2.1.1 Potential energy functions

In MD particles are treated as point masses and their pairwise interatomic interac-
tions are described by potential energy functions, which specify the total potential
energy of a system of atoms as a function of all their positions. The choice of
appropriate potential energy functions is crucial to accurately representing the
interatomic forces and ensuring the reliability of our simulations. [3]

For the simulations in this thesis the EAM potential functions were used. EAM
potentials were chosen because they include many-body interactions that are essen-
tial for accurately capturing the nature of metallic bonding, which is particularly
important at surfaces, where the coordination number of atoms changes signifi-
cantly compared to the bulk material. The embedding function in EAM accounts
for the local electron density, which is critical for modelling the unique electronic

environment at surfaces.



2.1.2 EAM potential

The embedded-atom model/method (EAM) is a common potential function, which
has been developed in order to take into consideration the coordination-dependent
many-atom characteristics of metals. In this method, an atom is embedded into
the local electron density that is provided by the system’s remaining atoms in
order to find the metal’s energy. [4]

The following equation for the i-th atom’s potential energy summarizes EAM in-

B = Fy (Z pg(%)) + % > baslriy) (2)

J#i JF#i

teractions:

where F,, is the embedding energy function that represents the energy required to
place the i-th atom of type « into the electron cloud, r;; is the distance between
atoms ¢ and j, ¢qp is the electrostatic pair-wise function, ps is the contribution
to the electron charge density from atom j of type 8 at the location of atom i.
The intricate and numerous parameters of the functional forms of F', p and ¢ are
fitted empirically from experimental data or more accurate quantum mechanical
computations. [5]

The ensemble average of a physical quantity of interest can be determined using
the ergodic hypothesis from the time average over the simulation of the relevant
physical quantity from the resulting trajectories, along with the velocities and
forces at each timestep. This is based on the assumption that the system is in
an equilibrium condition, in which case the physical quantities of interest should

oscillate consistently around a mean value. [6]

2.1.3 Potential cutoff distance

Even for the simplest MD potentials, the computing cost of a simulation is typically
squared as the number of atoms in the simulation is increased. For every atom
in the simulation its interactions with every other atom must be considered. To
minimize the number of interactions computed at each timestep a cut-off value can
be used, which is a simple technique to drastically reduce calculation time. That is
possible because in most systems involving short-range interactions, the potential

energy and force between particles decay rapidly with distance. For example,



the Lennard-Jones potential decreases with ¢ for attractive forces and r—'2 for
repulsive forces, where r is the distance between the particles. Most molecular
dynamics potentials have a short range, influencing only a few of their closest
neighbors as beyond a certain distance, interatomic interactions are effectively
negligible. [7]

In addition to reducing computational costs, using a potential cutoff distance is
beneficial when using periodic boundary conditions. That is to avoid having to ac-
count for multiple periodic images of the same particles in the pairwise interaction

loop. [7]

2.1.4 Thermostats

In MD simulations specific thermostatic algorithms are used to keep the temper-
ature of the system constant and add or remove energy from the boundaries of
the simulation in a realistic manner. Some of the most popular are two variations
of the Nosé-Hoover thermostat: canonical NVT (constant number of particles,
volume, and temperature) and isothermal-isobaric NPT (constant number of par-
ticles, pressure, and temperature) ensembles. 8]

In the NVT ensemble, the total number of atoms or molecules in the simulation
box remains fixed, the size of the simulation box is fixed, which means that the
system’s volume does not change during the simulation and the system is kept at
a constant temperature. This type of thermostat is commonly used in simulations
to study equilibrium and thermodynamic properties. [9]

In the NPT ensemble, the system’s pressure and temperature are kept constant,
allowing the volume of the simulation box to adjust as needed. This type of ensem-
ble is used to simulate systems in which pressure and temperature are controlled
variables, as in many laboratory experiments and industrial processes. [3]

The main idea of the Nosé-Hoover thermostat is adding a fictive particle, which
acts as an external system, to a Hamiltonian consisting of N atoms. The temper-
ature of the system can be controlled by heat exchange between the physical and
external systems. The connection between these two systems is controlled by the
effective mass, which also impacts the oscillation of the system temperature. This

type of thermostat guarantees a Maxwell-Boltzmann velocity distribution for the



simulation. [10 — 11]

2.2 Surface mechanics

While studying the mechanics of nanosized objects, both the bulk and surface
effects, which can be ignored on a macroscale, must be taken into account due
to the high ratio of the surface to the volume of the nanoscale objects. A larger
fraction of the atoms or molecules in a nanoscale object are located at or close
to the surface because of the high surface-to-volume ratio. The total mechanical
characteristics of the material can be considerably impacted by the behavior of
the surface atoms or molecules as a result of this. [12]

For instance, the mechanical response of nanomaterials is significantly influenced
by surface stress, surface energy, and surface diffusion. Deformations, changes in
the stability of nanoscale structures, and even surface-driven phase transitions can
all be brought on by surface stress. Nanoparticles or nanofilms’ adhesion, cohesion,
and surface reactivity are all impacted by surface energy. [12]

Although useful for investigating materials, surface stress and surface elastic con-
stants are difficult to determine experimentally. There have been multiple exper-
imental methods developed to measure surface stress but all of them come with
their difficulties. For example the experimental procedure of creating suitable sam-
ples to analyse by evaporating gold onto a carbon substrate may contaminate the
surface, leading to an adsorbate-induced change in surface stress. When using thin
films or small nanoparticles the surface stress values measured are not reliable due
to the change of lattice parameters compared to bulk. [13] For example, for plat-
inum particles with an average diameter of 10 nm, a lattice contraction of about

0.5% was measured, which significantly reduces the surface stress [14].

2.2.1 Surface energy

The additional energy per unit area of a material’s surface relative to the energy
of the bulk is known as surface energy, surface free energy or surface tension. It
stands for the energy difference between the atoms or molecules on the material’s
surface and those in the interior of the material. In a solid substance, atoms and

molecules naturally want to arrange themselves in a way that reduces the system’s
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overall energy. Atoms are surrounded by other atoms in a bulk material, which
results in a balanced distribution of attraction and repulsive forces. However, at
the surface, atoms are isolated from neighbors on one side, leading to imbalanced
forces and increased energy. Surface relaxation is the process by which the atoms
of the newly formed crystal surfaces caused by a split or cleavage shift rearrange
at the nanoscale. Since a more stable surface results from relaxing, the energy of
the relaxed surface is always lower than that of the unrelaxed surface. [15 — 16]

Surface energy of a material can be calculated using the following formula

Eip — Ep
) 3
v 5 (3)

where Fy, is the total energy of the system with surface, Fj is the total energy of
the bulk system without surface, and A is the surface area. The number of atoms

in both systems should be the same. [17]

The total energy of the surface can then be evaluated with the following formula:
Es = Ay(e) (4)

The total surface energy as a function of strain and numerical differentiation of
the necessary quantities are used to construct the surface stress tensor and elastic

tensor. Strain here is defined as follows:
L r
€= E(F F—-1) (5)

where F is the deformation gradient and I is the identity matrix. [18]

The strain energy in the bulk and the surface energy make up the system’s total
energy when a block of material is strained. It is necessary to separate the surface
energy from the overall energy. The total energy of the system can be expressed

as:

Eior = 2A7(€) + hAW (¢) (6)

where A is the surface area of the free surfaces at the top and bottom of the block of

material, y(¢) is the surface energy, W (e) is the bulk strain energy density and h is

11



the thickness. In this formula 2A~(e) represents the energies of the 2 surfaces and
hAW (€) is the energy in the bulk material. In the simulations the thickness of the
block of material should be determined by a Gibbs dividing surface construction
so that the total energy of the system would depend linearly on the thickness. To
calculate the surface elastic properties, a simulation cell as shown in figure 4 would
be constructed. [19]

surface

' A periodic
S - -

Ariodic

surface

Figure 3: Schematic of a simulation cell used to determine surface elastic properties of a block of material of
thickness h and area A. Periodic boundary conditions are used in the x and y directions.

2.2.2 Surface stress

Surface stress (7) measures the forces that exist at the surface of a material with
respect to strain. Surface stress, unlike thin-film stress, does not depend on thick-
ness since the surface effect is calculated per surface area rather than volume. As
a result, surface stress can be considered an intrinsic characteristic of the surface.

The relationship between surface stress and surface energy () is demonstrated by

12



the following equation:

() =7+ 5 M

Surface stress is the variation in total surface energy per unit area with respect to

the strain and can also be written as follows:

10FE,
T A Oe (8)

T

where the area A stands for initial area before deformations. [20]

From equation 8 surface stress at 0 strain can be written as

1 0F,
E (Z 86 )e:O (9)

Surface stress can also be evaluated using surface elastic constant as follows:

T =179+ Se (10)
where S denotes the surface elastic constant of the material. [19]

2.2.3 Surface elastic constants

The change in surface stress with strain is determined by the surface elastic con-
stants. Surface elastic constants are parameters that describe the mechanical re-
sponse of a material’s surface to applied stresses and the resulting strains. They
provide information about the material’s elasticity at the surface and are used to
characterize the behavior of surfaces. From equation 10 surface elastic constants

can be derived as:

_or

5= e

(11)

e=0
Surface elastic constants can also be defined as second-order derivatives of surface

energy with respect to the strain as follows:

B l(‘?QES
A Oe?

S — To (12)

e=0
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[19]

2.3 Crystal structure

Metals and many other kinds of materials have crystalline structures, which means
that their atoms are organized in a pattern that repeats indefinitely. The placement
of the atoms in a crystal is called its crystal structure. The smallest repeating unit
with complete crystal structural symmetry is known as a unit cell. The crystal
structure is created by packing atoms into the unit cell and then iterating the
resultant pattern endlessly in all directions. The unit cell’s dimensions a, b, ¢ and
internal angles «, 3, v describe it, creating a parallelepiped geometry for the unit
cell. [21]

Crystallographic orientations and planes are generally described by Miller indices
according to the substance’s unit cell edges (Face-Centered Cubic (FCC) for alu-
minium and Body-Centered Cubic (BCC) for tungsten). The Miller indices of a
plane are defined using the three lattice vectors. For cubic crystal systems, the
lattice vectors are chosen along the edges of the crystallographic unit cell. Any
crystal plane intercepts the axes at particular spots. The Miller indices are the ra-
tios of these points, represented by a triplet of integer values (hkl). A Miller index
of 0 indicates that the plane is parallel to the respective axis and negative indices
are denoted by a bar over the number. When written using square brackets, Miller

indices denote a crystallographic direction rather than a plane. [22]

14



y y y
(001) (100) (010)

y y y
(101) (110) (011)

y y y
(111) (1) (171)

Figure 4: Examples of Miller indices indicating the plane perpendicular to the vector given for the cubic structure.
23]

The surface of a metal experiences stress due to the missing bonds on the side
exposed to the vacuum, therefore crystallographic directions play a significant role
in the surface properties of the material in question. Crystal surfaces with low
Miller indices have in general a lower surface energy than those with high Miller

indices, which is why a crystals are often surrounded by low index surfaces. [17]
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3 Methodologies

3.1 The simulation setup

MD computer simulations were performed using LAMMPS open-source software
[24] and visualisation of the results were done by OVITO [25].

The potential files used were obtained from the OpenKIM repository of interatomic
potentials [26]. Calculations for aluminium were carried out with a potential that
was developed by Ercolessi and Adams in 1994 [27]. For tungsten 4 different
EAM potentials were used for comparison of the results. The potentials used were
developed by Olsson in 2009 [28], Mason, Nguyen-Manh and Becquart in 2017 [29],
Marinica, Ventelon and Gilbert in 2017 [30] and by Zhou, Johnson and Wadley in
2004 [31].

For the calculations, a simulation box was initially set up by specifying the lat-
tice type as FCC and the lattice constant as 4.0479 A for aluminium and later
on as BBC and the lattice constant as 3.165 A for tungsten [22 — 32]. The crys-
tallographic faces that were being studied were oriented so that their surface was
tangent to the z-direction. Atoms were positioned at the lattice points and their
coordinates were recorded once the box dimensions were determined in unit cells.
All the simulations were performed with a time step of 1 fs.

Before performing the calculations, the simulation system was relaxed until the
total energy of the system stopped fluctuating and remained nearly constant. The
simulation box was allowed to achieve a thermal equilibrium by thermal expansion
using an integration approach based on the NPT ensemble in order to simulate
a real-world system. Eventually, the atoms received a distribution of velocities
that enabled them to statistically mimic temperature; at this time, the simulation
box was able to expand in any direction. The simulations were conducted at
a temperature of 0.1 K for aluminium and at 10 K for tungsten. It was not
possible to run the simulations for tungsten at 0.1 K because the chosen potentials
were not able to produce physically correct results at such low temperature. So
a slightly higher, experimentally more achievable temperature was chosen. But
the temperaure for aluminium was left at 0.1 K to facilitate the reproduction of

previously published results.
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Periodic Boundary Conditions (PBC) were established, which generated virtual
duplicates of the original simulation box on each side of it. This was necessary
for the system to accurately depict the properties of bulk materials at a lower
computational cost. To simulate surface and bulk materials 2 separate simulations
were set up: one with PBC in all directions to simulate bulk material and one which
initially had PBC in all 3 directions but after the first relaxing period the box was
scaled in z direction to create surfaces on both sides of the slab as shown in figure 4.
After the creation of surfaces the system was allowed to relax with NVT ensamble
for additional timesteps.

Figure 5 shows a simulation cell used to calculate surface energy and surface stress
at 0 strain with the surfaces (110) being created in z direction and PBC remaining

in the x an y directions.

Figure 5: Simulation cell before and after the creation of surfaces.

3.1.1 Calculating surface energy

After the simulation was set up according to the parameters previously mentioned,
the surface energy was calculated from the energy differences of the bulk and

surface systems using formula 3.
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3.1.2 Calculating surface stress tensor at 0 strain

After the simulation was set up according to the parameters previously men-
tioned, 7° values were obtained by converting the LAMMPS output pressures
in the wanted directions to forces and normalizing them for used simulation box
lenght.

3.1.3 Calculating surface elastic modulus tensor

After the theoretically calculated surface energy was confirmed by experimental
values, the system was scaled in the x-direction with an appropriate strain value.
The box length in the x-direction and energy values of the system were recorded
on each timestep and used to calculate the metal’s surface elastic tensor.

The x-directional length and energy values were plotted for both surface and bulk
systems and fitted with second degree parabolas. The following parabolas were
then retrieved:

Ey = ayz® + byx + ¢

2
Eiot = a16tT° + bt + Crot

where FE, represents a parabola describing the total energy of the bulk system
depending on the box length in the x-direction and E,, describes the same for a
system with surfaces. To obtain a function describing the energy of a corresponding

surface, the 2 parabolas must be substracted and divided by 2.

_ B — By _ Aot — Ap o biot — bbx Ctot — Cp
2 2 2 2

E;

To simplify the obtained expression we can make the following substitutions:

atat_ab_a btot_bb_b and Ctot_cb_c
2 ’ 2 ’ 2

To express surface energy in terms of the surface energy function we must use the

value of surface energy function at xy, where the surface has not been strained yet.
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The initial area of the surface can be substituted as A = xgyo.

Es(zo) ard + bry+ ¢

ToYo ToYo

To express the surface energy at 0 strain based on equation 9 we must convert the
derivative with respect to € to a derivative with respect to variable  which is used

in the surface energy function FE,.

ox

R Oe

OF,
Oe

B 6E88_a:
Oz Oe

e=¢€op

_ OE,
- Ox

_ OE,
- Ox

Zo

T=x0

e=¢€p e=¢€p

Plugging it in to the original formula 9, we get the following expression for 7y:

_ OE,
- Oe

1 OE,

1 2axg+ b
X =
ey T0YO ox

0
=10 ToYo Yo

To

And finally to get the formula for the components of the surface elastic modulus
tensor from equation 12 we must convert the second derivative with respect to €

to a derivative with respect to variable x.

OB, (07’
:0_ 0x? \ Oe

By substituting the obtained result into equation 12 and simplifying we get the

0*E,
oe?

OF, 0%z

N O?E,
o Or 0€e

0x?

oF,
To— Xo
0 0
T=x0 ax T=x0

€ € e=0

following expression for calculating the components of surface elastic modulus

tensor:

1 0°E,
S = —8
Toyo Oe?

—27'0

1 {(‘?Es 5 OF, 2axg

—T0—= — Ty — T — T =
2 0
=0 Toyo | Ox Ox Yo

Similar method was used to obtain the values for stretching in the y direction. For
the relaxed case, after stretching the box additional relaxing with NVT ensamble
was applied and then the surface elastic constants were calculated using equation
10.
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3.2 Choosing the dimensions of the simulation box

From equation 6 we can see that the thickness of the slab and the total energy of
the system follow a linear relationship. It is important that the thickness of the
slab for the simulations is chosen to be large enough so that the surfaces on each
side would not influence each other. The graph in figure 6 was used to verify that
the simulation system follows the linear connection from equation 3.

The E,,; vs. h data is fitted with a linear curve, the intercept of which is equal to
twice the value of surface energy. It is visible that the data follows a close linear

relationship.

10000 A

9000 A

8000 H

7000 A

6000 ~

Total energy (eV)

5000 A

4000 -

3000 A

15 20 25 30 35 40 45 50
Thickness (4)

Figure 6: Total energy dependence on thickness on a 18.86 A x 18.86 A block of material with surface crystal
orientation of (100).
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4 Results and discussion

4.1 Surface energies and surface stress tensors

In this section the results of the calculations using EAM potentials to determine the
surface stress tensor and the surface elastic constants are presented. The following
four surface orientations were studied: (001), (111), (110) and (112). The first
rows of the following tables show the values that were calculated for aluminium to
validate the values obtained from the simulation methodology that was used. All
of the values of surface energy calculated for aluminium matched exactly with the
values reported by Shenoy and the calculated values of surface stress at 0 strain
had a 0.1% or smaller difference compared to the values reported by Shenoy. The
following rows show values calculated for tungsten using 4 different potentials.
Calculations made with the potential developed by Olsson is marked in the results
tables with W(O), potential developed by Mason, Nguyen-Manh and Becquart is
marked with W(MNB), potential developed by Marinica, Ventelon and Gilbert is
marked by W(MVG) and the potential developed by Zhou, Johnson and Wadley
is marked by W(Z).

Table 1: Surface stress tensor of the (001) crystal face. The “1” direction corresponds to [100] and “2” corresponds
to [010].

Element (i) 70 <2¥> -0 <g¥> -0 (#)
9 A2 11 A2 22 A 12

Al 0.0588  0.03556  0.03555 0
W(O) 0.212028 0.126451 0.137232 0
W(MNB) 0.264327 0.227565 0.214551 0
0

0

W(MVG) 0.207359 0.1242  0.123965
W(Z) 0.217406 0.190536 0.180623

In table 1 the surface energy computed using the potential developed by Mason,
Nguyen-Manh and Becquart is significantly higher than the others. The differences

in 77, and 73 values calculated with every potential are minimal.
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Table 2: Surface stress tensor of the (111) crystal face. The “1” direction corresponds to [110] and “2” corresponds

(%)
A2

% (L) (%)
A2 A2

to [112].
Element v (:—‘;)
Al 0.0543
W(O) 0.204918
W(MNB) 0.25781
W(MVG) 0.200751
W(Z) 0.203978

0.05685
-0.01292
0.229628
0.079281

-0.005367

0.05685
-0.007702
0.230223
0.071543
-0.006307

0
0
0
0
0

In table 2 two of the potentials used produced negative values for the surface stress

at 0 strain. Positive values of surface stress indicate tension, while negative values

indicate additional compression of the material caused by the creation of surfaces.

Table 3: Surface stress tensor of the (110) crystal face. The “1” direction corresponds to [001] and “2” corresponds

to [110].

El t ( #)
emen y )t

0 eV
T
1 (ZE)

0 eV 0
T T-
b(3)

eV)
ev
2

Al
W(O)

W(Z)

W(MNB)
W(MVG)

0.0647
0.220286
0.280757
0.156641
0.217726

0.07311
0.073105
0.27985
0.119868
0.123738

0.10056

-0.020465

0.270323
0.00633
0.000519

0
0
0
0
0

The values of 79, and 73, are much greater for W(MNB) compared to the values

calculated with other potentials. In the results for other potentials all of the 735,

values are noticably smaller than 77| values.

Table 4: Surface stress tensor of the (112) crystal face. The “1” direction corresponds to [110] and “2” corresponds

0 eV 0
T T-
(%)

()

to [111].
eV

Element  ~ (E)

Al 0.0633
W(O) 0.202209
W(MNB) 0.257605
W(MVG) 0.186588
W(Z) 0.204047

0.05439
0.049765
0.26666
0.086319
0.070424

0.06805
0.008164
0.261316
0.059205
0.022059
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In table 4 the 79, and 79, values calculated with MNB potential have much larger
values than the ones that were obtained using other potentials.

It is visible from the obtained values for surface energy and surface stress can
vary quite a lot based on the potentials used to set up the simulation and can
even have different signs. The same observation was made in previous studies
comparing different potentials as well. [19 — 33|

The potential developed by Marinica, Ventelon and Gilbert has the highest values
for surface energy for every orientation studied and the obtained surface stresses
have the least variation between different orientations compared to other poten-
tials.

The surface energy values obtained in this study stay in the same range as pre-
viously reported values using different methodologies. For example in a study
that used density functional theory to calculate the surface energies for tungsten
the calculated values for different crystal directions stayed between 0.2277 <X and

A2
0.2748 <V [34].
A2

4.2 Surface elastic tensors

Surface elastic constants are affected by the potentials, temperatures and other
variables used to set up the simulation even more than surface energies and surface
stresses at 0 strains. The method of calculating surface elastic constants proposed
by Shenoy, which was followed in this thesis, is computationally efficient but does
not provide the most accurate numerical values. Due to the volatile nature of the
surface elastic constants and little information provided in the article by Shenoy
on the simulation setup and exact data used to calculate surface elastic tensors,
the obtained values for aluminium only matched the values provided in the article
by order of magnitude.

The difference of surface elastic constants calculated by molecular dynamic sim-
ulations using different potentials is also brought out in the study by Pishkenari
and Nejat. [35]

The following tables and graphs show the exact values of the surface elastic mod-
ulus tensors obtained for all the potentials without additional relaxing after the

stretching, marked in the table as UR and with additional relaxing after stretching
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marked with R.

Table 5: Surface elastic modulus tensor of the (001) crystal face.

corresponds to [010].

The “1” direction corresponds to [100] and “2”

St <i> S9222 < b Sti22 <i> Soa11 ( L
A2 A A2 A
Element UR UR UR UR

Al -0.768 -0.769 -0.211 -0.203
W(O) -2.167 -1.680 -1.659 -2.188
W(MNB) | -4.342 -3.991 -4.017 -4.316
W(MVG) | -2.255 -2.128 -2.129 -2.254
W(Z) -1.222 -2.362 -2.383 -1.202

All of the values in table 5 are negative. The values calculated with MNB potential

have a much larger absolute value than the ones calculated with other potentials.

Surface elastic modulus tensor of the (001) crystal face.
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From the graphic representation of the values of the surface elastic modulus tensor

in figure 7 is it clear that the relaxed and unrelaxed values follow similar trends,

with the relaxed values being significantly smaller in absolute value.




Table 6: Surface elastic modulus tensor of the (111) crystal face.

corresponds to [112].

The “1” direction corresponds to [110] and “2”

Stin <i> S2222 <i> S1122 <ﬂ> Saon1 <i>
A2 A2 A2 A2

Element UR R UR R UR R UR R
Al -0.117 -0.021 | 0.212 -0.159 | 0.212 -0.158 | 0.212 -0.158
W(O) -1.371 -0.120 | -2.152 -0.007 | -2.340 -0.101 | -1.184 -0.026
W(MNB) | -1.938 -0.097 | -1.855 -0.225 | -1.853 -0.224 | -1.939 -0.097
W(MVG) | 0.279 -0.045 | -1.083 -0.041 | -1.099 -0.049 | 0.294 -0.036
W(Z) -1.798 -0.003 | -2.658 -0.021 | -2.660 -0.021 | -1.795 -0.003

For direction (111) the table has two positive values for tungsten, both in unre-
laxed state calculated with the MVG potential. Which suggest that the choice of
potential can significantly influence the predicted elastic properties of the (111)

crystal face.

Surface elastic modulus tensor of the (111) crystal face.
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Figure 8: Graphic representation of the surface elastic modulus tensor of the (111) crystal face.
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Table 7: Surface elastic modulus tensor of the (110) crystal face. The “1” direction corresponds to [001] and “2”

corresponds to [110].
eV eV eV eV
Sllll <°_> 52222 <°_> 81122 <°_> 52211 <°_>
A2 A2 A2 A2

Element UR R UR R UR R UR R
Al -0.167 -0.005 | -1.045 -0.991 | -0.222 -0.032 | -0.229 -0.027
W(O) -2.616 -0.002 | -2.451 -0.038 | -2.639 -0.131 | -2.428 0.091
W(MNB) | -5.759 -0.140 | -2.874 -0.103 | -2.894 -0.112 | -5.740 -0.130
W(MVG) | -3.162 -0.076 | 0.147 -0.014 | -0.079 -0.127 | -2.935 0.036
W(Z) -2.034 -0.021 | -1.703 -0.062 | -1.950 -0.185 | -1.788 0.101

For direction (110) the values calculated with MNB potential have a significanly
larger absolute value than the ones calculated using other potentials. For the So1;

direction in the relaxed case the calculated values were predominantly positive.

Surface elastic modulus tensor of the (110) crystal face.
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Figure 9: Graphic representation of the surface elastic modulus tensor of the (110) crystal face.
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Table 8: Surface elastic modulus tensor of the (112) crystal face. The “1” direction corresponds to [110] and “2”
corresponds to [111].

Sllll <€°_V> 82222 (eD_V> 51122 (eO_V> 52211 <€°_V>
A2 A2 A2 A2
Element | UR R UR R UR R UR R
Al [-0162 -0.141 [-0433 -0.121 |-0.432 -0.189 |-0.432 -0.118

W(O) -2.352  -0.0768 | -1.286 -0.0202 | -1.369 -0.0618 | -2.269 -0.035
W(MNB) | -2.663 -0.093 | -2.847 -0.701 |-2.858 -0.712 |-2.653 -0.088
W(MVG) | -0.784 -0.047 | -0.694 -0.039 | -0.749 -0.065 |-0.730 -0.020

W(Z) -2.069 -0.088 | -1.445 -0.028 | -1.541 -0.077 |-1.972 -0.040

All of the obtained surface elastic tensor components for direction (112) are nega-
tive. The values computed with MNG potential without additional relaxing have

much larger absolute values than the values calculated using other potentials.
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Figure 10: Graphic representation of the surface elastic modulus tensor of the (112) crystal face.

For most crystalline surfaces the previous studies support the idea of mainly neg-
ative surface elastic constants, which matches well with the calculated values. [36]
It is evident that the values obtained after relaxing the surface are smaller in ab-
solute values then those calculated during the stretching process. That is because
after relaxing the surfaces are in a more stable state, which results in a smaller

surface stress.
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On average the values calculated for the surface elastic tensor of tungsten were
3-5 times bigger than the ones calculated for aluminium. The same is true for the
Young moduli of these metals. With tungsten’s Young modulus being around 400

GPa and aluminium’s Young modulus is around 70 GPa [37 — 38|.
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Summary

The aim of this thesis was to calculate the surface elastic modulus tensor of tung-
sten using molecular dynamics method. In the current work, simulations of tung-
sten surfaces and bulk material were built to study the surface energy and surface
stress without strain. Strain was applied on the systems to obtain polynomials that
describe the surface energy of the systems depending on how much the initially
created slab of material was strained. By applying strain in different directions
and using the derivatives of the obtained polynomials, the surface elastic tensor for
tungsten was obtained. Surface energy, surface stress at 0 strain and surface elastic
moduli were calculated for 4 different cristallographic orientations using 4 different
interatomic potentials and compared. It was found that the simulations using a
potential developed by Marinica, Ventelon and Gilbert had the highest values for
surface energy for every orientation studied as well as some of the largest values
seen for surface elastic constants. Most of the surface elastic constants calculated

stayed in a reasonable range.
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