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Abstract

Though use of Tungsten (W) as nanomaterial has been increasing there is lack of knowl-

edge on its failure behaviour and other mechanical properties at nanoscale. In order to

investigate plasticity and creep mechanism at the nanoscale, single and polycrystalline

nanowires and nanocubes of W are studied in this work. In case of single and polycrys-

talline nanowire, diameter, temperature, loading orientation, and grain size are varied

to see the resulting impact on the deformation mechanism using EAM potential and a

constant strain rate of 109 s−1. Results of the analyses indicate domination of twinning

deformation over dislocation in single crystal nanowires. However, in polycrystalline

nanowires, the failure mechanism is governed by the twin-grain boundary interaction.

Additionally, strength of polycrystalline nanowires follow inverse Hall-Petch rule. In

the latter part of the thesis, nature of creep in nanocrystalline tungsten and factors that

govern creep mechanism such as grain size, temperature, and applied stress are studied

through atomistic simulations. From the simulations, it has been observed that the creep

mechanism in nanocrystalline tungsten is contingent on the applied stress as the creep

mechanism varies from lattice diffusion to grain boundary diffusion creep eventually to

dislocation-creep with higher stress. Moreover, temperature and grain ref nement seem

to aid the creep phenomenon at the nanoscale. It is also identif ed that for very large val-

ues of stress and temperature, the power-law fails to def ne the creep in nc-tungsten. To

quantify the propensity and mechanism of creep in nanocrystalline tungsten, stress and

grain size exponents are determined in addition to the time evolution of strain and mean

square displacement. Finally, atomistic features of deformation are analyzed which

evince the simulation results.
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Chapter 1

Introduction

Proliferation of nanotechnology is perhaps one of the most striking advancements of
past decades. Use of nanotechnology encompasses f elds of biology, medicine, physics,
materials science, and engineering. Prescience of famous physicists Richard Feynman,
“There is plenty of room at the bottom” [2], has become true in the advent of the
twenty-f rst century. Because of the interdisciplinary nature of nanotechnology physi-
cists, chemists, engineers frequently collaborate for new inventions. Mechanical engi-
neers are particularly interested in the study of mechanics and failure mechanism at the
nanoscale. Such studies are of vital importance as from the study of nanomechanics and
failure at nanoscale one can predict the possibility and mode of deformation at larger
scale [3].

1.1 Nanomaterials

There is no ubiquitous def nition of nanomaterials that points to a specif c class of ma-
terials. Rather nanomaterials are def ned on the basis of dimension [4]. Nanomaterials
are def ned as the materials that possess dimension in the order of billionth of a meter
[5]. Usually, a nanomaterial is characterized as a material with dimension in the or-
der of 1 to 100 nm. So the def nition and use are contrasting as practically sometimes
some micrometer-sized devices are also identif ed as nanomaterials [5]. The word nano

1



Chapter 1. Introduction 2

comes from the Latin word nanus meaning dwarf [6]. Though dwarfed by size, nano-
materials are not be looked down in terms of its properties. At nanoscale, materials
show elevation in strength, ductility, corrosion resistance, and wear resistance due to
lack of defects. Multiscale modeling techniques have enabled scientists to predict ma-
terial properties in bulk materials gaining insight from their nanoscale counterpart.

Advantages of nanomaterials have prompted it’s different uses. For example [7]:

* New generation computer chips.

* Improved insulation materials.

* Low-cost, f at-pannel displays.

* High energy density batteries.

* Aerospace components.

* Ductile, machinable cermaics.

* Longer-lasting medical implants. etc.

Nanomaterials are classif ed into four major categories [8]:

1. Zero-dimensional Nanomaterials: Zero-dimensional materials are those nano-
mateirals that have no geometric dimension (like particles). Example of such
nanomaterials are nanoparticles, quantum dots, etc. These materials can be amor-
phous or crystalline. They exhibit various shapes and forms. These types of ma-
terials are used extensively in light emitting diodes (LED), solar cells, and lasers
[8]. Figure 1.1 [9] shows an example of zero dimensional materials.

2. One-dimensional Nanomaterials: One-dimensional nanomaterials are those ma-
terials whose one dimension can be out of nanoscale (greater than 100 nm) (see,
Figure 1.2 A) [8]). Examples of one dimensional nanomaterials are nanotubes,
nanowires, and nanorods. One dimensional materials can also be amorphous or
crystalline and single or polycrystalline. These materials play an important role
in fabrication of electronic and opto-electronic devices.
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Figure 1.1: TEM bright f eld image of Tungsten nanoparticles which are zero dimen-
sional nanomaterials.

3. Two-dimensional Nanomaterials: Two-dimensional nanomaterials are those which
allow two of their dimensions to be out of nanoscale. Nanof lms, nanolayers, nan-
odiscs, and nanocoatings are examples of two dimensional nanomaterials (refer
to Figure 1.2 B)). Two dimensional nanomaterials can be deposited as substrate.
These are used as single or multilayer structures. Two dimensional nanomaterials
have become focal point of many research due to their unique properties. These
materials have novel applications in sensors and nanodevices.

4. Three-dimensional Nanomaterials: Dimensions of three-dimensional or bulk
nanomaterials are not conf ned to nanoscale. This means either or all of the three
dimensions can exceed the limit of 100 nm. These are called nanomaterials only
because they possess physical properties of a nanocrystalline structure. It can
be single crystal or polycrystalline. Nanocrystalline structures are identif ed as
three-dimensional nanomaterials comprising of single crystals oriented in differ-
ent directions. Behaviour of such nanomaterials depend on their size and surface
morphology. Hence, research on the fabrication of such materials is of paramount
importance. Higher specif c surface area compared to volume enables these mate-
rials to provide absorption sites for other atoms in nanoscale applications. More-
over, deformation behaviour at nanoscale can be used to predict properties of the
bulk counterparts. Figure 1.2 C) shows an example of Three-dimensional nano-
materials.
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Figure 1.2: TEM images of A) Nanowires (1D nanostructures), B) 2D branched nanos-
tructures, C) Nanocones (3D nanostructures).

1.2 Crystal Systems

In order to understand the mechanism of failure in the crystalline structure, one needs
to identify the crystal structure of the material. Solids can be both crystalline and amor-
phous. In crystalline materials, atoms are arranged in regular pattern. On the other
hand, in amorphous materials atoms are arranged randomly. Arrangement of atoms in
a crystalline solid can be explained with the concepts of unit cell and Bravais lattice.
Unit cells are the most fundamental building blocks of a crystal structure [10]. The
entire crystal system can be built by repeating this block in three non-coplanar direc-
tions through translation. The shape and arrangement of the unit cells describe a crystal
system completely. Different arrangements of unit cells in crystalline structures can be
attained by space lattices known as Bravais lattice [10, 11]. Points in the Bravais space
lattice are so arranged that any point r(n1,n2,n3) can be traced from any other point
r(0,0,0) in space by the translational operation [10],

r(n1,n2,n3) = r(0,0,0)+ ~R (1.1)

Here, ~R = n1 ~b1 + n2 ~b2 + n3 ~b3 is the translational basis vector and n1,n2, and n3 are
arbitrary integers. The parallelepiped enclosed by ~b1, ~b2, and ~b3 is called the unit cell
[10].

Figure 1.3 shows the three basis vectors building a parallelepiped with three angles
α,β, and γ [10]. Different combinations of these basis vectors and angles give rise to
seven lattice systems with fourteen Bravais lattice. The seven lattice systems are shown
in Table 1.1. In this work, body-centered cubic Tungsten is discussed. In the cubic
lattice systems the the basis vectors b1, b2, and b3 have same magnitude and the angles
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Figure 1.3: A sample unit cell with the basis vectors and angles.

Figure 1.4: Body-centered cubic unit cell.

α = β = γ = 900. Body-centered cubic structures are cubic structures with atoms at each
vertex and an additional atom at the center of the unit cell as shown in Figure 1.4[11].

Body-centered cubic structure of materials cause unique deformation behaviour at the
nanoscale [11]. Present work tries to f nd such behaviour in the failure mechanism of
body-centered cubic Tungsten material.
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Crystal system Lattice parameters Inter-facial angles
Cubic b1 = b2 = b3 α = β = γ = 900

Tetragonal b1 = b2 , b3 α = β = γ = 900

Orthorhombic b1 , b2 , b3 α = β = γ = 900

Monoclinic b1 , b2 , b3 α = β = 900
, γ

Triclinic b1 , b2 , b3 α , β , γ , 900

Hexagonal b1 = b2 , b3 α = β = 900,γ = 1200

Rhombohedral b1 = b2 = b3 α = β = γ , 000

Table 1.1: Seven crystal systems.

1.3 Miller Indices

In order to specify the crystal orientation and crystal planes Miller indices are generally
used. In order to understand the concept of Miller indices, one may refer to the Fig.
1.5 [11]. In the f gure a reference cubic unit cell of dimension a is taken (OABC). With
respect to this unit cell one can f nd the Miller indices of the other planes and directions
in any material. Let us consider a plane A′B′C′ and the dimensionsOA′ = 2a. OB′ = 3a,
and OC′ = 3a. Now the reciprocals of the intercepts of the plane can be written as
( OAOA′ ,

OB
OB′ ,

OC
OC′ ) or ( a2a ,

a
3a ,

a
3a). By def nition the Miller indices are these reciprocals of

the intercepts. However, by def nition Miller indices can not be fraction. So multiplying
all the ratios by 6 we get the f nal Miller indices of the plane A′B′C′ as (322). If
the intercept of any plane is negative a bar (for example, (111̄)) sign is used. On the
contrary, the direction of any crystal plane is simpler to denote. In such one needs
to take smallest multiple of the unit cell’s dimension in any one of the three mutually
perpendicular axes. For example, if one considers the Miller indices of direction OA′,
it will be (2a

a ,
0
a ,

0
a) or [200]. However, as one needs to take the smallest integer as the

index, the original Miller indices of OA′ becomes [100]. A group of crystallographic
directions are collectively expressed by <> sign while group of planes by

{}

sign.

1.4 Polycrystalline Materials

The main difference between single and polycrystalline materials is that in the poly-
crystalline materials atoms are arranged in grains of different orientations. Each grain
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Figure 1.5: An example cubic cell to explain Miller indices.

contains consistent crystal structure. However, the orientation of the grain varies mak-
ing the polycrystalline material an aggregate of several crystals [11, 12]. Failure mech-
anism in single and polycrystalline forms of the same material differs signif cantly due
to the difference in the critical resolved shear stress (CRSS) during failure. Most of the
naturally occurring materials contains grains and grain boundaries which act as a pla-
nar defect in the materials. These defect inf uence the deformation mechanism of the
nanomaterial signif cantly by interacting with the dislocation and acting as sources and
sinks of void and other defects. One of the major objectives of this work is to identify
how grain boundaries in the nanocrystalline Tungsten impact the failure mechanism in
the material.

1.5 Nature of Deformation in BCC Crystals

In order to understand the mechanism of deformation in Tungsten and how it differs
from conventional materials, one needs to understand the basic mechanism of defor-
mation in bcc crystals at f rst. Plastic deformation in solids occur either through dis-
location or twinning. However, the preference of dislocation or twinning depends on
various conditions including loading orientation, temperature, strain rate, etc. The most
fundamental concept here is the idea of critical resolved shear stress (CRSS). It can be
def ned as the critical value of resolved shear stress for which a crystalline material will
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Figure 1.6: Resolved shear stress for uniaxially applied stress.

deform. Figure 1.6 clarif es it’s def nition [11]. In the f gure, a force F is applied uni-
axially to a cylindrical sample. The plane on which stress σ is to be measured has an
area A. If the force makes an angle λ with the plane and φ with the normal of the area,
resolved shear stress on the area is given by

τ = σcosφcosλ (1.2)

When the resolved shear stress reaches a critical value τcr slip or twinning occurs in the
material. The preferred mode of deformation depends on the Schmidt factor def ned as
cosφcosλ. If it requires less stress for twinning, deformation by twinning will occur
while if the stress required for dislocation is smaller, dislocation will prevail. Disloca-
tion in bcc crystal structure can be straight or edge, screw or mixed in nature. One of
the most striking features in bcc metals is that the slip plane is not well def ned for these
materials. Normally, the slip occurs along the closed packed direction [11].

In body-centered cubic (bcc) materials, the atoms are located at the at the corners of the
unit cell and one at the middle position of (1

2 ,1
2 ,1

2 ,) as shown in Figure 1.4 [11]. The
atoms of such unit cell touch along the < 111 > line. This is why in bcc crystal structure
the closed-packed direction is < 111 >. One can observe the stacking sequence and get
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an idea on the packed planes from Figure 1.7. Figure 1.7 (a) shows the orthographic
projection and for convenience a planar projection of (112̄) plane is shown in Figure 1.7
(b). As can be seen from the f gures in [111] directions there is the highest number of
atoms. Moreover the stacking sequence changes for 100 planes from ABABAB... to
the 112 planes in ABCDEFA.... This change in sequence of stacking of atoms in the
plane plays vital role in the deformation of bcc crystals. However, there can be multiple
planes containing same closed-packed < 111 > crystal direction and the difference in
applied stress to activate slip is small. Shortest lattice vector for deformation or Burgers
vector for dislocation in bcc metals is 1

2 < 111 >. Three {110} planes, three {112}, and
six {123} planes intersect along the same < 111 > direction. So we see that there is an
uncertainty about the path of deformation propagation as all the plane contains closed-
pack direction. Hence, depending on the applied stress, a screw dislocation can move
in different planes. This creates a number of possibilities for the motion of dislocation
in bcc metals. Moreover, there is asymmetry in the motion of dislocation on the same
crystallographic plane.

Figure 1.7: Stacking sequence in bcc metals viewed for {112} planes. (a) Orthographic
projection, (b) Projection of (112̄) planes on a (110) plane.

The other mode of deformation in the bcc metals is the deformation by twinning. In
case of twinning, atoms deform in such a way that the deformed and undeformed parts
are mirror images of each other (see Figure 1.8 [11]). In bcc metals, twinning occurs
under low temperature or high strain rates. The source of twinning deformation is the
displacement of 1

6 < 111 > on every successive {112} planes [11]. The mechanism can
be illustrated taking help from the Figure 1.7 (a) and (b). Now if one looks at the Figure
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Figure 1.8: Twinning deformation in materials. Above and below the x-y plane atoms
are deformed like mirror image of each other.

Figure 1.7 (b), one can see that on the {112̄} planes, along the < 111 > direction the
atoms are similar in stacking (either all are F or all are D or all are C, etc.). Hence in
order to produce a twin boundary all one need is to push by applying shear any one of
the layers slight out of place along the < 111 > direction. This will create a stacking
fault or the boundary and on the both sides of this boundary, the atoms’ stacking will
be similar! Each motion of 1

6 < 111 > creates a stacking fault which ultimately creates
a twin boundary.

Li et al. [13] captured an excellent sequential image of this phenomenon. In Figure 1.9
it is presented. In this f gure, red lines indicated the thickness of the twin boundary and
yellow lines indicate atoms in motion. One can see that at 19041.1 ps, the f rst < 111 >
motion occurs on the {112} plane. Subsequently, a twin boundary emerges. Now the
step height between two neighbour {112} plane is a√

6
where a is the unit cell dimension.

Thus the resulting Burgers vectors will be 1
6 < 111 >. In subsequent steps of the Figure

1.9 one can see that sequential motion of 1
6 < 111 > or movement of atoms along the

< 111 > direction on the {112} plane creating or growing the twin boundary in the bcc
material.

1.6 Deformation in Polycrystalline Materials

Nature of deformation in polycrystalline materials is fundamentally different from the
single crystal materials. Because of the randomly distributed grains, in polycrystalline
materials the CRSS does not play a signif cant role in deformation like the single crys-
tals. Moreover, the grain boundaries act as a barrier to the motion of dislocations cre-
ating a surge in the stress developed inside the material. This stress is relaxed by local
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Figure 1.9: Sequential motion of 1
6 < 111 > twin on {112} planes to create twin bound-
ary in bcc material.

plastic deformation. The grain boundaries also act as the sources of voids and cracks
which help initiate the failure. Temperature and grain size play a vital role in the de-
formation of the polycrystalline materials. Especially the impact of grain size has been
under scrutiny by many researchers. It has been found that as the grain size is reduced in
the polycrystalline materials, the strength of such materials increases. It is proposed by
the experimental works of Hall and Petch [14, 15] that the grain size and yield strength
of polycrystalline material are related by the following relationship,
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σy = σ0+
k
d0.5 . (1.3)

Here σy is the yield stress, σ0 is the friction stress in the absence of grain boundaries, d
is the grain size and k is a constant. This supports the old phrase “Smaller is stronger.”
However, the statement prove to be true only up to certain critical grain size. Below
this critical grain size, further grain ref nement actually softens the material [16–20].
Moreover, the mechanism of plastic deformation turns from dislocation dominated to
grain boundary sliding or grain rotation as the grain size becomes smaller [18]. This
phenomenon is christened as reverse or inverse Hall-Petch relationship by many authors
[21].

1.7 Creep Deformation

Under high temperature and static mechanical stress creep is a common mode of defor-
mation in materials. It is time dependent and permanent deformation of material [22].
Creep is an undesirable deformation of material. Creep becomes an important mode
of deformation when the temperature is above 0.4 of the absolute melting temperature.
Moreover, at nanoscale creep can be inf uenced by the grain size. Creep behaviour of
any material can be observed on the creep curve. A creep curve is constructed by plot-
ting the creep strain against the time for a constant applied mechanical stress under a
certain temperature. A typical creep curve is shown in Figure 1.10. There are three dis-
tinct stages of the creep curve. Primary or transient creep is the f rst stage which occurs
right after the instantaneous deformation by applied load. This stage shows a gradual
weakening of the creep rate suggesting strain hardening. Next comes the steady-state
creep or secondary creep. At this stage the creep rate remains more or less constant.
This is the more lasting stage of creep deformation. At this stage there is a competition
between strain hardening and recovery. Finally, tertiary creep stage occurs when the
creep rate is accelerated to ultimate failure or rupture.

Previous studies on nanoscale creep behaviour of materials suggest that there is a rela-
tionship between applied stress, grain size, and temperature to which the materials are
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Figure 1.10: Different stages of creep deformation.

exposed to. elation of these three parameters with steady-state creep rate is expressed
by Bird-Dorn-Mukherjee equation [23] as,

ǫ̇ =
AD0Gb
kBT

(

b
d

)p (
σ

G

)n
exp(−

δQ
kBT

) (1.4)

where ǫ̇ is the steady-state creep rate (SSCR), A is a dimensionless constant, D0 is
the diffusion coefficient, G is the shear modulus, b is the Burgers vector, kB is the
Boltzmann’s constant, T is the absolute temperature, d is the grain size, σ is the applied
stress, δQ is the activation energy for thermal-activated process, p and n are the grain
size and stress exponents, respectively.

1.8 Literature Review

In order to understand the nanoscale mechanical behaviour of Tungsten, in this work
single and polycrystal nanowires are taken as samples. By analyzing the response of
such nanowires under uniaxial tensile or compressive tests one can get idea regard-
ing the processes involved in the failure of Tungsten at nanoscale. Moreover, these
nanowires have practical importance too.
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1.8.1 Single Crystal Nanowire

Because of potential use in nano- (NEMS) and micro-electromechanical systems (MEMS)
metallic nanowires have become the center of many scientif c investigations worldwide
[24, 25]. Physical properties of metallic nanowires revealed themselves to be quite
different compared to the bulk counterparts [26–28]. Many computer simulations and
experiments conf rmed elevation of strength and dependence of elastic properties on
strain rate, size and temperature of metal nanowires [29–31]. There has been exten-
sive research on fcc metallic nanowires. Chen and Chen [32] studied plasticity in gold
nanowires under high strain rate. In their study, increase in temperature lowered the
value of strength of nanowire. Other studies on gold nanowires [33–35] establish the
fact that strength of gold nanowires is a strong function of diameter. Pt nanowires’
mechanical properties were reported to be dependent on the applied strain rate and tem-
perature [36]. Studies on Cu nanowires [37–39] reveal that temperature and surface
defects govern the strength of the nanowires directly. Ni nanowires show weakening
at high temperatures and strain rate dependent mechanical properties are accompanied
by phase transformation [40–42]. Studies on bcc nanowires mainly involved Fe [43]
andMo [44] nanowires. Interestingly, pseudo-elastic behaviour is common in bcc metal
nanowires [45]. Recently, W nanowires attracted the attention of scientif c world due
to its use in pH sensitive electrodes [46], thermo-photovolatic applications [47] and
f eld-emission properties [48]. Insight on the mechanical properties of W nanowire is
provided in the work of Wang et al. [49]. In this work, in situ experiments proved that
plastic deformation in W nanowire requires higher stress compared to the bulk coun-
terpart. Moreover, they have done experiments with different loading orientations to
f nd out that both dislocation and twinning based plastic deformations may occur in W
nanowires based on the Schimdt factor in a loading system. Molecular dynamics in-
vestigation on effect of temperature on the elastic properties of W nanowire [50] shows
gradual weakening of tungsten nanowire with higher temperature. Moreover, due to
tensile loading at an elevated temperature, a phase transition occurs near twin plane.
However, preparation technique can affect the mechanical properties of W nanowire
[51].
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1.8.2 Polycrystalline Nanowire

Grain size and grain boundary play vital roles in determining the strength of a metallic
substance. Several studies have proved that through grain ref ning [52] and introducing
grain boundaries [53] higher strength can be achieved. The primary argument behind
this higher strength is interaction of dislocation and grain boundary which creates a
localized stress concentration near the grain boundaries. Moreover, the mechanism of
plastic deformation turns from dislocation dominated to grain boundary sliding or grain
rotation as the grain size becomes smaller [18]. However, as mentioned earlier, there is
dominance of inverse Hall-Petch relation in metals. This property indicates an intrinsic
inverse size effect on (opposed to the common notion of “smaller is stronger”) metal
substances. Hence, a synergistic study relating the external size parameter (diameter)
and internal size parameter (grain size) is necessary to identify the complete picture of
deformation in a nanowire. Some studies were made to identify the deformation be-
haviour of different polycrystalline nanowires. A study on polycrystallineMo nanowire
[54] concluded that the length to diameter ratio and the grain size have profound impact
on the strength of the nanowires. A signif cantly lower value for strength was found,
compared to single crystal Cu nanowire, in polycrystalline nanowire [55]. Both of these
works showed failure originates from the grain boundaries. A study on combined ef-
fect of grain size and diameter on mechanical properties of Al nanowires showed that
reducing the grain size to 5 nm actually weakens the nanowire [56]. Moreover, there
is a competition of different deformation mechanisms for different grain sizes and di-
ameters of the nanowire. However, there is still debate regarding the size effect on the
deformation of polycrystalline nanowire revealing the importance to make a study on
W nanowire.

1.8.3 Creep in Nanomaterials

Grain size and distribution also inf uence the creep properties of nanomaterials [57,
58]. Creep experiments are expensive and time consuming. Hence, to understand the
underlying physics of creep many researchers resort to atomistic simulations nowadays
[59–61]. However, atomistic simulations are limited by the requirement of large amount
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of time for creep simulation. To circumvent this problem usually atomistic simulations
on creep are done at a high temperature and stress conditions [62, 63].

Molecular dynamics study on pure metals corroborates the idea of Eq. 1.4. Keblinski
et al. [64] identif ed Coble creep as the governing creep mechanism in polycrystalline
silicon under relatively high tensile stress. Yin et al. [65] observed shift in creep mech-
anism in nanocrystalline Ni depending on temperature it is exposed to. Karanjgaokar
and Chasiotis [66], in their experiments, observed that nature of creep in Au f lms is
controlled by the temperature it is exposed to. A combined experimental and simu-
lation study on Cu shows that nano-twinned Cu offers greater creep resistance [60]
compared to twin-free nanograined Cu indicating a role of grain boundaries in control-
ling the creep. Similar outcome was also obtained by Jiao and Kulkarni [67]. Wang
et al. [59] found a critical stress level after which the grain size exponent decreases
for higher stress. They argued that presence of dislocation in the initial structure and
their interaction with grain boundaries gave rise to such anomaly. Transition in creep
mechanism was observed in nanocrystalline Cu depending on temperature and applied
stress [68]. Nie et al [61] observed similar transition in creep mechanism in nanocrys-
talline Ni as the temperature and stress were increased. Studies on other metals and
metallic alloys suggest impact of temperature, stress and grain size on creep mecha-
nism of materials [69–72]. However, there is no signif cant study on creep behavior of
tungsten at nanoscale using atomistic simulation to date. Experimental studies suggest
applied stress controls the creep rate of pure tungsten albeit the power-law creep is not
necessarily sufficient to describe creep phenomenon [73]. Robinson and Sherby [74]
divided creep studies on tungsten in two categories-high temperature (above 2000 0C)
and low temperature creep (below 2000 0C). The low temperature creep showed stress
exponent n = 7 which indicates breakdown of power-law relation. Using molecular sim-
ulation one can observe exact reasons of such anomaly. This makes the analysis more
important.

1.9 Objectives of the Work

The present work has two distinct sections focusing on two different phenomena to gain
insight into the atomistic processes behind deformation of Tungsten at nanoscale. The
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primary objective of the thesis is to observe the deformation behaviour of nanoscale
tungsten, both single and polycrystal. Moreover, a comprehensive study on the param-
eters governing the creep of nanocrsytalline tungsten in light of the Eq. 1.4 is also
intended. Key objectives of the work can be mentioned in the following points:

• To conduct atomistic simulation of tensile test experiment on single crystal and
polycrystalline tungsten to f nd out impact of temperature, diameter, and grain
size on mechanical properties of Tungsten.

• To identify whether inverse Hall-Petch behavior is present in polycrystalline Tung-
sten. If present to identify the modif ed Hall-Petch equation describing the phe-
nomenon.

• To delineate the atomistic processes of plasticity in single and polycrystalline
Tungsten.

• To study the stress-, time-, temperature-, and grain size-dependent creep behavior
in tungsten at nanoscale and identify the governing parameters controlling creep
rate.

• To f nd the physical interpretation of the exponents of the Bird-Don-Mukherjee
equation.

• To identify the diffusion controlling parameters during creep in nanocrystalline
Tungsten.

1.10 Outline of the Thesis

Primary goal of the present work is to analyze the tensile deformation and creep mech-
anisms in nanocrsytalline Tungsten. The thesis is structured so that before entering into
the main analysis, a reader can get clear idea on the theoretical background and pre-
vious studies related to the topic. Chapter 1 is dedicated to describe the fundamental
concepts of material deformation at the nanoscale especially bcc metals. The chapter
also describes the previous studies on deformation and creep studies on different metals
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using molecular dynamics and experiment. At the end the chapter delineates the major
objectives of the study.

Chapter 2 outlines the numerical methods involved in solving the equation of atomistic
simulation in brief. This chapter is focused on the concepts relevant to this work with
detail idea on force-f eld parameters. Moreover, the chapter discusses the validation
works performed for the study. Finally, the chapter describes the problems studied in
this work. Physical description along with schematic diagrams are presented for both
the problems. The chapter also describes the necessary boundary conditions used for
the two parts of this work.

Results of analysis on single crystal and polycrystalline Tungsten nanowires are pre-
sented in chapter 3. Different physical properties including stress vs strain behaviour,
Young’s modulus, failure strain, etc. are observed for the nanowires. Moreover, with
the help of atomistic visualization technique different stages of failure of nanowire are
observed.

Chapter 4 deals with discussion of results for creep deformation in nanocrystalline
Tungsten. It describes in detail the inf uence of different parameters of Eq. 1.4 on
the physical processes behind the creep. Moreover, with the help atomistic simulation
results, this chapter discusses the creep processes.

Finally, chapter 5 concludes and summarizes entire work by presenting key f ndings of
the analysis.



Chapter 2

Simulation Methodology

This chapter deals with the numerical simulation procedure followed to solve problems
the problems in the thesis. For convenience of the readers, this chapter introduces fun-
damentals of molecular dynamics method as prologue for the studies performed in this
work. Later, physical details of the problems of both parts of the thesis are discussed.
Validation of the numerical approach and justif cation of choosing inter-atomic potential
to describe the interaction between the atoms are also provided in brief.

2.1 Molecular Dynamics

Recent advancements in computational algorithm and technology has made molecular
dynamics a very popular mean of simulation at atomic-scale. This method was f rst
introduced to analyze the thermodynamic properties of gases and liquids in 1960s [1].
The method became popular to solve the problems of mechanics in 1980s. Molecular
dynamics (also known as “MD”) is a computational tool that describes the positions,
velocities, and orientation of atoms as functions of time. During the calculations, this
method assumes atoms as hard spheres or soft spheres and electrons are thought to be
glued to the nuclei as depicted in Figure 2.1. By eliminating the electron’s degree of
freedom, MD predicts the position of individual atoms using appropriate inter-atomic
potential function. It is possible to take into account the electronic contribution to the

19
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Figure 2.1: Assumption of molecular dynamics.

motion (ab initio analyses) but MD simulations provide some computational advantages
[75].

2.1.1 Advantages of MD

Molecular dynamics simulation provides several computational advantages over many
other continuum and ab initio simulation. Some of these are:

• The only input of MD is the positions of and interaction between the atoms. It
directly solves the equations of motion to predict the future trajectories of the
atoms.

• Unlike f nite element method, MD involves no priori assumption about problem.
As a result, new results can be found from MD simulation. This method can act
as computational experiment.

• In the f elds of nanomechanics, it is often required to know about the deformation
mechanism like dislocation or twinning. It is not possible if the simulation is done
under the continuum assumption.

• MD simulation can provide important guidelines for multi-scale modeling.

• Stress singularities like stresses at the crack tips are handled naturally unlike con-
tinuum methods.

• MD can simulate mechanics problems at a high strain rate inaccessible by the
continuum methods.
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2.1.2 Disadvantages of MD

Although classical molecular dynamics is an extensively used computational tool it has
some disadvantages too. Some of the most prominent downsides are:

* One of the most severe limitations of the classical MD methods is the length- and
time-scale it deals with. In order to predict average properties of a macroscopic
system, the resolution of the time-step in classical MD needs to be around 10−15s.
This seriously limits the application of this method as simple microsecond scale
simulation may take several months to complete [1]. Moreover, the length-scale is
in the nanometer range (10−9 m). As a result, most of the times it is not possible to
infer bulk properties from the molecular dynamics simulation. Number of atoms
involved in the simulation directly dictates the time required to solve a problem.
This makes simulations involving multi-million atoms not feasible in most cases.

* In order to completely def ne optical properties, magnetic properties and even
thermal properties of materials one needs to take into account the electronic con-
tribution. While DFT can perform such calculation albeit in small systems, clas-
sical molecular dynamics ignores the electronic contributions to measure physical
properties [1, 76].

2.2 Steps of MD Simulation

The basic steps of classical molecular dynamics is presented in brief manner in Figure
2.2. One can enlist these steps as [1, 76],

a. Def ne the system of particles at the beginning of the simulation. This def nition
includes position and velocities of the particles at a specif c time.

b. Obtain expression of force using appropriate potential function.

c. Minimize the energy of the structure.

d. Solve Newton’s equation of motion.
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Figure 2.2: Steps to solve molecular dynamics simulation.

e. Update the positions and velocities of the atoms in the system for incremental
time-step δt.

f. Analyze data using statistical methods.

In the following sections each of these steps will be brief y discussed and their imple-
mentation in this work will be highlighted.

2.2.1 Initialization

In order to calculate the positions and velocities of the atoms at a future instant one
needs to def ne the initial positions of the atoms at f rst. Normally, one needs to def ne
crystal structure and co-ordinates of the atoms in the system. In case of nanowires,
one needs to mention the radius of the nanowire and orientation of the crystal structure
along the co-ordinate axes. However, the initialization may require more information
in case semi-quantum forcef elds like ReaxFF [77]. In such forcef elds one needs to
mention the charge of the particles too. In other forcef elds the bond angles may need
to be mentioned.
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Figure 2.3: Comparison between pair potential and multi-body potential.

2.2.2 Forcef eld

The most important component of molecular dynamics calculation is the forcef eld or
potential. It describes how atoms in molecular dynamics simulation interact with each
other. There are a number of inter-atomic potentials or forcef elds. Choice of one partic-
ular forcef eld depends on the type of materials, nature of the problem, computational
facilities, etc. In order to understand how force is calculated in MD simulation, one
needs to understand how the forcef eld or potential works. The total energy of the sys-
tem, Utotal is approximated by the summation of energy for all atomic bonds in the
system. For example if the system has N atoms the total energy of the system can be
def ned as,

Utotal =
1
2

N
∑

i, j=1

N
∑

j=1
φ(ri j). (2.1)

Here ri, j is the distance between particles i and j and φ is the potential energy acting
between an atom and its neighbours. The 1

2 at the front shuns the double counting of
the bonds. The key part of the any forcef eld is the def nition of φ. The def nition must
include both repulsive and attractive contributions of the atomic potential. There are
two ways to def ne φ-

• Pair potential: This is the simplest way of describing interaction between atoms.
One such potential is Lennard-Jones (LJ) potential. It does not consider complex
terms like bond angle, electron density, etc. in it’s def nition. Still it is a very
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good potential to calculate problems involving gases and liquids [78, 79]. It can
also explain complex calculation involving S iO2. The LJ potential can be f tted
to calculate the elastic constants of many metals [1] but it is not appropriate for
most metals.

• Multi-body potentials: Oversimplif cation in the description of interaction in the
pair potentials leads to signif cant errors. For example, interaction between the
atoms is not the same for atoms inside a bulk material and atoms at the surface as
shown in Figure 2.3. This difference is not addressed in the pair potentials. Multi-
body potentials solve this problem by considering the bond energy between atoms
not as function of only distance but also positions of all other atoms at the vicinity
of that atom [1]. Local environment thus plays a vital role in such potentials. In
case of metals, the most commonly used many-body potential is the Embedded
Atom Method (EAM) potential. EAM potentials have been successfully used to
describe the behaviour of many pure metals like Ni, Cu, and Al and their alloys
[1]. In this work, modif ed EAM potential for Tungsten is used for both nanowire
and creep analyses.

Figure 2.4: The f gure shows how periodic boundary condition works.

2.2.3 EAM Potenial

EAM potential has many different version. However, all of these have a general expres-
sion for potential which is,

Ui =
Ni
∑

j=1
φ(ri j)+ f (ρi). (2.2)
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Here ρi is the local density of electron and f is the embedding function [1]. The term
ρ describes the local environment of an atom while f explains how energy of atom de-
pends on local energy density. Therefore, one can see that multi-body potentials like
EAM consists of a term like LJ potential and correction for local environment. More-
over, these are semi-empirical potentials. This means that the function f is based on
f tting parameters. As a result, these potentials can describe many defects in solids in
much better way [1]. However, most multi-body potentials are not capable of consider-
ing the effect of directional bondings. To address this problem modif ed EAM (MEAM)
potentials are proposed.

2.2.4 Force Calculation

From the total potential energy of the system the forces acting on each particle can be
calculated. It is known to us that the force is negative gradient of the potential energy
in any potential forcef eld. From this relationship we can write that,

~Fi = −
dU
d~ri

(2.3)

where ~Fi is the force acting on ith atom. Now from Newton’s second law of motion one
can write for an atom with mass mi that,

mi
d2~ri
dt2
= −dU

d~ri
. (2.4)

For the entire system Eqn. 2.4 refers to a system of coupled second-order nonlinear
differential equations. These equations are solved numericall using f nite difference al-
gorithm. Time integration of these equation involves a simple strategy. One can update
the positions of all the atoms using previous co-ordinates by using Taylor expansion of
the position vector ~ri [1],

~ri(t0+δt) = ~ri(t0)+ ~vi(t0)δt+
1
2
~ai(t)δt2+ ... (2.5)
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and
~ri(t0−δt) = ~ri(t0)− ~vi(t0)δt+

1
2
~ai(t)δt2+ ... (2.6)

Adding Eqns. 2.5 and 2.6 we get,

~ri(t0+δt) = −~ri(t0−δt)+2~rt(t0)+ ~ai(t)δt2+ ... (2.7)

The accelerations can be calculated by,

~ai =
~Fi
m

(2.8)

The updating scheme mentioned here is known as Verlet central difference method [1].
In this thesis for time integration velocity Verlet algorithm has been used. In this scheme
positions are updated as mentioned above while velocity is updated as,

~v(t+δt) = ~vt(t)+
1
2

(~ai(t)+ ~ai(t+δt))δt. (2.9)

2.2.5 Energy Minimization

Energy minimization is performed in any molecular simulation in order to get the most
stable structure. It is known that the most stable system occurs when it reaches the
lowest energy state. In order to f nd the most stable system or optimized geometry
energy minimization is performed in this work using conjugate-gradient algorithm [80].

2.2.6 Boundary Conditions

Boundary conditions are employed in molecular dynamics simulations to solve the
equations of motion. These boundary conditions should ref ect the physical constraints
of computational experiments performed in the simulation. There can be different
boundary conditions like f xed or rigid boundary, semi-rigid boundary, periodic bound-
ary, etc [75]. In this thesis, for the work of creep simulation periodic boundary condition
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is used along the directional axes. However, in case of nanowire simulation, periodic
boundary condition is employed only along the nanowire axis. On the other two axes,
free surface boundary condition is assumed. Before going into detail of justif cations of
such boundary condition, it will be helpful for the readers to review the basic concepts
of periodic boundary condition.

Periodic boundaries mimic inf nite boundaries of a bulk material. That means it as-
sumes that all the particles in a system are connected. It enables us to calculate the bulk
properties of a material using small number of particles. Figure 2.4 shows an implica-
tion of periodic boundary condition. Under this boundary condition, if an atom moves
out of the simulation box in one direction it re-enters from the opposite direction with
same velocity. The primary cell is assumed to be repeated in all the directions and all
the particles inside the primary cell always have same momenta.

In case of creep simulation, the simulation box is taken as a representative of the larger
system. It essentially mimics the bulk system. Therefore, periodic boundary condition
is the right choice for the system. However, in case of nanowire simulation, because of
the surface stress caused by the atoms on the surface of the nanowires, perfect periodic
boundary condition creates a hindrance. It shows artif cial stress values. As a result,
one needs to consider the surface of the nanowire as free surface. On the other hand, the
lengthwise direction of a nanowire must mimic the bulk as uniaxial tensile tests are used
to predict bulk behaviour. For these reasons, in case of nanowires’ simulation, periodic
boundary condition is used only along the lengthwise direction.

2.3 Statistical Ensembles

In order to control temperature and pressure inside the different statistical ensembles
can be employed in molecular dynamics simulations. These ensembles include NPT ,
NVE, NPH, NVT , and µPT ensembles [75].

• NVE ensemble deals with constant number of atoms, volume, and energy. This
is also known as micro-canonical ensemble of isolated system. In this work NVE
ensemble used along with thermostat to reach a desired temperature.
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• NPT ensemble has constant number of atoms, pressure, and temperature. NPT
ensemble is used to equilibrate a system to a certain temperature and pressure.

• NVT ensemble keeps the number of atoms, volume, and temperature of a system
constant.

• NPH is a constant atom, pressure, and enthalphy ensemble.

• µPT is a grand canonical ensemble which has constant chemical potential, pres-
sure, and temperature.

2.4 Physical Modeling

2.4.1 Tungsten Nanowire

2.4.1.1 Single Crystal

D
l

Figure 2.5: Schematic diagram of the single crystal Tungsten nanowire with length L
and diameter D.

Figure 2.5 shows the schematic diagram of the single crystal Tungsten nanowire con-
sidered in this work. In this f gure, the diameter of the nanowire is denoted by D and
length by L. The atoms are in perfect bcc crystal structure. The nanowire is placed
along the X axis while the cross-section of the nanowire is in the YZ plane. Periodic
boundary condition is assumed along the X axis and free surface is considered as the
wire surface. These boundary conditions mimic the actual nanowire under loading.
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2.4.1.2 Polycrystalline

Polycrystalline W nanowire for this work is built with randomly oriented grains. Poly-
crystals are created using Voronoi tessellation [81] method with Atomsk tool [82]. Ini-
tially, a rectangular box is created with desired average grain size and later nanaowires
of required size are cut from it. In Figure 2.6 (b), D and l stand for the diameter and
length of the nanowire, respectively. Just like the single crystal nanowire, periodic
boundary condition is applied along the axis of the nanowire keeping the wire surface
stress-free. Number of atoms for simulation is varied depending on the condition from
3897 to 61295.

(a) 

(b) 

l 
D 

Figure 2.6: Schematic diagram of the (a) sample nanowire and (b) diameter and length
of sample nanowire.

2.5 Creep Analysis Model

In order to analyze creep at nanoscale a polycrystalline cubic sample of W is created
by Voronoi tessellation method [81] using Atomsk tool [82] with randomly oriented
grains of 2.38 nm, 2.86 nm, 3.57 nm, and 4.76 nm size is considered. The dimensions
of the cubic sample is taken as 14.27 nm × 14.27 nm × 14.27 nm for every grain size
totaling to number of atoms ranging from 180,437 to 181,208. Figure 2.7 shows the
initial sample after preparation. Periodic boundary condition is imposed in all the three
directions to mimic a small sample of large bulk material.
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Figure 2.7: Schematic diagram of the cubic sample of tungsten nano-crystal with di-
mensions.

2.6 Calculation of Physical Properties

2.6.1 Stress

The stress is calculated using a modif ed form of virial theorem. The original form of
the virial theorem suggests that for any pair potential V , the equation of stress stands as
[83],

σi j =
1
ΩTot
Σα=1,n



















1
2
mαvαi v

α
j +Σβ=1,n

riαβr
j
αβ

| rαβ |
dU
drαβ



















. (2.10)

Here i, j denote the indices in Cartesian coordinate system while α and β are the atomic
indices. ΩTot denotes the total volume of nanowire and mα and vα are respectively the
mass and velocity of atom α. rαβ is the distance between atoms α and β. The term
dU
drαβ denotes the scaler of the force exerted by atom β on atom α. Zhou [84] def nitively
proved that inclusion of the kinetic term (f rst term in the right hand side of Eqn. 2.10)
erroneously calculates the stress and hence in this study kinetic contribution of the atoms
to stress is neglected.
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2.6.2 Mean Square Displacement (MSD)

Diffusive properties of W nanocrystal is measured in this work while deciphering the
creep mechanism using mean square displacement (MSD) def ned as [85],

MSD =
〈

1
N

N
∑

i=0
(ri(t)− ri(0))2

〉

. (2.11)

Here, N is the particle number, t is time, and ri(t)− ri(0) is the distance traveled by a
specif c particle over the time at different constant temperatures.

2.6.3 Pressure and Temperature

The pressure is calculated by [1]

P = NkBT −
1
3

1
V

N
∑

i=1

N
∑

j=1, j<i

〈

ri j
dφ
dri j

〉

(2.12)

Here, kB is Boltzmann’s constant.

Temperature of the system is calculated using the following relation,

T =
2
3
〈K〉
NkB

(2.13)

where K is the kinetic energy of the system.

2.6.4 Strain

In case of nanowires, strain is calculated using the following relation,

ǫ =
l− l0
l0
, (2.14)
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where l is the instantaneous length of the nanowire under tension and l0 is the unde-
formed length of the nanowire.

2.7 Validation of Potential

In order to perform atomistic simulation with sufficient accuracy both EAM and MEAM
potentials were tried. However, for the entire work a modif ed embedded atom (EAM)
potential by Zhou et al. [86] is used. This potential was successfully used in previous
work of B. Ma et al. [50]. The potential could successfully reproduce the cohesive
energy of -8.76 ev and lattice constant of 3.17 A0 [87] for single crystal W. On the other
hand, MEAM potential failed to predict the vacancy formation energy. Moreover, it also
failed to show the twinning deformation for single crystal Tungsten similar to the works
of Wang et al. [49]. Finally, this potential could successfully reproduce the melting
point of nanocrystalline W as 4000 K which is close to that of 3900 K of Moitra et al.
[88] as shown in Figure 2.8.
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Figure 2.8: Variation of potential energy per atom with temperature using EAM poten-
tial of this work.
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2.8 Simulation and Visualization

For both parts of this thesis, molecular simulations are carried out in Large-scale Atom-
ic/Molecular Massively Parallel Simulator (LAMMPS) [89]. Visualization of atomistic
deformation processes is done by OVITO [90] and AtomViewer software [91]. Dis-
location processes are analyzed by DXA [92] algorithm. In case of uniaxial tests of
nanowires before applying tensile load the energy of the system is minimized using
conjugate gradient algorithm. After that NVT and NPT simulations are carried out to
ensure desired temperature and zero pressure in all directions. Finally the box is de-
formed at a f xed strain rate of 109 s−1. The uniaxial deformation is performed under
NVT ensemble to control temperature f uctuations. A constant integration time step of
1 fs is used during all the simulations.

Since attaining actual creep rate in atomistic simulation is beyond the scope of com-
putational facilities used for this work, high values for applied stress and temperature
are considered to simulate creep mechanism within nanoseconds duration. For creep
simulations, before applying external stress, the structure is minimized using conjugate
gradient method with time step of 0.001 ps. Then the structure is equilibrated at a cer-
tain temperature using NPT ensemble for 200 ps. Finally, a constant tensile stress is
applied along x-direction while keeping other directions stress-free for another 200 ps.

2.9 Summary

Goal of this chapter is to introduce the numerical simulation methodology and physical
details of the problems discussed in this work. By brief y discussing the background of
molecular dynamics simulation and validation of potential used, the propriety of current
simulation is established. Synergistic discussion of both physical and numerical aspect
of the problem should help the readers to understand the discussions on the results in
the later chapters.
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Tensile Behavior ofW

3.1 Introduction

This chapter deals with the f rst part of the entire thesis. In this part, the deformation
behaviours of single and polycrystalline nanowires are discussed. Deformation mecha-
nism in bcc nanowires has been a major topic of research to the materials scientists.
Debate over the prevailing plasticity mechanism has made it imperative to conduct
a thorough study on the factor governing plasticity and failure in bcc nanowire. In
this chapter major factors governing plasticity in single and polycrystalline Tungsten
nanowires have been investigated including effects of temperature, diameter, loading
direction, grain size, etc.

3.2 Single Crystal Nanowire

The primary goal of investigation in case of single crystal Tungsten nanowire is to ob-
serve the mode of deformation (twinning or dislocation, brittle or ductile, etc.), effect
of temperature, diameter and crystal orientation on strength and failure mechanism. For
this study, nanowires of diameter 2 nm, 3 nm, 4 nm, and 5 nm are taken. Temperatures
are taken as 10 K, 100 K, 300 K, 500 K, and 1000 K for single crystal nanowires. Fur-
thermore, the crystal orientations considered are < 100>,< 102>,< 110>,< 111>, and

34
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< 112 >. In order to avoid the effect of nanowire length on the mechanical properties,
aspect ratio or length to diameter ratio is kept 1:10 for each case.

3.2.1 Effect of Temperature
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Figure 3.1: Stress vs strain diagram for single crystal Tungsten nanowires of 2 nm
diameter at different temperatures.

Tensile stress vs strain curves for < 100 > oriented 2 nm diameter Tungsten nanowires
at different temperatures are shown in Figure 3.1. In this f gure, one can see that at
different temperatures, the stress-strain behaviour does not change dramatically. All
the cases show some common features. Computed stress shows a characteristics linear
elastic region with strain up to a certain portion. After application of a certain strain,
the nanowire yields but do not rupture. An abrupt fall in stress value occurs. Further
tensile load causes oscillation of stress at a particular value. This region occurs due
to twins’ propagation which will be discussed later. Interestingly, after application of
further strain, there is a stress surge just before the rupture of nanowire. A secondary
peak in stress occurs and the nanowire fails. The entire stress vs strain behaviour shows
evidence of ductile failure and similar has been reported in other works regarding Tung-
sten nanowire [49, 50]. The value of this secondary peak of stress actually varies. It
is observed that for lower temperatures, this secondary peak stress is lower than the
yield point [50]. However, in this analysis, it is observed that for 300 K temperature,
the secondary stress is lower than the yield point at that temperature while for 100 K it
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is higher than the yield point at that temperature. Therefore, the previous claim seems
inconclusive. In the coming sections, it will be explained why only temperature can not
be the deemed as the primary reason for this stress surge.
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Figure 3.2: Variation of Young’s modulus with temperature for single crystal Tungsten
nanowire of 2 nm diameter.

In order to explore the impact of temperature on the strength and stiffness of the nanowire,
Young’s moduli (Figure 3.2) and yield strength (Figure 3.3) of the nanowires are mea-
sured as function of the temperature for a nanowire of 2 nm diameter. Both of these
properties show similarities in their variation with the temperature. One can see from
Figure 3.2 that the Young’s modulus of the single crystal tungsten nanowire decreases
as the temperature is raised. This means the wires become less stiff at elevated temper-
atures. This is an expected conclusion as one can understand that elevated temperature
provides higher energy to the atoms of the nanowire. Similar physical reasoning can
also be made for the yield strength of the nanowires. Detail physical mechanism behind
the failure process will be elucidated in the section §3.2.4.

3.2.2 Effect of Diameter

Next venture of this work is to f nd whether the phrase “Smaller is stronger” is true in
case of single crystal Tungsten nanowire. In order to test this, nanowires of 2 nm, 3 nm,
4 nm, and 5 nm diameters are taken and uniaxial tensile tests have been performed on
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Figure 3.3: Variation of yield stress with temperature for single crystal Tungsten
nanowire of 2 nm diameter.
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Figure 3.4: Stress vs strain diagram for single crystal Tungsten nanowires of different
diameters at 300 K temperature.

those nanowire at a temperature of 300 K. The corresponding stress vs strain diagram
has been shown in the Figure 3.4. The diagram shown an astounding feature of Tung-
sten nanowire. It is known that bulk Tungsten is a brittle material at room temperature.
However, both experimental works and simulations have shown that nanocrystalline
Tungsten is ductile at room temperature. Trace of the ductile behaviour is found in
nanowires of 2 nm, 3 nm and 4 nm diameters where one can see that the failure mecha-
nism clearly shows double-peaks in the stress vs strain diagram. The f rst peak indicate
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the f rst yield point where deformation twins generate. The propagation of twin is man-
ifested in constant stress section of the stress vs strain diagram. However, if one takes a
closer look at the diagram, the nanowire with 5 nm diameter fails suddenly by rupture.
Not only that, it also violates the so called “Smaller is stronger” rule having the highest
yield point among the structures considers. Moreover, the failure is sudden and there is
no double-peak in the stress vs strain diagram. This shows that as the dimension of sin-
gle crystal tungsten nanowire approaches its bulk counterpart, it begins to show brittle
fracture.
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Figure 3.5: Variation of Young’s modulus with diameters for single crystal Tungsten
nanowire at 300 K temperature.

Figure 3.5 shows the variation of Young’s modulus with diameters. In this f gure it can
be seen that as the diameter of the nanowire is increased, the stiffness has decreased. The
stiffness of 5 nm diameter nanowire increased ever so slightly. This result posits that
though the failure mechanism and yield strength of the nanowire with 5 nm diameter
ref ects brittle fracture, the stiffness is not affected a great deal. It can be explained by the
fact that the ductile failure mechanism of nanowires is purely deformation twin based.
However, before twins generate, the tensile force acts on the atoms in a similar fashion
for all the nanowires considered. Therefore, it is expected that stiffness would not be
impacted by the failure mechanism that much. Bulk Tungsten also shows stiffness of
the same order of magnitude. However, the yield stress shows a meteoric rise in case of
5 nm diameter (see Figure 3.6). However, if the diameter of the nanowire is increased
to a value of 6 nm, it begins to weaken compared to the 5 nm diameter nanowire. It
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proves that the jump in the strength is due to the shift in failure mechanism. Nanowires
with higher diameters are tested and it is seen that nanowires with diameter 5 nm or
more fails in brittle manner. So it can be inferred that diameter of the nanowire serves
as important factor that can change the failure mechanism of the nanowire.

0 2 4 6 8
300

320

340

360

380

400

Diameter (nm)

Y
o
u
n
g
’s

m
o
d
u
lu
s
(G

P
a
)

Figure 3.6: Variation of yield stress with diameters for single crystal Tungsten
nanowire at 300 K temperature.

3.2.3 Effect of Crystal Orientation

Since one of the major objectives of the thesis is to explore the impact of grains and grain
boundaries on the mechanical properties of the Tungsten nanowire it seems appropriate
to study the impact of loading orientation on the mechanical properties of single crystal
nanowire. To do so, nanowires of 2 nm diameters are taken and tensile load has been
applied along f ve crystal orientations namely < 100 >,< 102 >,< 110 >,< 111 >, and
< 112 > at 300 K temperature. The stress vs strain diagram of the computational exper-
iment has been shown in Figure 3.7. The diagram shows an interesting pattern. While
only < 100 > and < 102 > loadings show ductile behaviour other orientations clearly
depicts brittle fracture. Moreover, each crystal orientation differs in their stiffness and
yield stress too (see Table 3.1). This is not the f rst this effect is observed. Previous
studies also showed that loading orientation leaves a huge impact on the mechanical
properties of nanowire [43, 93]. In the Figure 3.7, it is evident that initial elastic defor-
mation is maximum in case of loading along < 111 > direction while minimum along
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Crystal orientation Young’s modulus (GPa) Yield strength (GPa)
< 100 > 379.56 16.17
< 102 > 349.29 13.28
< 110 > 340.67 24.29
< 111 > 358.75 39.04
< 112 > 340.83 22.89

Table 3.1: Young’s modulus and yield stress of nanowires with 2 nm diameter at dif-
ferent crystal orientations.

< 102 > and < 100 > directions. Physical reasoning behind such incident can be pro-
vided by the surface energy of the crystal structure. Along the < 111 > direction the
atoms of Tungsten has the lowest surface energy and hence the most stable structure.
This makes the structure stronger and it becomes able to resist higher load.
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Figure 3.7: Results for loading along different crystal orientations at 300 K tempera-
tures and 2 nm diameter.

In case of Young’s modulus, one can observe in Table 3.1 that it is the highest for
loading along the < 100 > direction. On the other hand, it is the lowest for loading
along < 110 > direction. It is noticeable that the Young’s modulus jumps slightly for
loading along < 111 > direction.
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Figure 3.8: Atomistic conf gurations of nanowire of 3 nm diameter at 300 K at different
stages of uniaxial tensile test.

3.2.4 Failure Mechanism

In order to explore the mechanism of failure during uniaxial tensile test performed in
the work, plastic deformation in nanowires of 3 nm and 4 nm diameters are observed.
Figure 3.8 shows atomistic pictures of plastic deformation in the single crystal nanowire
of 3 nm diameter under applied loading along the < 100 > direction. Snapshots are
shown for 0%, 6%, 32%, 47%, and 62% strains. At 6% strain emergence of {112}
twin boundaries in the nanowire can be observed. The twin boundaries contain 1

6 <

111 > twinning partial dislocation. By repeated nucleation of 1
6 < 111 > dislocation the

twins glide along the nanowire’s axis. First emergence of this twin is manifested as the
yield point. As the applied strain is raised the twin boundaries travel in the opposite
direction along the nanowire. Now in the rotated crystal in between the twin boundaries
repeated slip occurs and this manifests itself as f uctuating f ow stress (constant stress
in stress vs strain diagram). A second peak or the hardening region occurs because
now the rotated crystal acts like a newly oriented nanowire. Hence, the required stress
for rupture becomes higher. Finally, at 62% strain one can see sudden rupture of the
nanowire.
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Figure 3.9: Atomistic conf gurations of nanowire of 4 nm diameter at 300 K at different
stages of uniaxial tensile test.

In Figure 3.9, similar presentation of atomistic pictures for single crystal nanowire of 4
nm diameter are shown. In this f gure, the twin generates at about 5% strain and prop-
agates inwards. Along the nanowire’s axis the box is considered periodic. Hence, the
reorientation of crystal can be understood as explained for nanowire of 3 nm diameter.
It is observed from Figure 3.4 that in case of 4 nm diameter nanowire, there is no sec-
ond peak. This occurs because this time, at 39% strain the failure does not occur from
re-oriented crystal rather it occurs from twin plane. That is why the second stress peak
is not visible. Finally the complete rupture occurs at 52% strain.

To get an idea about the brittle failure mechanism in the single crystal nanowire along <
111> direction, single crystal nanowire of 2 nm diameter is observed to study the failure
mechanism. In contrast to the ductile mode of deformation, along the < 111 > direction
the nanowire fails in brittle manner. This occurs because energetically favourable plane
for 1

6 < 111 > twin deformation is 112 planes. However, if the loading is applied along
< 111 > direction it is not possible for twins to grow and propagate along 112 planes. In
Figure 3.10, snapshot at the moment of rupture of a 2 nm diameter nanowire is shown.
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Here one can observe that instead of twin deformation necking and subsequent failure
has occurred in this case.

Figure 3.10: Atomistic conf gurations of nanowire of 2 nm diameter at 300 K for
loading at < 111 > direction during uniaxial tensile test.

3.3 Polycrystalline Nanowire

The objectives of studying polycrystalline nanowires is f nd impact of grain size, ex-
ternal diameter, and temperature on the failure of polycrystalline Tungsten nanowire.
Additionally, detecting the presence and nature of inverse Hall-Petch effect in deforma-
tion of polycrystalline nanowire is another important objective of the work. In order to
f nd the impact of grain size on the elastic properties of the polycrystalline nanowire,
a nanowire with diameter of 5 nm is taken with different average grain sizes (ranging
from 4.63 nm to 25 nm) and uniaxial tensile test is performed at a temperature of 10 K.
To study the impact of external size factor, the diameter of the nanowire is varied from 2
nm to 5 nm keeping average grain size constant at 6.79 nm at 10 K for uniaxial tension
tests. Since length of the nanowire is a key governing parameter to determine failure
mechanisms for different diameters, aspect ratio or length to diameter ratio is kept con-
stant at 10. Finally, to study the effect of temperature, a polycrystalline nanowire with
diameter 5 nm is considered with average grain size 6.79 nm and temperature is varied
from 10 K to 500 K. The results are analyzed in terms of stress vs strain curves, Young’s
modulus, and yield stress. To observe the impact of the different factors on ductility of
the nanowire, modulus of resilience is also considered. Finally, the fracture mechanism
is discussed in detail in reference to the simulation.

3.3.1 Impact of Grain Size

To elucidate that relationship between grain size and strength, the stress vs strain curves
for a 5 nm diameter nanowire with different grain sizes at a constant temperature 10
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K are presented in Figure 3.11 (a). Figure 3.11 (b) exhibits variation of Young’s mod-
ulus of nanowire for different grain sizes. From Figure 3.11 it can be seen that there
are two types of responses in stress with strain. The stress either shows double peaks
depicting strain hardening or it shows a single peak and then gradual oscillating and
descending trend with increasing strain. The strain hardening behaviour in single crys-
tal W is observed in previous works too [50]. In those works only double peaks in the
stress vs strain curve were found for each applied tensile strain. However, in this work,
continuous f ow of material is observed in some cases. The difference in the pattern is
due to the change or shift in fracture mechanism. The root cause of the double peak
in stress-strain curve is the interaction between twin and grain boundary. Because of
impediment imposed by the grain boundary in the course of twin’s motion, there is lo-
cal stress concentration around grain boundaries. This manifests itself in the form of
secondary peak in the stress-strain plot. There is actually a competition between two
fracture modes-twinning dominant and grain boundary sliding. When grain boundary
sliding becomes the dictating fracture mechanism double peaks are not there. Rather an
oscillating response in the stress is observed as the strain is increased. Hence, occur-
rence of a double peak depends on whether the deformation twin interact with the grain
boundary or not. In this work, for grain sizes of 14.91 nm and 6.79 nm distinct double
peaks can be observed showing intense grain boundary-twin interaction. Figure 3.11 (b)
shows variation of Young’s modulus with grain sizes for 5 nm nanowire at 10 K. From
this f gure it can be observed that reducing the grain size actually reduces the Young’s
modulus of the nanowire below the grain size of 16.67 nm. It implies that the stiffness
of the polycrystalline metal nanowire actually reduces as the size of the grains becomes
smaller than a particular grain size. To illustrate this fact even further Figure 3.12 (a)
can be discussed. This f gure suggests that the common notion of smaller is stronger
does not hold true below a critical grain size. Interestingly, the inverse relation of yield
strength with grain size follows a linear relationship with inverse of the square root of
the grain size just like Eqn. 1.3. However, the slope of Eqn. 1.3, k, has a negative value
in this case. By linear f tting of data, this value is found to be 9.3945 while σ0 is 14.33
GPa. So inverse Hall-Petch relation for polycrystalline W nanowire can be written as,

σy = 14.33−
9.3945
d0.5 , (3.1)
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(a) (b)

Figure 3.11: (a) Stress vs strain plot, and (b) Variation of Young’s modulus for different
grain sizes at 10 K temperature and for 5 nm diameter nanowire.

where σy is expressed in GPa and grain size in nm.

Figure 3.12 suggests that below critical grain size of 14.91 nm, the strength of nanowire
actually decreases with further grain ref nement. This conclusion is supported by many
previous studies too. The root cause of this reduction of strength is increasing number
of atoms in grain boundary region. This creates high energy zones near grain boundary.
As a result the initiation of plastic f ow begins in the grain boundary. Figure 3.12 (b)
shows variation in modulus of resilience of the nanowire with different grain sizes. This
plot shows that ability to store elastic energy increases as the grain size increases up to
14.91 nm and after then decreases.

(a) (b)

Figure 3.12: (a) Variation of yield stress , and (b) modulus of resilience for different
grain sizes at 10 K temperature and for 5 nm diameter nanowire.
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(a)
(b)

Figure 3.13: (a) Stress vs strain plot, and (b) Variation of Young’s modulus with diam-
eter of nanowires at 10 K and 6.79 nm average grain size.

3.3.2 Impact of Diameter

In order to explore the external size effect on elastic properties of polycrystalline W
nanowire, diameter of a nanowire with average grain size of 6.79 nm is varied at a tem-
perature of 10 K keeping the length to diameter ratio constant and mechanical responses
are observed. The nature of stress vs strain response varies as the size of nanowire is
increased from 2 nm to 5 nm. For the smallest nanowire, the stress shows a linear por-
tion at the beginning and then continuous plastic deformation until failure. For 2 nm
nanowire no double peak is seen. Similar trend is observed for nanowires with 3 and 4
nm diameters (see, Figure 3.13 (a)). However, for 5 nm diameter, strain hardening and
double peaks can be observed. Actually for small sized nanowires, defects are gener-
ated and propagated within a small dimension and thus do not get the chance to interact
with the grain boundaries before failure. However, in the large size nanowires, there
is enough chance of deformation twin to encounter a grain boundary. Moreover, larger
nanowires have smaller Young’s modulus (see Figure 3.13 (b)). This supports the fact
that smaller nanowires have higher strength. Figure 3.14 (a) portrays similar outcome
in terms of yield strength of nanowire. Modulus of resilience, however, shows a dip
for nanowire with 3 nm diameter. After that increasing the size of the nanowire shows
increase in modulus of resilience. This result can be construed from Figure 3.14 (b).
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(a) (b)

Figure 3.14: (a) Variation of yield stress, and (b) modulus of resilience with diameter
of nanowires at 10 K and 6.79 nm average grain size.

3.3.3 Impact of Temperature

Temperature has a profound impact on the strength of single crystal W nanowires. El-
evated temperature expedites the failure of nanowire. In order to explore effect of tem-
perature on the elastic properties of polycrystallineW nanowire uniaxial tensile tests are
performed on a nanowire with 5 nm diameter and 6.79 nm average grain size. Figure
3.15 (a) exhibits that with temperature there is no signif cant change in the deformation
mechanism in the nanowire. However, there is a marked decrease in the strength of
nanowire with higher temperature. Figure 3.15 (b) reveals that elevated temperature has
an adverse effect on the Young’s modulus too. At an elevated temperature, the atoms of
nanowire have higher entropy. The amplitude of vibration about the equilibrium posi-
tion also increases with temperature. This fact contributes to the weakening of nanowire
at an elevated temperature. More evidence of this substantiates in the Figure 3.16 (a)
where the yield stress of the nanowire is seen to reduce with elevated temperature. Fig-
ure 3.16 (b) shows modulus of resilience has an upward trend with temperature. This
occurs because of increased ductility in the nanowire with higher temperature.

3.3.4 Failure Mechanism

An extensive study on the failure mechanism of different nanowires is undertaken in
this work. Since no signif cant difference in failure mechanism is found for varied
temperature, within the range of temperature considered, focus of this section is mainly
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(a) (b)

Figure 3.15: (a) Stress vs strain plot, and (b) Variation of Young’s modulus with tem-
peratures for nanowire of 5 nm diameter and 6.79 nm grain size.

(a) (b)

Figure 3.16: (a) Variation of yield stress , and (b) modulus of resilience with tempera-
ture for nanowire of 5 nm diameter and 6.79 nm average grain size.

to explore roles of diameter and grain size in plasticity of nanowire from atomistic
viewpoint. An interesting result has been observed in Figure 3.13 where it can be seen
that nanowires with 2, 3, and 4 nm diameter have common pattern in plasticity while
nanowire with 5 nm diameter deforms differently. In subsequent part of this paper,
fracture of nanowire with 5 nm diameter is extensively studied for different grain sizes.
Therefore, atomistic phenomena of failure of nanowire with 2 nm diameter is analyzed
in this section as representative case. Figure 3.17 portrays different stages of failure of
nanowire with 2 nm diameter and an average grain size of 6.79 nm at 10 K. As can
be seen from the f gure, at about 7% strain a deformation twin is generated inside the
grain from the grain boundary. As the strain increases, the twin travels across the grain
and initiates crack in the nanowire. Finally the crack grows and initiates failure. In
this case the whole process is twinning-dominant. Presence of dislocation twin during
plastic deformation of bccW nanowire is established fact from previous simulations and
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strain = 0.0 

strain = 0.07 

strain = 0.16 

strain = 0.37 

Failure 

Twin boundary 

Figure 3.17: Atomistic conf gurations of nanowire of 2 nm diameter and 6.79 nm
average grain size at 10 K at different stages of uniaxial tensile test.

experiments [13, 49]. Growth of 1
6 < 111 > partial dislocation on adjacent [211] planes

gives rise to twin boundary in single crystal bcc nanowires [13] at high strain rates. In
this work similar twin growth and glide is observed during plasticity. This twinning is
responsible for the ductility of W nanowire. Gliding of twin boundary originates from
consecutive slide of 1

6 < 111 > partial dislocations on [211] planes.

 

strain = 0.0 

strain = 0.04 

strain = 0.08 

strain = 0.20 

strain = 0.24 

Initial fracture at grain boundary  at grain 

Deformation twin  

Interaction between twin and grain 

boundary  

Failure 

Figure 3.18: Atomistic conf gurations of nanowire of 5 nm diameter and 14.91 nm
average grain size at 10 K at different stages of uniaxial tensile test.

However, a different phenomenon is observed when fracture of nanowire of different
grain sizes are studied. Depending on the size of the grain the failure mechanism can be
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either grain boundary sliding or twinning-dominated. To observe impact of grain size on
the fracture mechanism, a nanowire of 5 nm diameter and average grain sizes of 14.91,
6.79 and 4.63 nm are analyzed at 10 K temperature. For nanowire with 14.91 nm grain
size, initial fracture is seen to be emanating from the triple junction of grain boundaries
at 4% strain. From the triple junction deformation twin propagates through the grain.
At about 20% strain the twin seems to interact with the grain boundary of nanowire.
This impedes the motion of deformation twin and gives rise to the second peak in the
stress vs strain curve (refer to Figure 3.11(a)). Ultimate failure occurs where the twin
interacts with the grain boundary.

 

strain = 0.0 

strain = 0.05 

strain = 0.08 

strain = 0.10 

strain = 0.11 

Grain boundary sliding 

Figure 3.19: Atomistic conf gurations of nanowire of 5 nm diameter and 6.79 nm
average grain size at 10 K at different stages of uniaxial tensile test.

Now if the average grain size is reduced further, as shown in Figure 3.19, where the
average grain size is considered 6.79 nm, the fracture mechanism transforms to grain
boundary sliding. Figure 3.19 reveals that for 6.79 nm average grain size, the grain
boundary sliding begins at 10% strain. The most vulnerable part of the nanowire is
the triple junction where atoms have higher energy. The sliding begins from this triple
junction. Later, within a very small strain range complete rupture occurs.

Interestingly, for this particular case, twin peak is also observed. This is due to some
intragranular dislocation activities. DXA analysis shows presence of 1

2 < 111 > dis-
location inside the grains of nanowire due to high stress. However, this dislocation
does not produce ultimate failure of the nanowire. Presence of this dislocation causes
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strain = 0.0 

strain = 0.05 

strain = 0.06 

strain = 0.096 
Failure 

Triple junction 
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Figure 3.20: Atomistic conf gurations of nanowire of 5 nm diameter and 4.63 nm
average grain size at 10 K at different stages of uniaxial tensile test.

strain hardening which creates a rise in stress (refer to Figure 3.11(a)). Ultimately grain
boundary sliding appears to be the governing mechanism of failure. For f ner grain (see
Figure 3.20) with average grain size of 4.63 nm, grain boundary sliding begins from a
triple junction at about 6% strain and continues until failure occurs at 12.4% strain. No
signif cant intragarnular dislocation activity is observed for this grain size.
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3.4 Summary

In this chapter, through atomistic simulation, deformation mechanism in both single
and polycrystalline Tungsten nanowires has been explored. It is found that deformation
twinning is the major mode of deformation in case of single crystal nanowire. However,
the mode of deformation in polycrystalline nanowires is highly dependent on the grain
boundaries. Additionally, it is observed that external diameter, temperature, and loading
orientation serve as key factors governing deformation in nanowires.



Chapter 4

Creep Behavior of W at Nanoscale

4.1 Introduction

In this chapter, impact of grain size, temperature, and applied stress on the creep mech-
anism of nanocrytsalline tungsten is analyzed using molecular dynamics technique.
A cubic sample of tungsten nanocrystal is considered and the applied constant stress
ranges from 2.5 to 5.5 GPa. For analysis, temperature is varied from 1600 K - 2200
K while grain sizes considered are 2.38 nm, 2.86 nm, 3.57 nm, and 4.76 nm. Since
attaining actual creep rate in atomistic simulation is beyond the scope of computational
facilities used for this work, high values for applied stress and temperature are con-
sidered to simulate creep mechanism within nanoseconds duration. Before applying
external stress, the structure is minimized using conjugate gradient method with time
step of 0.001 ps. Then the structure is equilibrated at a certain temperature using NPT
ensemble for 200 ps. Finally, a constant tensile stress is applied along x-direction while
keeping other directions stress-free for another 200 ps.

4.1.1 Nature of Creep Curves

In order to observe the impact of temperature and applied stress the nanocrystalline
tungsten sample with grain sizes of 4.76 nm, 3.57 nm, 2.86 nm, and 2.38 nm are sub-
jected to different levels of applied stresses from 2.5 GPa to 5.5 GPa at temperatures

53
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Figure 4.1: Creep curves for different applied stresses at a) 1600 K, b) 1800 K, c) 2000
K, and d) 2200 K for grain size of 4.76 nm.

ranging from 1600 K to 2200 K. Resulting creep curves are shown in Figures. 4.1, 4.2,
4.3, and 4.4. From Figure 4.1 it can be seen that for every instance of applied stress,
initially there is a spike in the strain. This sudden rise of strain is known as the pri-
mary stage of creep. However, the focus of this study is more on the secondary stage or
steady-state creep which is seen just after the initial strain spike. In this stage the strain
rate is more or less constant over a long period of time. It is evident from the Figure
4.1 that with higher applied stress predictably the strain is higher. There is marked in-
crease in the SSCR as the temperature is varied from 1600 K to 2200 K. Similar pattern
was also observed in previous works [61, 67]. For grain size of 4.76 nm, there is no
observable tertiary creep zone within 200 ns. Creep curves for grain size of 3.57 nm are
shown Figure 4.2. This is f ner grain size and in contrast to grain size of 4.76 nm one
can see signif cant tertiary creep for 5.5 GPa applied stress under 2000 K and 2200 K
temperature. Two cases have common features of elevation of strain with applied load
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Figure 4.2: Creep curves for different applied stresses at a) 1600 K, b) 1800 K, c) 2000
K, and d) 2200 K for grain size of 3.57 nm.

and higher creep rate with elevated temperature. With f ner grain size, strain seems to
increase for same applied stress and temperature. This indicates that f ner grain size is
actually helping increase the creep. This is exactly opposite nature of bulk materials
which tend to show higher creep resistance as grain is ref ned. Observation of Figures
4.3 and 4.4 further conf rms the aforementioned trends so much so that for grain size of
2.38 nm, signif cant tertiary creep is observed to start from very early stages and from
stress as low as 4 GPa. Hence, steady-state creep stage is quite small for this case.

To test the effect of presence of grains on creep deformation, single crystal tungsten-
cube of same dimensions as the nanocrystalline samples is exposed to an applied stress
of 5 GPa at 1800 K temperature. The resulting creep curve is compared with that of
nanocrystalline samples in Figure 4.5. It is observed that for single crystal tungsten,
after the initial spike, the strain does not increase rather reaches an almost constant
value. This means there is no observable steady-state creep deformation. On the other
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Figure 4.3: Creep curves for different applied stresses at a) 1600 K, b) 1800 K, c) 2000
K, and d) 2200 K for grain size of 2.86 nm.

hand, for polycrystalline samples with grain sizes of 2.38 nm to 4.76 nm clear signs
of creep deformation are manifested. It is also observed from Figure 4.5 that for the
nanograined samples, the primary creep strain is smaller but the steady-state rate of
strain is much higher compared to the single crystal sample. It has to be kept in mind
that the grain sizes considered in this study falls within the inverse Hall-Petch regime
for W as mentioned in chapter 4. If the size of the grain is increased, the primary creep
may become higher than that of single crystal W sample.

Wang et al. [68] observed similar creep transition in his work for Copper nanocrystal.
Their results on impact of stress on the creep rate of Cu nanocrystal with grain size of
10.7 nm at 960 K temperature are shown in Figure 4.6. It is seen that as the applied
stress is raised, the creep rate is increasing. Moreover, the magnitude of stress is quite
comparable to this work within 200 ps.
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Figure 4.4: Creep curves for different applied stresses at a) 1600 K, b) 1800 K, c) 2000
K, and d) 2200 K for grain size of 2.38 nm.

4.1.2 Impact of Grain Size

Inf uence of varying grain size on the creep rate and creep mechanism can be observed
from Figure 4.7. According to Eqn. 1.4 there must be a power-law relationship between
the creep rate and inverse of grain size for constant temperature and stress level. The ex-
ponent, p, aptly known as the grain size exponent, suggests the creep mechanism. It can
be evaluated from the slope of the curves shown in Figure 4.7 and the values are listed in
Table 4.1. Ref ning the grain size of the cubic sample seems to increase the propensity to
suffer creep deformation. Values of the grain size exponents give an idea about the un-
derlying physical process. For example value of p = 2 suggests that the governing creep
mechanism is Nabarro-Herring creep or lattice diffusion creep. Similarly, p= 3 is sug-
gestive of grain boundary diffusion creep while p > 3 indicates initiation of dislocation
dominated creep mechanism. The range 2 < p < 3 suggests that the creep mechanism is
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Figure 4.5: Comparison of creep curves between single-crystal and nanocrystalline
tungsten at 1800 K under 5 GPa stress.

Figure 4.6: Creep curve calculated for Copper by Wang et al.

a conf uence of lattice diffusion, grain boundary diffusion, and grain boundary sliding
creep [61]. This is a direct result of high volume of grain boundary in the nanocrys-
talline sample considered. The grain boundaries act as source and sink for dislocation.
Moreover, along the grain boundaries, diffusion is fast for nanocrystals. As the applied
stress is raised, value of p increases to more than 4 suggesting dislocation-dominated
creep. Grain boundary sliding also plays a part in accommodating the grains at higher
applied stress. Table 4.1 exhibits that the grain size exponent gradually shifts from a
value of 2-3 to values above 4 as the value of applied stress is raised. In bulk materi-
als, power-law creep does not exhibit a grain size dependence. This happens because
in bulk materials dislocation activities are conf ned to inside of the grain and there is
little interaction with grain boundaries. On the other hand, in f ne grain nanocrystalline
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material, the grains being small, there is frequent interaction of grain boundary and dis-
location. As a result, grain size largely inf uences the creep phenomenon. Figure 4.7
presents a graphical picture of the impact of changing stress and grain size on the SSCR
at different temperatures. The general result is increment of SSCR with smaller grain
size and higher applied stress. Moreover, higher temperature seems to aid the SSCR
irrespective of grain size and applied stress. Impact of p is explained further with help
of atomistic conf gurations in §4.1.5.
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Figure 4.7: Variation of steady-state creep rate with inverse grain size for applied stress
at a) 1600 K, b) 1800 K, c) 2000 K, and d) 2200 K.

4.1.3 Impact of Stress

Applied stress is another dictating factor for the nature of creep mechanism in nanocrys-
talline W. In creep curves (Figures 4.1, 4.2, 4.3, and 4.4) it is seen that for a particular
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Stress, (GPa)
Temperature (K) 2.5 3 3.5 4 4.5 5 5.5

1600 2.94 2.35 2.55 2.36 3.50 3.98 4.86
1800 2.39 3.57 2.59 3.28 3.61 3.95 4.53
2000 2.97 3.54 3.91 3.96 3.63 3.44 4.49
2200 3.89 3.02 4.11 4.61 4.84 3.08 4.75

Table 4.1: Grain size exponents (p) for different temperatures and stresses.

grain size creep strain increases with the applied stress level, irrespective of the temper-
ature. From the creep curves, the SSCR for different applied stresses and grain sizes are
extracted which are then plotted in log-scale for 1600 K, 1800 K, 2000 K, and 2200 K
temperatures in Figure 4.8. From the f gure, it is evident that applied stress has a posi-
tive impact on the creep rate. Higher stresses aid both vacancy diffusion and dislocation
nucleation in material which in turn accelerate the creep deformation. Moreover, grain
boundaries act as fast diffusion path for vacancies that pave the way for higher creep
rate under the applied stress.

Grain size, (nm)
Temperature (K) 4.76 3.57 2.86 2.38

1600 2.24 2.34 3.94 3.60
1800 2.34 2.41 3.12 4.05
2000 2.80 2.58 2.59 4.04
2200 3.36 3.17 3.43 4.22

Table 4.2: Stress exponents (n) for different temperatures and grain sizes.

From the linear relationship of Figure 4.8, one can determine the stress exponent, n, of
Eqn. 1.4. Values of n is suggestive of the creep mechanism prevailing in nanocrystalline
W. Table 4.2 lists the values of n for temperature and grain sizes considered in the work
and shows that grain ref nement and temperature both raise the values of n in general.
For the cases where 2 < n < 3, the creep mechanism is supposed to be grain boundary
and lattice diffusion concomitantly. When n reaches a value of 3 or higher, the creep
mechanism can be referred to as dislocation creep. In general, the value of n increases
with reducing grain size. However, in Table 4.2, two exceptions are observed (for 2000
K, 4.76 nm grain size and for 2200 K, 4.76 nm grain size), where values of n are actually
decreasing at the next grain ref nement stage. This trivial difference might be due to
nature of diffusions originally present in the atomic structure.
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Figure 4.8: Variation of steady-state creep rate with applied stress for different grain
sizes at a) 1600 K, b) 1800 K, c) 2000 K, and d) 2200 K

4.1.4 Impact of Temperature

Figure 4.9 reveals the impact of temperature on the SSCR as a function of applied stress
and grain size. Previous discussions already explored the impact of higher temperature
on creep rate. High temperature is conducive for creep deformation which is evident
in Figures 4.1 to 4.4 as well as Figure 4.9. Physical reason behind this is quite straight
forward. Higher temperature weakens the atomic structure by creating intense vibra-
tions. Hence, it becomes easier to deform, especially, when an external stress is ap-
plied. Moreover, Table 4.1 and 4.2 support the idea that increasing the temperature has
impact on the creep mechanism as it is evident that both grain size and stress exponents
increase with temperature. This also implies a shifting in the creep mechanism where
elevated temperatures promote the diffusion process and dislocation nucleation in the
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Figure 4.9: Variation of steady-state creep rate with applied stress at grain sizes of a)
4.76 nm, b) 3.57 nm , c) 2.86 nm, and d) 2.38 nm

structures. Elevated temperature aids the diffusion and dislocation nucleation resulting
in higher probability of creep.

4.1.5 Creep Mechanism

In order to test the veracity of our argument on transition of creep mechanism from
diffusion to dislocation, diffusion coefficients are calculated for different temperatures
and grain sizes for a f xed stress level of 3.5 GPa. At f rst, the MSD is calculated for
different cases (refer to Figure 4.10) as function of time and from the slope of these
plots, diffusion coefficient, D, is calculated using Einstein’s relation [60],
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Figure 4.10: Mean square displacements of the W atoms for a) 4.76 nm, b) 3.57 nm ,
c) 2.86 nm, and d) 2.38 nm average grain size under 3.5 GPa stress.

D =
1
6t

〈

(ri(t)− ri(0))2
〉

. (4.1)

The diffusion coefficients are then plotted in Figure 4.11 on an Arrhenius plot. From
Figure 4.10, one can see that, similar to the creep curves, there is an initial spike in the
MSD values for primary creep. After the initial surge in MSD, the deformation occurs
at a constant rate over the subsequent deformation period. Higher temperature lowers
the activation energy which makes the diffusion of atoms easier. It manifests itself in
Figure 4.10 as one can see greater deformation as temperature is raised. The Arrhenius
plot of Figure 4.11 shows the dependency of diffusion coefficient on temperature. This
relationship can be expressed as [60],

D = D0 exp
−∆G
kBT

(4.2)
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Figure 4.11: Diffusion coefficient as a function of temperature and grain size under 3.5
GPa applied stress.

where D0 is the diffusion pre-exponential factor and ∆G is the activation energy for
diffusion. The diffusion co-efficient shows a positive relationship with temperature. D0

also depends on grain size, which has been calculated by f tting the lines in Figure 4.11
and it is found that the value increases from 2.81×10−9 A2/ps to 3.97×10−7 A2/ps if
the grain size is reduced from 4.76 nm to 2.38 nm. It proves the propensity for diffusion
as the grain is ref ned in a nanocrystal. Hence, the hypothesis of diffusion as the key
mechanism of creep deformation in nanocrystalline W is supported by the simulation
results.
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Figure 4.12: Change in stress exponent for gradually increasing stresses for grain size
of 4.76 nm at 1800 K.
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Figure 4.13: Atomistic conf gurations ofW with grain size of 3.57 nm at 1800 K under
3 GPa stress. a) at t = 0 ps, b) at t = 100 ps, and c) at t = 200 ps.

Figure 4.14: Atomistic conf gurations ofW with grain size of 2.86 nm at 2200 K under
4 GPa stress. a) at t = 0 ps, b) at t = 100 ps, and c) at t = 200 ps.

It is already established that by applying higher stress, the creep mechanism can be
changed from vacancy and grain boundary diffusion to grain boundary sliding to dislocation-
controlled creep. However, application of stress above a threshold value leads to break-
down of power-law creep. For verifying this transition of stress a sample with grain size
4.76 nm is applied with a range of stress from 1.5 to 7.5 GPa at 1800 K temperature.
Resulting logarithm of SSCR-logarithm of stress plot is drawn in Figure 4.12. There are
three distinct parts of this plot. In section A of the plot, the stress exponent, n, is nearly
1 which indicates lattice diffusion dominated creep mechanism. However, as the stress
is increased, in section B the n is 2.34 suggesting a combination of lattice diffusion and
grain boundary diffusion creep mechanism. If the stress is further increased, in section
C, n becomes exceptionally high (above 10) indicating a break-down of power-law con-
trolled creep in nanocrsytalline W. This behaviour is also observed experimentally for
high values of stresses. With a view to examining the atomic picture of different creep
mechanisms, atomic conf gurations of nanocrystallineW sample with grain size of 3.57
nm at 1800 K temperature and under an applied stress of 3 GPa are presented in Figure
4.13. Three different instances of the creep process are exhibited in the Figure 4.13.
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Figure 4.13 a) shows the initial conf guration of nanocrystlline W sample after mini-
mization (at t = 0 ps). It shows clearly def ned grain boundaries and minute presence
of stacking faults. Figure 4.13 b) presents the picture at t = 100 ps where slight elon-
gation of grain along the direction of applied stress is observed. Moreover, along the
grain boundaries, the strain or deformation is observed to be the most prominent. This
indicates the presence of grain boundary diffusion in the structure at this time. Finally,
Figure 4.13 c) shows the structure at t = 200 ps where more diffusion along the grain
boundary is observed. However, the central grain suffers a rotation. This is an evidence
of grain boundary sliding and rotation as a supporting mechanism for creep in nanocrsy-
talline W at nanoscale. These atomic pictures match with the qualitative analyses made
in section §4.1.3. Moreover Table 4.1 shows that at 1800 K temperature and 3 GPa
stress p is 3.57. This value is a bit high for purely diffusional creep mechanism. How-
ever, presence of grain rotation suggests that this accommodating mechanism might be
the reason for this high value. Figure 4.14 shows the atomic conf gurations of nanocrys-
talline W with grain size 2.86 nm at 2200 K temperature and under applied stress of 4
GPa. This particular sample is taken for presentation in order to adumbrate the key
changes in deformation mechanism for higher applied stress and smaller grain size.
Figure 4.14 a) shows the atomic conf guration at t = 0 ps which is the minimized struc-
ture of the nanocrsytalline sample. A considerable difference is observed in the sample
compared to the case of Figure 4.13 a). Relatively more stacking faults are present in
this structure. This is obvious since higher temperature is conducive to dislocation nu-
cleation. After 100 ps (see, Figure 4.14 b)) diffusion along the grain boundary is seen
to be increased. Moreover, the number of stacking faults also increased. It proves a
simultaneous presence of grain boundary diffusion and dislocation mechanism in this
stage. Finally, at t=200 ps (refer to Figure 4.14 c)), there is intense diffusion of atoms
coupled with more dislocations in the sample. This evinces the fact that under high
stress, dislocation nucleation becomes the controlling mechanism of creep while grain
boundary diffusion acts as supporting mechanism. Under this stress and temperature,
dislocation glide and climb is supposed to be the cardinal failure mechanism. However,
due to very small time-scale considered in the work the glide and climb could not be
observed. Grain growth is another factor which can not be avoided but given the length
and timescale considered, effect of grain growth can be neglected. This result is also
supported by the results of grain size exponents mentioned in section 4.1.2. From Table
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4.1, one can see that for 2200 K temperature and 4 GPa pressure, value of p is 4.61 sug-
gesting a dislocation dominated creep deformation. Atomistic pictures actually provide
further evidence for that conclusion.

4.2 Summary

The chapter extensively discusses the f ndings of atomistic investigation on the factors
governing the creep in nanoscale Tungsten. It is observed that through applied stress one
can transform the creep mechanism from diffusion to dislocation dominated. Moreover,
higher temperature and ref ned grain size usually aid the creep rate in materials. One
interesting f nding is that under high sustained stress the power law can not describe the
creep phenomenon in nanocrystalline Tungsten. These key outcomes are extensively
discussed with the help of atomistic snapshots.



Chapter 5

Conclusions

The entire work involves two different but related studies. Considering the high temper-
ature and high stress applications ofW, it is chosen as the material for study in this work.
At f rst single crystal nanowires are analyzed to f nd out their deformation behaviors.
Later, polycrystalline nanowires are considered to f nd out the relationship between the
grain size, temperature, and external size parameter or diameter with the failure mech-
anism. In the later part of the thesis, creep phenomenon in the nanocrystalline W has
been explored. The conclusions of the thesis are summarized in the following sections.

5.1 Tensile Behavior of Single Crystal Nanowire

The computational experiments involving single crystal W nanowires revealed the im-
portance of temperature, diameter, and loading direction on the mechanical properties
of the nanowires. It is found that increasing temperature makes the nanowire act in more
ductile manner. Moreover, at higher temperatures both stiffness and yield points of the
nanowires decrease. This outcome is quite obvious. However, interesting results have
been observed for variation in diameter and loading orientation. For diameters less than
5 nm, the fracture mechanism remains ductile. However, for nanowires with diameter of
5 nm, the failure mode suddenly shifts to brittle mode of failure with sudden increase in
yield point. For nanowires greater than this size the failure mechanism remains brittle.
For loading along < 111> direction, yield point reaches maximum. This occurs because

68



Chapter 5. Conclusions 69

the < 111 > surface is the energetically most stable surface. Hence, it takes higher load
to rupture the nanowire. Additionally, deformation mechanism depends greatly on the
loading orientation. In all the cases with applied loading along < 100 > direction, pri-
mary deformation mechanism is twinning deformation. However, in case of applied
loading along < 111 > and < 112 > directions, the primary deformation mechanism is
slip or sudden failure. It infers that stacking of atoms in a material inf uences its failure
mechanism profoundly.

5.2 Tensile Behavior of Polycrystalline Nanowire

It has been observed that under a critical grain size of 14.91 nm, plasticity is governed
by inverse Hall-Petch relation. Within the framework of simulation, original Hall-Petch
equation is modif ed for small grain size in polycrystalline W nanowire. From simula-
tions it is also observed that root cause of inverse Hall-Petch effect is the dominance of
grain boundary sliding over twinning deformation during fracture. Strength of nanowire
follows an inverse relationship with diameter irrespective of temperature and grain size.
Moreover, diameter of nanowire signif cantly alters the fracture mechanism. For small
diameter nanowires failure is dominated by twinning in a single grain. Elevated temper-
ature tends to reduce the strength of nanowires. However, there is no signif cant change
in the failure mechanism at higher temperature.

5.3 Creep in Nanocrystalline Tungsten

In this work it is observed that creep phenomenon in nanocrystalline W can be lattice
diffusion, grain boundary sliding or diffusion and dislocation-creep depending on the
grain size, temperature and applied stress. Nanocrystalline W is more susceptible to
creep deformation compared to the single crystal tungsten. There is no obvious creep
phenomenon in single crystal W for a particular temperature and stress while nanocrys-
talline W may suffer signif cant creep for the same stress and temperature. This dis-
tinction corroborates to the previous studies using molecular dynamics simulation. As
the grain size of nanocrystalline W is decreased the propensity of creep deformation
increases. This occurs due to high volume of grain boundary in the sample which acts
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as fast diffusion path and source and sink of dislocation. Applied stress is another key
factor dictating the creep in W nanocrystal. By gradually increasing the applied stress
one can achieve different creep mechanisms in nanocrystalline W. The primary creep
mechanism is found to be lattice and grain boundary diffusion for low to moderate tem-
perature and stress. Mean square displacement and diffusion co-efficients are analyzed
to quantify the diffusion in nanocrystalline W. However, for f ne grain size and high
temperature and stress, the creep mechanism changes to dislocation creep. Grain size
and stress exponents are used to construe the underlying physics of creep. The simu-
lations show that for very high value of applied stress the power-law breaks down and
can not sufficiently describe the creep phenomenon. Finally, atomic conf gurations are
investigated which reveals lattice diffusion, grain boundary diffusion and dislocation
creep is the order of dominant creep mechanism in nanocrystalline W. However, these
process are not mutually exclusive.
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