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ABSTRACT
In recent years, nano-crystalline (NC) materials have attracted considerable interest,
since these materials contain a large volume fraction of grain boundaries, which lead
to novel properties, such as increased hardness and ductility. Thus, thorough
investigation of the atomistic structure and the accurate characterization of the
microstructural parameters, such as grain size and internal strains, are of considerable
interest from both scientific and technological viewpoints.
The main goal of this research is to quantitatively characterize different
microstructural parameters in nano-crystalline materials, such as, the presence and
distribution of micro-strains in the nano-grains, and the influence of grain size on
such micro-strains.
To achieve this goal, it is necessary to combine “traditional” (X-ray diffraction XRD) and “non-conventional” (High-Resolution Transmission Electron Microscopy HRTEM assisted by quantitative image analysis) methods for measuring and mapping
the micro-strain fields at the nano-scale.
Quite a few articles in the literature point to the fact that nano-crystalline materials
contain relatively large micro-strain fields. Some of them report quantitative results
from XRD measurements, which can only give an idea on the average strain field in
the specimen.
NC gold thin films were chosen to be investigated. For many reasons NC gold is a
very good model system for NC metals. Preparation of specimens, without
introducing too many artifacts that may influence the microstructure, is quite easy.
Investigation by microscopy or any other investigation tool is also straightforward
because the gold specimen is inert to ambient or microscope conditions.
The XRD and TEM results for the specimens after different annealing treatments
proved that the grain size and their morphology evolve during the annealing process.
Grain growth, reorientation and/or recrystallization of the grains results in a columnar
structure and a reduction in the internal micro-strains. All HRTEM observations
conducted in this work point to the fact that the grain boundary microstructure is not
of an anomalous nature. The contrast observed in the micrographs is typical of high-
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angle grain boundaries (GBs) observed also in coarser grained specimens. These
observations corroborate observations reported in the literature.
Hÿtch et al. introduced an elegant method for measuring strain-fields directly from
HRTEM micrographs. The technique concerns the analysis of the change in spatial
frequency components describing the HRTEM image across the field of view. A
perfect crystal lattice gives rise to sharply peaked frequency components, with
variations in lattice spacings leading to diffuse intensities centered around the
frequencies that correspond to the mean lattice spacings. By forming an image from a
strong lattice reflection and the accompanying diffuse frequencies, it is possible to
determine local variations in the imaged structure. Unlike other available techniques,
this technique provides maps of the local distortion to be measured from the image.
Simulations of model systems on the atomistic level are a very powerful tool for the
investigation of interfaces and local defects on the sub-nano scale. Many computer
simulation methods are available. Molecular dynamics (MD) is very common and
believed to be quite reliable. Therefore, MD simulations were carried out to shed
some light on the possible origin of the strain fields in the nano-grains and in order to
try and correlate between the various micro-strain results received from the XRD and
HRTEM. The origin of these micro-strains is probably the presence of a high density
of grain boundary dislocations causing strain field gradients in the grain, which
depend on the structure of the boundary.
A few models for strain fields near GB dislocations were studied. Cottrell’s model,
dealing with GB dislocation arrays in equilibrium STGBs, predicts the presence of
higher strain fields at the boundary of higher tilt GBs, but a faster decay of the strain
field as a function of distance from the boundary. Nazarov’s model, for
nonequilibrium GBs in NC materials, predicts more or less the magnitude of the
average strain observed here in the nano-grains.
The experimental and theoretical results from the present work predict strain fields in
the nano-grains of a few percent in directions perpendicular to the GBs, and much
lower strain fields (of a few tenths of percent) in the direction perpendicular to the
thin film free surface.
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CHAPTER 1 : INTRODUCTION
“One of the very basic results of the physics and chemistry of solids is the insight that
most properties of solids depend on the microstructure, the chemical composition, the
arrangement of the atoms (the atomic structure) and the size of a solid in one, two or
three dimensions. In other words, if one changes one or several of these parameters,
the properties of a solid vary” [1].
The synthesis of materials with new properties by way of manipulating their
microstructure on the atomic level has become an emerging interdisciplinary field
based on physics, chemistry, biology and materials science. H. Gleiter in his review
letter divided the materials and devices involved into three main categories, as
described bellow [1]:
The first category includes materials containing nanometer-sized particles, thin wires
or thin films. The most frequently used techniques to produce this type of
microstructure are CVD (Chemical Vapor Deposition), PVD (Physical Vapor
Deposition),

inert gas condensation, precipitation from the vapor, from

supersaturated liquids or solids. Well-known examples of technological applications
of materials, with properties of which depend on this type of microstructure, are
semiconductor devices utilizing single or multi-layer quantum well structures.
The second group is one with those materials in which the nanometer-sized
microstructure is limited to a thin surface region of a bulk material. PVD, CVD, ion
implantation, Electrodeposition and laser beam treatments are the most broadly used
procedures to generate or modify these materials. These surfaces are often used for
enhanced corrosion resistance, hardness, wear resistance, etc.
The third type includes bulk solids with a nanometer-scale microstructure, in which
the chemical composition, the atomic arrangement and/or the size of the building
blocks (crystallites or atomic groups) forming the solid varies on a length scale of a
few nanometers throughout the bulk.
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In our work, we focused on the third type of nanocrystalline (NC) materials. We
chose to investigate a model system, pure NC gold, which will enable us to study the
different microstructural parameters we’re interested in.
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CHAPTER 2 : LITERATURE SURVEY
2.1.

The Special Properties of NC Materials

The properties of NC materials have engendered much interest during the last two
decades. Many of those materials exhibit different properties compared to ordinary
polycrystalline materials. They seem to have enhanced mechanical, as well as optical
and electrical properties, which make them very attractive for a wide range of
practical applications.
These new or enhanced properties may be related to the fact that NC materials have
fine grains (1-100 nm) such that the volume of the interfacial region between the
grains (the grain boundary) is an appreciable fraction of the total volume. A schematic
presentation of a NC microstructure is presented in Figure 1, where the interfacial
atoms are represented as white circles and the bulk atoms as dark circles.

Figure 1 – Schematic representation of a 2-D
model of a NC material.
In some cases, the volume fraction of the interfacial atoms may reach as much as 50%
from the total volume of the specimen [2].
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2.1.1.

Mechanical Properties

The mechanical properties of materials depend fundamentally upon the nature of
bonding among their constituent atoms and upon their microstructures. Hence,
changes in the grain size are expected to affect the mechanical properties of the
material.
The interest in the mechanical behavior of nanostructured materials originates from
the unique mechanical properties first observed for NC materials prepared by gas
condensation method [3]. While some of these early observations have been verified
by subsequent studies, some have been found to be due to high porosity in the early
bulk samples or to other artifacts introduced by the processing procedures [4].
Regardless of isolated artifacts in early works, there is strong evidence for many
unique physical and mechanical properties of NC materials. For example, the
hardness increases with the reduction of grain size. However, the Hall-Petch
relationship does not hold for very small grains. Ductility also increases with
decreasing grain size and some inherently brittle materials, such as ceramics, become
superplastic when the grain size is in the nano scale [5]. Diffusion in nanocrystalline
materials is believed to be much faster and therefore powders with nano-sized
particles can be sintered at lower temperatures. There are also other properties, such
as magnetic, optical and thermal, that are affected by the reduction of the grain size to
the nano-scale.
2.1.2.

Elastic Properties

Early measurements of the elastic constants of NC materials seemed to indicate that
the elastic modulus of NC metals is far below that of coarse-grained counterparts [6].
However, more recent measurements [7] using improved measuring techniques on
nearly fully dense samples showed that Young’s modulus varies only slightly from
the value for materials with conventional microstructures, at least down to the grain
size of 10 nm. Only when the grain size becomes significantly small (less then 5 nm),
such that the number of atoms associated with the grain boundaries and triple
junctions becomes very large, there might be a reduction in the elastic modulus. Thus,
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for most nanostructured materials (with a grain size larger than 10 nm), the elastic
moduli are not unique properties [4].
2.1.3.

The Structure of Grain Boundaries (GB) in NC Materials

In order to understand the relationship between microstructure and properties,
nanocrystalline materials need to be characterized on both atomistic and nanometer
scales. The most important factor that might explain the unique properties of NC
materials is the structure of their grain boundaries.
During the last decade there has been a continuous debate whether grain boundaries in
NC materials exhibit a “gas-like” structure (with the absence of both long and short
range order) [8], a normal GB structure as in coarse grained materials [9], or a GB
structure consisting of both ordered and disordered regions [10].
There is a large range of experimental techniques that can provide this structural
information of nanocrystalline materials [11]. These include ‘direct’ microscopic
techniques such as transmission electron microscopy (TEM), scanning tunnelling
microscopy (STM), field ion microscopy (FIM), and the less direct techniques such as
electron, x-ray and neutron diffraction techniques. Indirect spectroscopic tools, such
as EXAFS, nuclear magnetic resonance, Raman and Mössbauer spectroscopies, and
positron annihilation spectroscopy, have also been used [9].
The experimental basis for the “gas-like” [2] model was founded on X-ray diffraction
(XRD) analysis [12] of a 6 nm grain Fe sample and an x-ray absorption fine structure
(XAFS) analysis of NC Cu [13,14]. Further support for this model has been drawn
from Mössbauer spectroscopy results on NC-Fe samples [15].
Wunderlich et al. [16] noted, from HRTEM investigations, that the grain boundaries
in NC-Pd appeared to be different from conventional coarse grained Pd, with a
smaller grain boundary thickness of 0.4-0.6 nm compared to the conservatively
accepted value of 1 nm.
On the other hand, several HRTEM investigations [17] and another XRD study on
palladium specimens [18] indicate that the GBs in the NC materials are not
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anomalous and they usually exhibit the same microstructure as GBs in coarser grained
materials.

Complementary investigation of NC TiO2 by Raman spectroscopy [19-21] and small
angle neutron scattering [9] agreed with those results, as well as the results of
molecular static relaxation atomistic simulations on NC-Fe [22].
The microstructure of bulk NC metals has been studied by high resolution TEM on a
wide variety of materials: copper, palladium [10,16,23-26], martensitic steel (44OC)
[27], Fe-Mo-Si-B crystals [10], titanium [26], Ti-Al compacts [28] and many more
systems.
Detailed examination of these results showed, in all cases, the following
characteristics [11]:
1. Most of the ultrafine grains are equiaxed. The grains are randomly oriented
with respect to one another and there is no apparent preferred orientation,
irrespective of the method of preparation.
2. Lattice fringes abruptly stop at the grain boundary in each grain, indicating
that there is little or no atomic disorder perpendicular to the imaged planes.
3. The grain boundary planes are basically flat but exhibit some local faceting,
probably to bring the planes from both grains into registry.
4. Neither voids nor dislocations have been observed in the majority of the
investigations. In some cases some level of porosity was reported, as well as
the presence of twinning, low indexed faceted crystal regions, isolated
dislocations, five fold twins and edge dislocations.

It is well known [29,30] that the preparation method and the time-temperature history
of NC materials have a significant effect on their microstructure and properties. No
work has yet been published, with a comparison of the structure of the GBs in the
same material using the same characterization technique, but produced by different
methods. This might resolve some of the conflicting data available in the literature.
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2.2.

Micro-Strain measurements

2.2.1.

Macro-strains vs. Micro-strains

The relatively high disorder in NC materials due to the high density of grain
boundaries is believed to enhance the presence of intrinsic micro-strains in the
material. The nature of these micro-strains is totally different from macro-strains.
Cullity [31] clearly formulated the difference between these two types of strains:
Macro-Strains = “when a polycrystalline piece of material is deformed elastically in
such a manner that the strain is uniform over relatively large distances”.
Micro-Strains = “when a polycrystalline piece of material is deformed plastically, the
lattice planes usually become distorted in such a way that the spacing of any particular
planes varies from one grain to another or from one part of the grain to another”.
In this work we will focus on micro-strains in NC materials. The measurement of
these micro-strains, if they are present, is of importance to understand the
microstructure of the NC materials and their properties.
There are many methods to measure micro-strains in materials. Most of the methods,
including X-ray diffraction and other spectroscopy methods, provide an average value
of the micro-strains over the entire specimen. This data can give us an idea on the
average distribution of the strains in the specimen.
2.2.2.

XRD Methods for Micro-Strains Measurements

XRD is one of the most common methods for assessing the magnitude of both,
macro-strains and micro-strains, present in any material. The macro-strains are
expressed by a shift in the peak positions in the spectrum. The shift is due to the
change in the d-spacings between the planes perpendicular to the macro-strain
direction. The micro-strains are expressed by broadening of the peaks corresponding
to the planes which are perpendicular to the micro-strain direction.
The explanation for the source of the broadening in the XRD peaks was introduced 50
years ago by Warren and Averbach [32]. They identified two main types of
broadening: the size and strain components. The former depends on the size of
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coherent domains, which is not limited to the grains but may include effects of
stacking and twin faults and subgrain structures (small-angle boundaries, for
instance). The latter is caused by any lattice imperfections such as dislocations,
different point defects or micro-strains. In addition to these two broadening sources
there is also broadening due to the instrumental setup, such as non ideal optics,
wavelength dispersion, sample transparency, axial divergence, flat sample effect and
the detector resolution.
The theory is general and was successfully applied to different types of materials,
including metals, oxides and polymers [33]. However, in all cases these analysis
methods are only valid for small grained materials (below 100nm), and the obtained
parameters need careful assessment of their physical validity and correlation to the
particular structural features of the material under study.
There are many different analysis methods that can yield different or even physically
impossible results. The approaches are broadly divided into two groups: modeldependent and model-independent. The most common model-dependent techniques
are the Integral Breadth [34] (IB) method and its simplistic version, the Williamson &
Hall [35] (WH) method. The most common model-independent techniques are the
Warren-Averbach [32] (WA or the Fourier method) and the Rietveld methods [36].
The WH method is the simplest and most used method but also inaccurate. This
method assumes that the contribution of both the strain and the crystallite size to the
profile shape are Gaussian-like. It is widely agreed that the profile shape of the strain
contribution is Gaussian-like and the size contribution is Lorentzian-like. The IB
method takes this fact into account.
The basis of the Rietveld technique is to propose a model for the diffraction pattern.
The model involves the crystalline structure, the experimental array and the
background, and contains parameters that characterize each of these parts. These
parameters are refined by using a least square minimization. The parameters that can
be refined are: lattice parameters, atom positions, the temperature factors associated
with the atom vibrations, average micro-strain, grain size, phase concentrations and
atom occupancy. This method is widely used, especially for powder analysis. When
used properly, it can provide a great deal of information about phase content, particle
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size, strains etc. The big disadvantage of this method is that it is very sensitive and
any misuse may lead to large errors.
The most accurate method was developed by Warren and Averbach. This method
assumes that the entire peak profile is described by a Fourier series. The cosine
Fourier coefficients, which describe symmetric broadening, are then used for further
analysis. The peak shape of a standard material which shows no broadening is also
determined and subsequently used to deconvolute the instrumental and sample
broadening effects. Because the entire peak profile is used, this approach has both
advantages and disadvantages when compared to the WH and the IB techniques.
Each of the methods mentioned above have their advantages and drawbacks. The
Fourier method gives a distribution of crystallite sizes instead of an average value and
the correction for instrumental broadening is more rigorous when the peak shape is
not purely Gaussian or Lorentzian. On the other hand, this method is prone to error if
peak tails are not accurately modeled. This makes the Fourier methods difficult to use
when peak overlap is significant. Furthermore, Fourier decomposition is not always
numerically stable.

2.2.3.

XRD Strain Measurements in NC Materials

XRD is widely used for the assessment of the magnitude of macro and micro-strains
in NC materials. Lu et al. [37] summarized (Table 1) the lattice distortions measured
in different types of NC materials prepared by various synthesis methods. The
strain/grain size determination methods were not mentioned. Almost all of them
showed an expansion of the a-lattice parameter in the range of 0÷0.2%.
The Debye-Waller parameter (DWP), which reflects the static atomic displacement,
was also determined in some cases and proved to be larger by 100÷900% than the
known equilibrium values. This behavior is believed to indicate the existence of rather
large strains in the NC specimens.

9

Table 1 – lattice parameter change for different NC materials. [37]
Sample

d [nm]

Synthesis

Cr (bcc)

11

Fe (bcc)

8

Cu (fcc)

85

Cu (fcc)
Cu (fcc)

11
27

Ultra fine powder
consolidation
Ball milling
Severe plastic
deformation
Ball milling

Pd (fcc)

8

Si (diamond)
Ge (diamond)

8
4

Se (trigonal)

13

Se (trigonal)

14

Ni3P (bct)

7

Fe3B (bct)

23

2.2.4.

Electrodeposition
Ultra fine powder
consolidation
Ball milling
Ball milling
Crystallization
from amorphous
solids
Ball milling
Crystallization
from amorphous
solids
Crystallization
from amorphous
solids

Lattice Distortion
∆B (DWP)
∆a, ∆c
∆a = +0.04%

∆B = +230%

∆a = +0.09%

∆B = +110%

∆a ≈ 0

∆B = +100%

∆a = +0.06%
∆a = +0.06%

-

∆a = -0.04%

∆B = +220%

∆a = +0.20%
∆a = +0.20%
∆a = +0.30%
∆c = -0.12%
∆a = +0.15%
∆c = -0.01%
∆a = +0.21%
∆c = -0.13%

-

∆a = +0.20%
∆c = -0.23%

∆B = +900%
-

Strain Measurements by HRTEM Methods

To measure local strain more direct methods are required, such as high resolution
electron microscopy (HRTEM) assisted by cautious image analysis. The method
which seems to be the most trivial to measure local micro-strains is HRTEM.
However, measurement of sub-Angstrom micro-strains by HRTEM presents a grave
problem of resolution.
If one tries to asses the minimum displacements that can be measured directly from
lattice images simply by measuring the deviation of the peak position by one pixel,
the minimum strain is of the order of a few percent. This is 1 or 2 orders of magnitude
larger than the strains believed to be present in the NC materials. An example of such
a micrograph is shown in Figure 2 (a magnification of x1M and CCD resolution of
512x512).
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Figure 2 – Lattice image of an Au [220] grain acquired at
a magnification of x1M and CCD resolution of 512x512.
A deviation of the peak position (which may be referred under proper conditions as
the atom column position) by one pixel, represents a strain which can be calculated as
follows:
d-space + 1pixel
1.422 + 0.206
=
= 1.143 ⇒
d-space
1.422

ε min

= 0.143 = 14.3%

(1)

Trying to push the imaging conditions to their limit by applying a higher
magnification of x1.4M and a CCD resolution of 1024x1024 will improve the strain
detection limit slightly:
d-space + 1pixel
1.422 + 0.064
=
= 1.044 ⇒
d-space
1.422

ε min

= 0.044 = 4.4%

(2)

This poor detection limit obviously is not enough and one needs to find better
methods for measuring strains under 1%.
There is a wide range of direct strain measurement methods for HRTEM. Each
method attempts to overcome the resolution problem mentioned above, and other
imaging problems that may affect the accuracy and reliability of the measurements.
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2.2.4.1. Lattice-Fringe Spacings Measurement
Most of the strain measurement techniques presently available are based on the
determination of lattice-fringe spacing. Regardless of the target spacing used, an
accurate determination of the spacing between adjacent lattice fringes is very
important to the strain analysis.
To determine the lattice-fringe spacing it is assumed that the centre of each latticefringe is at the minimum (or maximum) in intensity for that fringe. However, simply
selecting the minimum intensity pixel as the fringe centre was proved as very
inaccurate, particularly at image magnifications where only a small number of pixels
per lattice fringe were present. To improve this approach, the lattice-fringe intensity
was fit according to two regression modeling schemes [38]. The first fitting scheme
involved fitting an n-order polynomial to the lattice-fringe intensity data:
n

I =

∑ ai x (i −1)

(3)

i =1

where n was the number of pixels per lattice fringe.
Since the data possessed a strong sinusoidal character, the second fitting scheme
involved the fitting of a cosine function to the lattice-fringe intensity data:

I = A cos(kx − φ )

(4)

A comparison of these two fitting schemes for pixel intensity data showed, in all
studied cases, that the n-order polynomial provided the best fit to the intensity data
(Figure 3). High frequency oscillations, sometimes associated with the fitting of high
order polynomials, were not observed in any of the intensity fits performed to date.
Therefore, the lattice-fringe spacings were determined from the differences in the
minimum in intensity from adjacent lattice fringes as fit by n-order polynomials.
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Figure 3 – Example of n-order and sinusoidal fits to the
lattice fringe intensity data [38].

Most recent techniques involve the improvement of the accuracy of the measurements
of the atom displacements. Some of them, such as DALI (Digital Analysis of Lattice
Images) [39,40], do so by applying filters to reduce the noise in the image and then
implementing different fitting procedures to accurately determine the strain.
DALI was mainly used for the analysis of composition fluctuations in semiconductors
[41-45] by evaluating the lattice spacing deviation across the image. In all cases the
accuracy in the deviation was about 1%.
The CUSUM [38,46] (Cumulative Sum) technique implements a precision
improvement method, used in the field of statistics. The main idea of this method is to
reduce the statistical error, in the lattice spacing deviation measurement, by using the
cumulative sum of deviations of the lattice-fringe spacings from a target value
measured as a function of position. This technique is frequently used in statistical
problems where small deviations must be resolved. This technique was implemented
successfully by Robertson et al. for the determination of elastic strains in
semiconductor epitaxial layers [47-49]. The results show a very impressive accuracy
of this method which may be even slightly below 1%.
The disadvantage of all these techniques is that they are very sensitive to noise in the
micrograph and the accuracy is not always satisfactory.
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2.2.4.2. Full Atomic Column Position Retrieval
In general, the high-resolution electron microscope (HREM) image contrast is not a
simple function of the crystal structure and to be interpreted, the experimental results
must be compared with image simulations. However, in many cases, the image
contrast will be peaked at the atomic column positions which appear either dark or
bright depending on crystal thickness and objective lens defocus.
Atomic column position retrieval techniques involve a computerized comparison of
the experimental micrograph with computer simulated images of the same structure.
The comparison is done using different algorithms, such as the cross-correlation and
normalized Euclidean distances. Based on the correlation of the contrast in the
simulated image, the exact position of the atomic columns can be determined.
This method has been used by many authors in order to analyze local variations in
structural parameters, such as lattice parameters in epitaxially strained layers [50,51]
and compound semiconductors [47,52].
While these methods work well in many situations, particularly for mono-atomic
structures, they are difficult to apply to images where the image contrast is not
represented well by Gaussian-shaped intensity peaks. To overcome this particular
problem, the unit cells in the image can be located by matching algorithms like crosscorrelation [53,54]. These positions are then used to characterize the local
deformation of the crystal [55,56].
These techniques are fully quantitative but application limited, especially when the
acquisition conditions are not fully controlled. For example, when the deviation from
zone axis (Z.A.) is unknown as in the case of materials with nano grains, the
application of this method becomes very complex if not impossible.
2.2.4.3. The Moiré Method
The optical moiré technique [57], which is based on interference effects between the
experimental lattice image and an artificial reference lattice, allows a rapid and
accurate measurement of the displacements. Small violations of translation, rotation
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or mirror symmetries give rise to large changes in the periodicity or orientation of the
moiré pattern.
The spacing and orientation of the reference lattice should be chosen in order to
produce the appropriate optical moiré pattern. The different types of patterns: simple
rotation, simple parallel and "mixed" (Figure 4) are then best interpreted by reference
to reciprocal space vectors of the component lattices.

Mixed Moiré :

Rotational Moiré :

Parallel Moiré :

Figure 4 – Different types of moiré patterns. (a), (b) and
(c) in real space. (d), (e) and (f) in reciprocal space. [57]
Displacements in the experimental image revealed by the moiré pattern represent
displacements in the actual specimen under certain conditions. The technique
therefore provides a means for detecting lattice defects and for measuring lattice
rotations and rigid body shifts.
To improve the accuracy and sensitivity of this method to the nano-scale range,
Fulong et al. introduced the “nano-moiré method” [58]. The basic idea is much the
same as the optical or geometrical moiré technique, with a slight difference - instead
of using an artificial reference lattice they use a reference crystal. This method is
extremely sensitive but the preparation of the specimen for the measurement is not
trivial at all.
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These methods are useful and widely used for the detection of many different lattice
defects that are bellow the detection limit of the microscopes or for mapping of large
uniform strain fields. In the case where one wants to measure non-uniform strainfields these methods are problematic and non-useful.

2.2.4.4. Hÿtch’s Method
The technique introduced by Hÿtch et al. [59,60] is some how different from the other
methods discussed earlier. It concerns the analysis of how the spatial frequency
components describing the HTREM image vary across the field of view.

Simulated
⇐
(EMS)
⇒
images

(a) Perfect crystal lattice

(b) Non-perfect crystal lattice
(variations in lattice spacing)

⇓

⇓

⇐

FFT

(c) Sharply peaked
frequency components

⇒

(d) Sharp peaks + diffuse intensities
centred around the frequencies

Figure 5 – Comparison of the frequency intensities in (c) perfect lattice
and in (d) strained lattice.
An HRTEM lattice image is characterized by the presence of strong Bragg-reflections
in its Fourier transform. These strong frequency components are related to the twodimensional unit cell describing the projected crystalline structure. Choosing two non-
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collinear reciprocal lattice vectors (Bragg reflections) in the Fourier transform
implicitly defines a 2-D lattice in the HRTEM image to which all variations can be
referred. A perfect crystal lattice (Figure 5a), gives rise to sharply peaked frequency
components (Figure 5c). Variations in lattice spacings (Figure 5b), gives rise to
diffuse intensities (Figure 5d) in the Fourier transform centered around the
frequencies corresponding to the mean lattice spacings.
By forming an image from a strong lattice reflection and the accompanying diffuse
frequencies, it is possible to determine local variations in the structure. Unlike earlier
mentioned techniques, which might be successful in revealing lattice distortions, the
present technique provides maps of the local distortion to be measured from the
image.
It is well known that the positions of fringes in the image do not necessarily
correspond to the atomic plane positions. This is due both to the form of the electron
wave function emerging from the crystal and to the effect of the objective lens. For
example, the position of certain fringes in non-centro symmetric structures will
depend on the specimen thickness, and in both axial and non-axial illumination
conditions the objective lens influences the spacing of lattice fringes. However, for
the analysis done by this method, we only concern ourselves with the relative
positions of lattice fringes in the image. The absolute value of the lattice parameters
will not be measured, but only the variations in the lattice spacing.
From the initial image (either experimental or simulated), a phase image is obtained
through several computation steps. First, the image is Fourier transformed, and then
the chosen diffraction spots are isolated through a circular aperture whose diameter is
about that of the first Brillouin zone. The last step is an inverse Fourier transform,
which gives a complex image. The phase part of this image is extremely sensitive to
very small displacements of the selected atomic planes. So the basic idea of this
method is to extract the information about strains / distortions hidden within the phase
image.
The method has already been successfully applied to the study of defects like
antiphase boundaries [60,61], strain fields associated with domain wall [59],
displacement fields in shape memory alloys [62], detection of nanocrystals [63] or
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study of multilayers [64,65]. Recently it was applied to the measurement of the
volume expansion of a tilt grain boundary in molybdenum [66]. The later work also
included a study on simulated images with different imaging conditions. The purpose
was to check the influence of these different imaging conditions on the accuracy of
this strain analysis method. The main conclusions were:
•

The phase method is able to detect volume expansions as small as 1% of the
atomic interplanar spacing. As will be shown later, this might be improved by
making a proper calibration of the accuracy on simulated images.

•

The presence of Fresnel diffraction effects at the grain boundary plane prevents
the determination of the plane by plane relaxation and only the total expansion can
be accurately measured. When the phase shift is large, the Fresnel diffraction
effect is blurred by the phase variation. This is particularly evident from either the
experimental profile or when the presence of 3-fold astigmatism induces a large
phase variation.

•

When the interplanar spacing is close to the limit of information of the
microscope, the effect of aberrations like the 3-fold astigmatism must be taken
into account (and if possible be corrected) if a numerical value is expected.

2.3.

Molecular Dynamics

Simulations of model systems on the atomistic level are a very powerful tool for the
investigation of interfaces and local defects on the sub-nano scale. Many computer
simulation methods are available, such as molecular statics, Monte Carlo, ab-initio
calculations and molecular dynamics. The later is very common and believed to be
quite reliable.
2.3.1.

The Molecular Dynamics method

Molecular Dynamics (MD) is a computer simulation technique where the time
evolution of a set of interacting atoms is followed by integrating their equations of
motion. In molecular dynamics the laws of classical mechanics are followed, and
most notably Newton's law: Fi = miai , for each atom i in a system composed of N
atoms; mi is the atom mass, ai its acceleration, and Fi the force acting upon it, due to
the interactions with other atoms [67].
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The MD simulation is a deterministic technique. In theory, for a given initial set of
positions and velocities, the time evolution is completely determined. In practice this
is limited to available numerical accuracy of integrating algorithms and the
computer's round off error.
In molecular dynamics, atoms interact with each other. These interactions originate as
forces that act upon atoms, and atoms move under the action of these instantaneous
forces. As the atoms move, their relative positions change and forces change as well.
A simulation is only realistic when the interatomic forces are similar to those that real
atoms would experience when arranged in the same configuration. Hence, the realism
of the molecular dynamics simulation depends on the ability of the chosen potential
to reproduce the behavior of the material under the conditions at which the simulation
is run.
Many potentials describing the interatomic interactions in different types of materials
are being developed around the world. The most simplistic and easy to implement are
the two-body Lennard Jones (LJ) potentials:
 σ
φ(rij ) = 4ε 
 r

( )
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−

( σr )

6





(5)

This pair potential can describe systems containing pure noble gases like argon and
xenon. For systems containing metals this potential is not appropriate. The embedded
atom method (EAM) [68] was developed for this purpose. This method proposes
empirical potentials which are composed of pairwise terms and many-body terms,
which are expressed as:
V=

1
φ(rij ) + ∑ U(n i )
2∑
i≠ j
i

and

ni =

∑ ρ(rij )

(6)

j

where φ is the pair potential, U is the embedding function and ρ is the electron
density.
Other similar analytical potentials are also available. However, potentials for the same
element obtained by different schemes can exhibit different properties, particularly for
geometrical configurations not considered during fitting (surfaces, liquid, etc.). For
this reason, when choosing a potential, its compatibility with the configuration to be
investigated must be checked.
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MD simulations can be performed on systems containing thousands or perhaps
millions of atoms and for simulation times ranging from a few picoseconds to
hundreds of nanoseconds. While these numbers are certainly adequate, conditions
where CPU time and/or size limitations can become an important factor. While,
computer technology is evolving very rapidly these problems may still be, under some
circumstances, significant.
In the limit of very long simulation times, the final structure can provide reliable
information on real thermodynamic properties of the system. In practice, the runs are
always of finite length, and one should exert caution to estimate when the resulting
structural arrangement may be satisfactory (equilibrium state) or not.
MD is also used for other purposes, such as studies of non-equilibrium processes, and
as an efficient tool for optimization of structures by overcoming energy barriers
separating local energy minima (simulated annealing – see below).
One very important aspect, that must be considered when attempting to simulate a
realistic system, is how to deal with the atoms at the boundaries of the simulated
system. One option is doing nothing special: the system simply terminates, and atoms
near the boundary would have fewer neighbors than atoms inside. In other words, the
sample is surrounded by free surfaces.
Another possibility is to use periodic boundary conditions (PBC). When using PBC,
particles are enclosed in a box, and the box is replicated to infinity by translation in all
three cartesian directions. Consequently, each particle i in the box should be thought
as interacting not only with other particles j in the box, but also with their images in
nearby boxes. In this way, surface effects are eliminated from the system.
Simulated Annealing is a useful procedure often used in atomistic simulations. This
process is a computational product of two different ideas. The first idea is to create a
computational analog of experimental annealing techniques, and the second is to use a
controlled mechanism for obtaining different initial structures by using temperature to
surmount local potential barriers. For both of these ideas, the purpose is the same:
apply a higher temperature to allow the system to rearrange from its present state, and
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lower the temperature to bring the system into a stable state. The cycle is repeated
several times so that multiple configurations may be obtained and later analyzed.
2.3.2.

Application to Nano-Crystalline Materials

As mentioned earlier, computer simulation is a very powerful and helpful tool for the
investigation of materials on the atomistic level. Larger and faster computers make it
possible to mimic quite accurately systems containing up to a few million particles in
relatively reasonable CPU time. This possibility has enabled the field of
computational materials physics to contribute significantly to the understanding of
materials and their properties.
The fact that the building blocks (grains) in NC materials are rather small, hence
containing a relatively small number of atoms, makes it possible to carry out precise
simulations, with no need for “computational tricks” to minimize the number of
particles in the system. This fact and the emerging technological interest in NC,
attracted many computational physicists and materials research groups. During the
last decade an impressive amount of work, dealing with different aspects of NC
materials, based on computer simulations has been published.
The majority of recent published works investigated the mechanical properties and
deformation mechanisms in NC materials using the molecular dynamics simulation
method. Schiøtz et al. carried out many MD simulations and explored the deformation
mechanisms in NC metals, such as copper and palladium [69,70]. In all cases they
modeled the interactions between the atoms using the Effective Medium Theory (a
many-body potential) and produced nano-grained specimens using a threedimensional Voronoi construction. In this setup, random grain centers are chosen, and
space is divided into regions such that each region consists of the points in space
closer to a given grain center than to any other grain center. Each region is then filled
with a randomly oriented fcc lattice [71]. These simulations allowed them to get a
closer look at the inverse Hall-Petch effect, known to be present in NC metals, and the
possibility to propose a deformation mechanism that may explain the origin of this
abnormal effect.

21

Van Swygenhoven et al. studied the GB structure in nano-structured polycrystalline
nickel and copper by MD simulations [72,73]. All results provided evidence against
the ideas of highly disordered, amorphous or liquid-like interfaces. The results
suggest that the grain boundary structure in NC materials is actually similar to that
found in larger grain polycrystals.

2.4.

Nano-Crystalline Gold

For many reasons NC gold is a very comfortable model system for NC metals.
Preparation of specimens, without introducing too many artifacts that may influence
the microstructure, is quite easy. Investigation by microscopy or any other
investigation tool is also straightforward because the specimen is inert to ambient or
microscope conditions (no oxidation, no significant grain growth at room temperature,
etc.). Another very important aspect is that very well established inter-atomic
potentials for computer simulations are available. In addition, many studies,
experimental as well as theoretical, have been done on this model system.
2.4.1.

Thermal Stability

Tanimoto et al. investigated high-density thin films (10÷100nm thick) of NC Au
specimens (with a mean grain size of 19÷90nm) prepared by the RF magnetron
sputtering method [74] and also bulk specimens (10÷60µm thick) prepared by the gas
deposition method [75-76]. They found that the onset temperature for grain growth of
the sputtered NC gold specimens appears to be similar to that of specimens prepared
by gas deposition method. However, the grain size in the sputtered NC-Au specimens
remained below ~100 nm even after annealing at 700K.
Okuda et al. [77] showed that NC gold and copper specimens with a smaller initial
grain size as well as strong <111> preferred orientation, tend to show higher thermal
stability against grain growth. They also showed that specimens with an initial grain
size of 10nm and strong preferred orientation showed no significant grain growth up
to 1 hour at 770K.
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2.4.2.

Elastic Properties

In addition, Okuda et al. [77] found that Young's modulus below 80K, for the
specimens with a mean grain size of 26÷60nm, is 92% higher than the bulk value,
suggesting that the Young's modulus in the grain boundary region is higher by 70%
compared to the bulk value.
2.4.3.

Micro-strains

Inami et al. [78] studied the X-ray diffraction profiles of bulk NC gold prepared by
gas deposition method and analyzed them using the Warren-Averbach and integral
breadth methods for the evaluation of grain sizes and internal strains.
The grain size of as-prepared specimens was in the range of 7 to 20nm. The thermal
stability of these specimens was found to be quite high when annealed for l hour. The
grain size remained unchanged up to 770K and doubled at 1070K. The mean strain,
estimated by integral breadth analysis, was in the range of 0.8-2.3x10-3 and reduced to
~3x10-4 after annealing at 870K and higher temperatures.
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2.5.

Research Goals

The main goals of this research are:
•

Define a methodology to measure local strains at the nano scale and
implement it on a model system such as NC gold.

•

Quantitatively characterize different microstructural parameters in the NC
material, such as:
1.

The presence and distribution of micro-strains in the nano grain.

2.

The correlation between microstructural parameters, such as grain size
and grain boundary structure, and the size/distribution of the microstrains in the material.

•

Correlation of the experimentally measured results with the microstructure of
nano-grains from Molecular Dynamics simulations.

To achieve these goals, it is necessary to combine “traditional” (X-ray diffraction XRD) and “less-conventional” (High-Resolution Transmission Electron Microscopy HRTEM assisted by quantitative image analysis) methods for measuring and mapping
the micro-strain fields on the nano-scale.
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CHAPTER 3 : EXPERIMENTAL PROCEDURES &
CHARACTERIZATION TECHNIQUES
3.1.

Nano-Crystalline Gold - Specimen Preparation

Nano structured materials can be produced in many different ways. One way is the
processing of bulk precursors, such as mechanical attrition and crystallization from
amorphous state. Another way is the synthesis from atomic or molecular precursors,
such as gas condensation, precipitation from liquid, electrodeposition, chemical vapor
deposition (CVD) and physical vapor deposition (PVD).

Sputtering, which is a type of PVD, is one of the most common and simple ways to
make NC thin films. The main advantage of this technique is that the preparation of
the TEM specimen does not involve the need to thin the specimen so it can be
investigated as deposited. This is very important for the present study, to minimize the
introduction of strain into the specimen during the preparation procedure.
All the specimens investigated were prepared in a Polaron sputter coater, using a pure
gold target under the conditions of 20mA beam current and 2.4kV accelerating
voltage. The deposition was carried out at a rate of approximately 1.5 nm/min with
the substrate at uncontrolled room temperature in a chamber pressure of about 0.08
torr. The film thickness was calibrated and set to 20nm.

The NC gold films where deposited on two different types of substrates. The first kind
of substrate was glass (optical microscopy slides), which was used for the specimens
that were investigated by XRD. The second kind was, freshly cleaved (nominally
(100)) single crystal NaCl, which was used for the TEM specimens. After the
deposition on NaCl, the NaCl was dissolved in distilled H2O, and the Au films were
collected on a gold TEM grid. Some of the specimens were thermally annealed at
200ºC for different durations, as will be explained in detail in section 4.1. The TEM
specimens were annealed after being mounted on the gold grid and the XRD
specimens were annealed as deposited on the glass substrate.
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3.2.

Characterization and Analysis Techniques

In this research the primary goal was to measure the local micro-strains in the NC
gold thin films. In order to obtain a full picture of the studied system, other
microstructural parameters, such as grain size, were also measured. Several
characterization tools and analysis techniques were applied.
3.2.1.

Grain Size Analysis

The mean grain size distribution in all specimens was determined by two different
methods: X-ray diffraction (XRD) and transmission electron microscopy (TEM). The
XRD measurements were conducted in a conventional X-ray automatic powder
diffractometer (PW-3020 goniometer, Philips X’Pert, Netherlands) using Cu Kα1
radiation, operated at 40mA and 40kV. The mean grain size was determined by the
integral breadth method.

Low magnification TEM micrographs were acquired using a 200 kV transmission
electron microscope (JEM 2000FX, Jeol Ltd., Japan). The statistical analysis of the
grain size distribution from the TEM micrographs was done with the use of the SIS
[79] image processing package (Soft Imaging Systems, Germany) and its special
module for particle analysis.
3.2.2.

Strain Measurement

The direct and indirect measurements of the micro-strains were carried out by two
different techniques. An average value of the micro-strains was extracted from XRD
measurements by the same method used for the grain size measurements. The local
micro-strain measurements were conducted from high resolution transmission
electron microscope (HRTEM) micrographs using the method developed by Hÿtch et
al [59,60].
All HRTEM micrographs were acquired using a 300 kV transmission electron
microscope (JEM 3010 UHR, Jeol Ltd., Japan) with the typical characteristics of beam semi-convergence angle θc = 0.3 mrad, spherical aberration coefficient Cs =
0.46 mm, spread of focus ∆ƒ = 10.3 nm, objective aperture diameter D = 14.6 nm-1, a
point resolution of 1.58Å and information limit (measured) of 1.28Å.
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The micrographs were acquired with a slow scan charged coupled device (CCD)
camera with a maximum resolution of 1024x1024 pixels for a 1 inch CCD.
3.2.3.

The Integral Breadth Method

The computational process for the extraction of micro-strain values from XRD
profiles is done by a number of steps and described schematically in Figure 6:

β=I/I max

Γ=FWHM
φ=Γ / β

Profile to be
investigated - h

Profile from
reference - g

Determine Γh & βh

Determine Γg & βg

βL(h)/ β= 0.017475+1.50048 ⋅ φ-0.534156 ⋅ φ2
1

βG(h)/ β=0.184446+0.812692 ⋅ (1-φ ⋅ 0.998497) 2 -0.659603 ⋅ φ+0.44542 ⋅ φ2

Deconvolution:

(a)

(b)

Grain size ⇒

(c)

Micro-strain ⇒

βL(f)= βL(h)-βL(g)
βG(f)=  βG(h)2 -βG(g)2 
<D> = λCu / βL(f)cosθ

ε=

βG(f)/4tan θ

Figure 6 - Single line method for analysis of XRD peak profile
broadening using a pseudo-Voigt profile function [36].
1. Given an XRD spectrum, the peak profiles of the XRD reflections are fitted
using the pseudo-Voigt function.
2. The FWHM (width of the peak profile at half maximum) and integral breadth
(width of a rectangle with the height of the peak maxima, Im ax , and the area of
the integrated intensity, ΣI ) are extracted with the MacDiff software [80].
3. The instrumental broadening is determined from XRD profiles of large
grained alumina samples and eliminated from the calculations by a simple
deconvolution (Figure 6a).
4. The average grain size and strain are calculated using equations (b) and (c) in
Figure 6.
All the calculations described above were carried out in an MS-Excel spreadsheet,
prepared by I.T. Walker [81].
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3.2.4.

Phase Extensions to Digital Micrograph

The micro-strain measurements from HRTEM micrographs were done using the
NCEM Phase extensions to Digital Micrograph for Mac PPC developed by Roar
Kilaas and Martin Hÿtch [82]. Given an HRTEM micrograph (Figure 7):

1nm
3nm

Figure 7 - HRTEM micrograph of a
[111] gold nano-grain
The computational procedure is done by a number of steps [83]:
1. Calculation of the fast Fourier transform (FFT) of the image being analyzed.
2. Apply a Gaussian Bragg-mask on each of the two chosen reflections, as
illustrated in Figure 8.

(a) - FFT of the HRTEM micrograph and (b) - FFT of the HRTEM micrograph and
the first chosen reflection.
the second chosen reflection.
Figure 8 – Stage 2 in Hÿtch’s method: bragg reflections selection. FFT

3. Calculation of the inverse fast Fourier transform (IFFT) for each of the Braggmasked FFT images giving the phase image representation for each respective
reflection.
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4. Refinement of the local g-vector components by selecting an area in the phase
image over which the lattice spacing are considered constant (Figure 9). The
determined g-vector will become the reference to which latter calculations are
related.

(b) - Phase image #2 & refinement of
the local g-vector related to the
reflection in Figure 8(b)

(a) - Phase image #1 & refinement
of the local g-vector related to the
reflection in Figure 8(a)

Figure 9 – Stage 4 in Hÿtch’s method : refinement of the
reference g-vector
5. The last stage consists of the calculation of the 2D strain and displacement
tensors (Figure 10).
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Figure 10 – Gray scale maps of the 2D strain tensor component.
Positive values present expantion and negative contraction.
Note: All the theory and calculations behind this procedure are described in details
in ref. 59.
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3.2.5.

Molecular Dynamics Simulations

The MD simulations were carried out on a Pentium IV (2GHz) under Linux OS. The
MD program was written in FORTRAN90 by F. Ercolessi and improved and rewritten
in C by A. Hashibon [84].
The gold many-body potential used for the simulations was developed by Ercolessi et
al. [68]. In all studied cases free boundary conditions were applied in the z-axis and
periodic boundary conditions on the other two axes.
The initial atomic configuration consisted of a pure geometrical symmetrical tilt grain
boundary with the two 8 x 8 x 8 nm grains oriented with the [111] z.a. parallel to the
z-axis:

y

Tilt

8 nm

8 nm

z

8 nm

Tilt

x

Figure 11 - The simulated symmetrical tilt grain boundary (STGB) - z.a. [111]
Total number of atoms: 57,000

3.2.6.

Visualisation Tools

The visual inspection of the resulting simulated atomic structures was done using
RASTOP (a GUI for RASMOL developed by P. Valadon) [85], and its HTML plugin version, CHIME (by MDL information systems Inc.) [86].
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3.2.7.

EMS (Electron Microscopy Simulation)

Simulated HRTEM micrographs were generated using the EMS software package
developed by P. Stadelmann [87], on a Pentium III 1GHz computer. This software is
based on the multi-slice dynamic scattering algorithm.
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CHAPTER 4 : RESULTS
4.1.

TEM Results for NC-Gold

After mounting the sputtered gold specimens on gold TEM grids, the grain size
distribution and general morphology was investigated. A bright field (BF) TEM
micrograph of the as-deposited gold film is shown in Figure 12. Inspection of the
micrograph confirms the presence of a large fraction of twinned grains (sometimes
even triple twins in the same grain). Statistical analysis of grain size distribution
shows a bi-modal distribution (Figure 14) with a large fraction of grains with a mean
grain size of about 20nm and the rest with a mean grain size of about 30nm.

Figure 12 – Bright field TEM micrograph
of as deposited NC-Au specimen.

Figure 13 – Bright field TEM micrograph
of NC-Au annealed for 2hr @ 200°C.

Figure 14 – Histogram of grain size
distribution of Figure 12.

Figure 15 - Histogram of grain size
distribution of Figure 13.
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Grain size analysis for specimens annealed for 2hr at 200°C (Figure 13) shows the
same features and a bi-modal grain-size distribution (Figure 15) with the largest
fraction of grains with a mean grain size of about 27nm.
After annealing for 4hr at 200°C (Figure 16) the grain size distribution is log-normal
(Figure 18) and a significant change in the mean grain-size is evident, the average
grain size is about 45nm. Annealing at 200°C for 6hr (Figure 17), results in significant
grain growth and a mean grain size of about 60nm (Figure 19). Statistical analysis of
the grain size distribution shows also a log-normal distribution.

Figure 16 - Bright field TEM micrograph
of NC-Au annealed for 4hr @ 200°C.

Figure 17 - Bright field TEM micrograph
of NC-Au annealed for 6hr @ 200°C.

Figure 18 - Histogram of grain size
distribution of Figure 16.*

Figure 19 - Histogram of grain size
distribution of Figure 17. *

* In all cases the tale of the histogram representing the distribution of the finest
grain size below 5nm is missing because of the limited accuracy of the data
analysis technique. This does not mean that there are no grains in this size range.
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4.2.

XRD Results for NC-Gold

Figure 20 shows the XRD spectrum received from the as-deposited NC-gold on a
glass substrate. The expected preferred orientation in the <111> direction is visible, as
well as the contribution from the amorphous substrate. In addition, broadening due to
the small grain size and micro-strains (mentioned in section 2.2.2) is significant.

Figure 20 - XRD peak profile of the as-deposited specimen
on a glass substrate.

Figure 21 - XRD peak profiles of the (111) reflection after
different annealing times.
A closer inspection of the (111) peaks (Figure 21) from the different specimens,
shows a small decrease in the broadening due to grain growth and/or strain release
occurring during the annealing process, while the preferred orientation remains
significant.
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Grain size (Figure 22) and micro-strain (Figure 23) analysis using the integral breadth
method agrees with the above statement. The annealing process causes a grain growth
from about 18nm grain size before annealing to about 29nm after 4hr at 200°C. The
micro-strain analysis shows a decrease in strain from about 0.0027 before annealing
to about 0.0019 after 4hr at 200°C.

Figure 22 – Grain size vs. annealing time
computed from the (111) peaks.

Figure 23 – Micro-strain vs. annealing time
computed from the (111) peaks.
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4.3.

Calibration of the Strain Measurement Procedure

Hÿtch’s method [82] was chosen to perform the measurement of the strain fields. This
method has been found to be the most accurate and provides strain maps covering the
entire imaged area. Before attempting to measure the micro-strains from real HRTEM
micrographs, a calibration of the method and the determination of its accuracy are
crucial.
For a complete calibration of the technique a few tests must be performed. These tests
may include: checking the precision in measurements of linear strain fields,
determination of the accuracy in measurements of parabolic strain fields and the
examination of the influence of different imaging conditions, such as defocus and
astigmatism, on the measured strain values. The best way to check these effects is to
use simulated images, where all the measured parameters are fully under control. A
calibration of the accuracy of the method on simulated images gives the lower bound
of the estimated error. However, when applying the method to the real micrographs, a
much larger error should be expected and taken into account.

Figure 24 – Simulated lattice of gold [111] with strained layers
on both sides in the arrow directions.
The calibration procedure was applied on a gold [111] simulated specimen, with a
thickness of 3 unit cells in the z direction and a total width of 80Å in the x-y
directions (Figure 24). The middle slab, 20Å wide (colored in light grey), was used as
the reference area. On both sides of this slab of material, two strained 30Å slabs were
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generated. The strain was introduced uniformly only in the x-axis (marked with
arrows).
4.3.1.

Linear Strain Calibration

A close inspection of the x-axis line-scan results, presented in Figure 25, reveal the
fact that this method is quite sensitive to small changes in d-spacings. The width of
the unstrained slab is almost always measured precisely (20Å), with an estimated
error of ~4Å for the 0.1% strain case (i.e. 0.001x in Figure 25). However, the exact
simulated strain was always larger than the measured values (Figure 26). Moreover,
the strain profile is very rough and contains many fluctuations due to artifacts in the
micrograph and in the computational procedure.

Figure 25 – Calibration for different linear strains.

Figure 26 - Measured vs. simulated strain calibration curve.
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4.3.2.

Parabolic Strain Calibration

The same procedure was also applied for parabolic strained slabs. Here, as well as in
the former case, the width of the unstrained slab is almost always measured precisely
(Figure 27). The strain gradient in the side slabs is visible but it is not exactly
parabolic. Hence, the ability to resolve small parabolic gradients in the specimen is
quite limited and should be interpreted with great care.

Figure 27 – Calibration for different parabolic strains.
4.3.3.

Defocus Calibration

One very important parameter that may affect the image contrast and consequently the
precision of the strain measurements from HRTEM micrographs is the defocus of the
objective lens.

Figure 28 - Measured strain vs. defocus for a
simulated specimen with εxx=0.005.
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Figure 28 shows the measured average strain for simulated micrographs containing
strained slabs with 0.5% strain at different defocus values. The influence of the
different imaging conditions is obvious and not negligible. A deviation of 10nm in the
defocus value may result in an error of ~0.1% in the strain determination.
A few more parameters, such as different optical aberrations and other image
acquisition conditions may worsen the accuracy of these measurements. The main
conclusion from the calibration procedure done here is that this method may provide
an accuracy of a few tenths of percent in the strain determination when applied to
simulated images, and a rough estimation of about 1% using experimental
micrographs.
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4.4.

Experimental HRTEM Results for NC-Gold

After checking the abilities of the Hÿtch method and the influence of different
imaging conditions on the accuracy of the strain determination, the next step is to
implement the technique on real experimental micrographs.

4.4.1.

General Features

(a) A [111] Nano-grain in gold.

(b) A [220] multiple twined grain in gold.

Figure 29 – Examples of HRTEM micrographs of as deposited NC gold.
The grain boundary microstructures observed in most, as-deposited (Figure 29a) as
well as annealed specimens, do not show any special features that might show any
variation from coarser grained specimens. This is in good agreement with
observations reported in the literature (section 2.1.3). As mentioned earlier (section
4.1), many twinned grains are observed. One example of such a multiple twinned
grain is shown in Figure 29b.
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4.4.2.

Experimental HRTEM Specimens - Strain Measurements

All the results of strain measurements presented here are by no means statistical
values, but do provide ideas about the strain distributions in the nano-grains.
The results of strain measurements performed on a grain with a mean diameter of
about 16nm (Figure 30) using Hÿtch's method are presented in Figure 31.

Figure 30 – HRTEM micrographs of as deposited NC Au specimen.
Each graph shows the values of the strain tensor components (εxx, εyy and εxy) as a
function of the distance from the grain boundary. Each point in the graph represents
an average value of the strain over a rectangle of 10x100 pixels (corresponding to
1.5Å in x and 15Å in y direction) in the strain map. The grain boundary is
perpendicular to the x direction.
In all directions, there is a relatively large amount of strain with large fluctuations.
Furthermore, there is no significant change in the strain value as a function of the
distance from the grain boundary. This may be related to the fact that in as-deposited
specimens, the strain in all the grain is relatively high and therefore the difference
between the bulk and the boundary of the grain is not detectable, within the precision
limits of this method.
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(a) εxx vs. distance from the GB.

(b) εyy vs. distance from the GB.

(c) εxy vs. distance from the GB.
Figure 31 – Strain components measured for as-deposited NC gold.
It is important to emphasize that the strain results always depend on the selected
unstrained reference area. In all cases mentioned here, the center of the grain is
chosen as the reference area.
The results of strain measurements conducted on a ~20nm (Figure 32) grain are
presented in Figure 33.

Figure 32 – HRTEM micrographs of NC Au annealed for 2hr@200°C.
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(a) εxx vs. distance from the GB.

(b) εyy vs. distance from the GB.

Figure 33 - Strain components measured for NC-Au annealed for 2hr @ 200°C.
In this case large fluctuations are also present but it is possible to detect an increase in
the εxx component (which means an expansion in the lattice parameter) and a decrease
in the εyy (which means a contraction in the lattice parameter) component at a distance
of about 10Å from the GB. The εxy component remains quite the same as in the
previous case. The results of strain measurements performed on a ~25nm grain from a
NC-gold annealed for 4hr@200oC, are presented in Figure 35.

Figure 34 – HRTEM micrographs of NC Au annealed for 4hr@200°C.
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(a) εxx vs. distance from the GB.

(b) εyy vs. distance from the GB.

Figure 35 - Strain components measured for NC-Au annealed for 4hr @ 200°C.
In this case the strain gradient between the area far from the boundary and close to the
boundary is much more significant. The increase in the strain is in both directions, x
and y, and it reaches almost 9% in the x direction. The larger strain gradient may be
due to the strain relaxation due to the annealing process ; the strain in the center of the
grain is relaxed while the strain in the GB remains quite high.
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4.5.

Molecular Dynamics (MD) Simulations

After obtaining the experimental strain data from HRTEM micrographs, the next step
is to compare qualitatively and quantitatively these results with molecular dynamics
simulations. The great advantage of computer simulations is the ability to resolve the
precise atomic positions (to the sub-atomic scale) directly from the output data.
4.5.1.

Simulation Method

The study of NC materials prepared by the sputtering technique involves the
microstructural analysis of a system in a thermodynamic non-equilibrium state.
Hence, simulating such a system doesn’t require the verification whether the
simulation process has reached a real thermodynamic equilibrium state. All the
simulated specimens were built of two 8x8x8nm grains separated by a geometrical
symmetrical tilt grain boundary (STGB). The only difference between the different
specimens was the tilt angle. The idea behind the simulation setup is not to mimic a
bulk NC specimen, but to study the structure of grain boundary dislocations (GBD) in
small crystallites and the formation of strain fields in the vicinity of these GBDs.
For each given initial configuration of atom positions the system was “heated” to
300K. Three times during the simulation, the system was also heated to 400K (Figure
36) allowing unfavorable configuration in the grain boundaries to relax. The total MD
cycle included 10,000 steps, which is equivalent to a few pico seconds.

Figure 36 - Thermal treatment for the MD specimens
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4.5.2.

Symmetrical Tilt Grain Boundaries - MD Results

The results of the MD simulations for the different initial configurations are shown in
Figure 37. The color of each ball varies according to the number of nearest neighbors
in its surrounding volume (with a cutoff radius of 5Å).

y
x

(a)

MD results for 4° STGB

y
x

(b)

MD results for 10° STGB

y
x

(c)

MD results for 20° STGB

Figure 37 – MD results for the different STGBs with color scale showing the
density of neighbors in the vicinity of each atom.
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The final microstructure of the 4° STGB simulated specimen (Figure 37a) is
characterized by the presence of 3 grain boundary dislocations (see also Figure 40a)
surrounded by strain fields. These strain fields cause a decrease in the density of the
atoms (areas with green atoms), probably due to a modified arrangement of the atoms
in these regions.
The microstructure of the 10° STGB simulated specimen (Figure 37b) is characterized
by the presence of 4 grain boundary dislocations surrounded by strain fields. As in the
former case, these strain fields cause a decrease in the density of the atoms at the GB.
In addition, the density of the bulk atoms is higher (more red atoms) than in the earlier
case.
The microstructure of the 20° STGB simulated specimen (Figure 37c) is characterized
by the presence of interfacial steps at the GB (see also Figure 40c). These steps are
surrounded by rather uniform strain fields spread over about 4-5 atomic layers on both
sides of the GB. The density of the bulk atoms is smaller than in the former case
probably due to the relatively shorter ranged strain fields. This may be related to the
change from the low angle GB to the high angle GB regime.
4.5.3.

EMS Simulations

The EMS simulation software is based on the multi-slice method. Each simulated
slice of the HRTEM image is computed based on the weak phase object
approximation that assumes the simulated object to be very thin. In order to simulate
thick specimens we must slice the specimen into sub-slices, thin enough to suite the
weak phase object approximation, and carry-out the simulation sequentially.
More sub-slices demand more computer time. To reduce the EMS calculation time to
the minimum required while maintaining the accuracy of the simulated micrographs, a
calibration procedure was conducted to determine the optimal number of sub-slices
for a given specimen thickness.
4.5.3.1. Slicing Calibration
The calibration process was done on a geometrical gold bi-crystal with 20°
symmetrical tilt grain boundary. Each grain dimension was 18x18Å along the x-y
axes (Figure 38a) and 80Ǻ in the z-axis (Figure 38b).
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(a)
top view
(b) side view
Figure 38 – Top and side views of the simulated specimen used for the
slicing calibration.
The simulated specimen was divided each time into a different number of sub-slices
in the z direction. The first simulation started with no slicing at all and the number of
slices was increased to 34. In the last case, each slice contains only one atomic layer,
which is the ideal case from the weak phase object point of view, but very expensive
in computer time. For each case a full EMS simulation was carried out generating a
micrograph which was compared to the ideal case, 34 sub-slices. Using a matching
algorithm for computerized image comparison, the reliability of each multi-slice
simulation was determined. The matching algorithm was the Normalized Euclidian
Distance (NED) [88]:
N

∑ (aij − bij )

NED =

2

i, j = 0
N

∑

N

aij2

i, j = 0

∑

bij2

(7)

i, j = 0

where a and b are the matrix representation of the compared images. NED values can
range between 0-1 giving a score of 0 for a perfect matching. The NED scores
received for each slicing and matching analysis are shown in Figure 39.

Figure 39 - NED score vs. number of slices for the
multi-slice EMS simulation.
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The results show that a choise of a small number of slices (i.e. thick slices), gives
relatively large deviations in the resulting image from the ideal image. These
deviations are rather significant until 16 sub-slices. At 17 sub-slices and higher, the
NED values are very close to 0 which means a very good accuracy in the simulation.
Therefore, the optimal slicing conditions, from both computer time and reliability
point of view, are 17 sub-slices, which is equivalent to two atomic layers in each slice.
After calibrating the simulation conditions, micrographs for the atom coordinates of
the specimens received earlier from MD simulations were simulated with EMS.
4.5.3.2. Symmetrical Tilt Grain Boundaries - EMS Results
The results of the EMS simulations and their respective FFT (taken from the
boundary region), are shown in Figure 40.
Measurement of the final tilt angle between the adjacent grains proves the fact that for
the two low-angle GBs (the 10° and 4° STGBs) grain rotation occurred during the
relaxation process. The 4° tilt GB became ~6.5° tilt and the 10° tilt turned into a ~7.5°
tilt. On the other hand, for the high-angle GB (the 20° STGB) no rotation at all is
observed. This is quite predictable due to the large misfit between the two grains.
The contrast in the simulated micrographs due to the grain boundary dislocations is
clear. In the 4° STGB, 3 GB dislocations are apparent (marked by dashed circles in
Figure 40a). As the tilt angle grows the lattice misfit between the two neighboring
grains is enhanced and therefore, the density of GB dislocations is higher. Hence, in
the 10° STGB, 4 GB dislocations are present (marked by dashed circles in Figure
40b). At high angle GBs, like in the case of the 20° tilt GB, the misfit is very large
and often compensated by the formation of dislocation arrays or interfacial steps
(marked by dashed circles in Figure 40c) in order to minimize the energy of the
system.
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(a) Simulated micrograph of the [111] STGB - 4º tilt.
y
x

(b) Simulated micrograph of the [111] STGB - 10° tilt.
y
x

(c) Simulated micrograph of the [111] STGB - 20° tilt.
Figure 40 - EMS Simulated Micrograph of the gold [111] STGBs
generated by the MD simulations. The FFT images from the GB’s
are also shown as inserts.
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4.5.3.3. Symmetrical Tilt Grain Boundaries - Strain Results
The strain tensor components measured from the GB to the center of the right grain in
these simulated micrographs are presented in Figure 42 and the atomic configurations
of the respective areas are shown in Figure 41. In all cases the reference area is
precisely in the middle of each grain. Each point in the graphs is an average value
taken from an area of 1.5Å in x and 15Å in y direction. The grain boundary is
perpendicular to the x direction.
GB dislocations have a large influence on the strain field in their vicinity. Therefore,
the strain measurement near the GB is greatly affected by the area where it is
measured. The εxx-component of the strain measured on the 4° tilt boundary (Figure
42a) shows a gradient in the strain field perpendicular to the GB. The strain gradient
starts at a distance of about 13Å from the GBs and it grows to about 2-4% at the GBs.
In the εyy strain component (Figure 42b) large fluctuations are visible due to an
expansion in the d-spacing also in the direction parallel to the GB. In all cases
discussed here the xy components are rather small.

A magnified schematic model at the area where the strain was measured is shown in
Figure 41a. The color of the atoms varies according to the number of the nearest
neighbors in a cube surrounding the atom with a size equivalent to 2x2x2 unit cells in
gold (i.e. 62 neighboring atoms in equilibrium). Close examination of this figure
confirms the presence of a gradient in this density between the bulk and the GB. This
density gradient doesn't appear as sharp as in the εxx measurement (Figure 42a) since it
is an average over the volume (in all 3 directions). Moreover, the strain measured
from HRTEM micrographs is an average value over atomic columns while the density
measured from the atomic positions is specific for each atom.
Figure 42c,d present the strain components of the 10° tilt specimen. The strain
gradient here is significant mostly in the xx-axis. The expansion in the d-spacing
starts at about 30Å from the GB and it reaches a strain of about 3-4% at the GBs. In
the yy-axis, a contraction of about 1-2% at the grain boundariy is observed. The
atomic density presented in Figure 41b shows the presence of large fluctuations and
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small reduction in density at the GBs. This could be explained by the fact that in one
direction the plane spacing is increased but decreased in the perpendicular direction.
Figure 42e,f show the strain components of the 20° tilt specimen. The εxx-component
is almost zero all over the scanned area while the εyy-component shows a positive
strain gradient near the left grain boundary* reaching about 2% at the boundary. The
relative small strain is in good agreement with the colored atom scheme presented in
Figure 41c, where almost all the atoms are with the same color all over the
investigated area.
A comparison of the results received from the direct strain measurement of the strain
in the xx-axis (Figure 43a,c,e) and the measurements with Hÿtch’s method (Figure
42a,c,e) shows that Hÿtch’s method is suitable for examining trends in the strain field
but it doesn’t provide very accurate values. Both measurement methods (direct and
Hÿtch) show that the strain field near the GB decays faster as the tilt angle increases.
The direct measurement of the strain in the zz-axis, which is perpendicular to the free
surfaces, are presented in Figure 43b,d,f. The strain in these cases is relatively lower
than in the xx-axis and in some cases the strain is negative, which means an expansion
in the d-spacing. Moreover, in the cases of the 10° STGB (Figure 43d) and 20° STGB
(Figure 43f) the strain at the extreme layers, which are close to the free surface, is
lower by one order of magnitude than in the bulk layers.

*

Note : due to the periodic boundary conditions, in addition to the GB at the middle of the image
there are also GBs at the left and right end of the image. These boundaries are seen in
Figure 40 and Figure 42. In Figure 37, Figure 41 and Figure 43 the right GB is cut off to
enable the neighbor analysis without introducing edge effects.
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(a)

Magnification of the strain measurement in the 4° STGB.

(b)

Magnification of the strain measurement in the 10° STGB.

(c)

Magnification of the strain measurement in the 20° STGB.

Figure 41 – Magnification of the areas in Figure 37 where the strain
measurements shown in Figure 42 were carried out.
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(a) εxx vs. distance from the 4º STGB.

(b) εyy vs. distance from the 4º STGB.

(c) εxx vs. distance from the 10º STGB.

(d) εyy vs. distance from the 10º STGB.

(e) εxx vs. distance from the 20º STGB.

(f) εyy vs. distance from the 20º STGB.

Figure 42 - Strain tensor components measured by Hÿtch’s method
from the different STGB simulated HRTEM micrographs. The area
from which the strain is measured is the same as in Figure 41 and 43.
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(a) Ιnplane averaged εxx vs. distance
from the GB in the 4º STGB.

(b) Ιnplane averaged εzz measured
across the 4º STGB. The total
average strain measured is ~0.001.

(c) Ιnplane averaged εxx vs. distance
from the GB in the 10º STGB.

(d) Ιnplane averaged εzz measured
across the 10º STGB. The total
average strain measured is ~0.002.

(e) Ιnplane averaged εxx vs. distance
from the GB in the 20º STGB.

(f) Ιnplane averaged εzz measured
across the 20º STGB. The total
average strain measured is ~0.007.

Figure 43 – The εxx and εzz strain components measured directly from the
data received from the STGBs MD simulations. The area from which the
strain is measured is the same as in Figure 41 and Figure 42. In the εxx
results the 0 layer represents the GB plane. The unstrained distance
between two planes in the x-axis is ~0.8[Å] and in the z-axis ~2.355[Å].
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CHAPTER 5 : DISCUSSION
Thin films of NC gold were investigated as a model system for NC metals. Any
attempt to derive conclusions from such a model system on bulk NC materials must
take into account the differences between thin films and bulk materials. The 3D
crystal arrangement of a bulk nanocrystalline specimen may differ from the 2D
arrangement in thin films. This dissimilarity may be expressed by the change of the
boundary structure as it alters the forces between neighboring crystals and induces
new forces due to the energy of the free surfaces. Moreover, thin foil specimen
preparation may modify the internal stresses and hence the free energy of the entire
system (not valid in the present work). For example, it was shown that the GBs in
nanocrystalline materials are highly mobile far below 0.5Tm and which results in
structural rearrangement [11].
All HRTEM observations conducted in this work point to the fact that the grain
boundary microstructure is not anomalous. The contrast observed in the micrographs
is typical of high-angle GBs observed in coarser grained specimens. These
observations comply with the observations reported in the literature (section 2.1.3).
Furthermore, inspection of the contrast in regions far from the GBs shows a relatively
small dislocation density.

5.1.

Sources of Structural Information

There are many ways to investigate the grain size and internal micro-strain
distribution in any given material. In the scope of this study two methods were
applied. Each of the methods provides information on different components of these
parameters. The Bragg-Brentano XRD method provides information on the microstrains and grain size in the axis perpendicular to the surface of the specimen (z-axis
in Figure 44). On the other hand, the HRTEM method provides information on these
parameters in the axes parallel to the surface of the specimen (x-y-axes in Figure 44).
Thus, any simplistic attempt to compare the strain levels and grain-size measured
from thin films by these two methods is inappropriate. This would be different when
dealing with bulk materials containing randomly oriented grains.
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Figure 44 - The source of structural information obtained by
different characterization techniques.
One of the most powerful tools that may bridge the gap between HRTEM and XRD is
MD simulations. The advantage of MD simulations is its ability to provide extremely
precise information on the strain fields in any point and in all directions at the same
time.

5.2.

Thin Film Growth – Structure and Texture

When atoms are deposited onto a flat substrate several characteristic microstructures
may be observed (Figure 45). One possible resulting microstructure that may be
observed is a single crystal film that covers the substrate uniformly with a
homogeneous thickness. This configuration, often called the Frank-van der Merwe
(FM) mode, is observed for only a very small number of film-substrate combinations.
Any imperfection in the substrate may cause the aggregation of the deposited material
into clusters which are located either on the bare substrate, the Volmer-Weber (VW)
mode, or on top of a very thin film, the Stranski-Krastanov mode of growth. Neither
of the latter two growth modes is a stable equilibrium configuration.
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Figure 45 - Schematic illustration of different growth
modes of thin films. [89]
These morphologies will remain as long as surface diffusion is sufficiently high to
allow the film surface to remain close to equilibrium. However, at some point clusters
merge, and voids and grain boundaries are formed. These later stages are referred to
as “polycrystalline” and “columnar” growth modes. Kinetic effects based on
deposition rates and surface transport rates are major factors determining these
morphologies. The polycrystalline mode corresponds to a dense film, without an
appreciable fraction of voids, but containing grain boundaries. Usually the substrate is
either amorphous, or polycrystalline but with a large misfit relative to the low index
surfaces of the crystalline film material. Columnar growth occurs under conditions
similar to those for polycrystalline films, except the surface diffusion rates are
extremely low. Rough columnar crystals are formed, which are separated from each
other by void containing regions.
The XRD results presented in section 4.2 reveal the presence of a strong {111}
preferred orientation (PO) in the gold thin film. Deposition of atoms on amorphous
substrates, such as glass, by the sputtering technique is known to produce strongly
oriented nano-crystalline thin films and was reported in previous works [74]. The
strong {111} PO is attributed to the fact that the {111} planes are the energetically
favorable configuration in FCC metals.
Deposition of thin gold films on a crystalline substrate, such as NaCl single crystal,
may produce slightly more complex structures. The growth of a thin film on a
substrate made of different elements is strongly influenced by the lattice misfit
between the substrate and the deposited material. When the lattice misfit is small,
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elastic strains accommodate the mismatch and produce a coherent interface. When the
lattice mismatch is large, misfit dislocations accommodate the mismatch and produce
a semi-coherent or incoherent interface [90].
When films of FCC metals form on cleaved alkali halide (like NaCl) surfaces, the
crystallographic orientation of the metal film is normally such that either the (111) or
the (001) face is parallel to the (001) cleaved face of the alkali halide. In the former
case, there is an eight-fold multiplicity of the possible rotational orientations
commonly found, which leads to a small grain size and generally rule out single
crystal formation. For the case (001) metal  (001) alkali halide, there are only two
orientations commonly observed, and since one of these is usually dominant,
relatively large single-crystals may form [91].
In the case studied here the resulting film contains nano-sized crystallites. Therefore,
a {111} PO is expected. The PO could explain the bi-modal grain size distribution at
the early stages of grain growth which causes faster growth of {111} oriented grains
due to lower interfacial energy. Annealing of the gold film, after being removed from
the NaCl substrate, is expected to alter the microstructure in such a way that it
minimizes the total interfacial and surface energy of the system. Re-direction of the
crystallite to the {111} orientation satisfies this need and amplifies the PO. A high
enough annealing temperature is required to enable such a diffusional process.
Annealing at 200°C (>0.3TmAu) should satisfy these requirements. Harris et al.
studied the kinetics of grain growth in NC gold and claimed the existence of such a
grain rotation process [92].

5.3.

The Influence of Annealing on the Microstructure

Comparison of the average grain size measured from TEM micrographs and from
XRD peak broadening is presented in Figure 46. Both applied methods prove that
annealing of the NC-gold specimens at 200°C causes significant grain growth. As
stressed earlier, the two methods provide information on different orientation aspects
of the grain morphology. TEM provides information on the structure in the plane
parallel to the substrate, while XRD provides information on the structure
perpendicular to the substrate.
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Figure 46 - Comparison of grain size measured by
XRD and TEM.
As-deposited specimens are believed to contain relatively randomly oriented
crystallites (Figure 47a). Thermal annealing causes grain growth and one of the two
possible microstructural modification processes (or both) can cause a magnified PO.
The first possibility is that the crystallites re-orient themselves [92] into a more
energetically favorable orientation so the {111} PO increases. The second possibility
is that the system undergoes a recrystallization process where new strain-free grains
grow on the expense of the strained grains. The {111} grains grow faster because they
are energetically favorable, so the {111} PO is enhanced. The later possibility is
supported by the fact that the grain growth seems to be linear with annealing time
(Figure 46), which is characteristic to recrystallization processes. The resulting
columnar microstructure is shown schematically in Figure 47b.

Figure 47 - Comparison of grain structure before (a)
and after (b) annealing.
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XRD peak broadening is influenced by both grain boundaries and other planar faults,
such as twins. In FCC materials the twinning plane is usually the (111) plane. The reorientation of the crystallites into the {111} PO and the presence of many (111) twin
faults are probably the cause for the relatively small grain size determined by the
integral breadth of the specimen annealed for 4hr. However, during TEM grain size
measurements the twin boundaries were not referred to as GBs. Thus, TEM
measurements are not influenced by the presence of twins and consequently the grain
size increases consistently with annealing time.

5.4.

Strain Fields in NC Materials

Micro-strains in the different specimens were measured by two methods, the Integral
breadth from XRD spectrum and Hÿtch’s method from HRTEM micrographs. As
stressed earlier these two methods provide different structural information on different
components of the strain tensor. XRD provides information on the εzz strain
component and HRTEM provides data on the εxx, εyy and εxy components of the strain
tensor.
Any attempt to measure strains directly from HRTEM micrographs, by any chosen
method, should take into account all the artifacts that may affect the measurement.
These artifacts can originate from the optical system (such as aberrations), image
acquisition setup, satellite noise due to amorphous layers and obviously the errors
introduced by the analysis technique. The calibration procedure, conducted in this
work (section 4.3) on Hÿtch’s method, is only partial and should include more
aspects. The calibration tests performed proved that the accuracy of this method for
strain analysis is limited. The error in the estimation of the strain under real
experimental conditions may reach as much as 1% strain.
The micro-strain values measured in this work from the XRD spectrum (Figure 23)
are in good agreement with the values reported in previous works (Table 1 in section
2.2.3). As expected, the strain in the z direction is in the order of a few tenths of a
percent, and decreases as a function of annealing time. The decrease in strain during
thermal annealing is probably due to a relaxation process occurring in the grains [78].
The strain in the z-axis measured from the MD simulations (Figure 43) is also in the
same order of magnitude as the results from the XRD analysis.
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The HRTEM measurements showed strains in the x and y directions higher by
approximately one order of magnitude. This could be explained by the fact that in the
z direction the grains are terminated by a free surface, hence the atoms are free to
relax and the strain is released.
Strain mapping by Hÿtch’s method is very sensitive to the selected reference area.
Choosing a reference area containing no strain is not always possible. An example for
such a case is the as-deposited small grains where all the area of the grain is strained
(Figure 31). In such a case the strain fluctuations in the map are large and no strain
gradient is observed. During annealing grain growth occurs and some of the strain is
relieved. After 4hr annealing at 200°C (Figure 35) the strain in the bulk of the grain is
much smaller than in the boundary region and the strain gradient is appreciable.
Additionally, oscillations in the strain are observed. These oscillations could be
artifacts introduced by the measurement method since they fit in the error range.
However, Lugovskaya et al. [93] reported on MD simulations that showed the
presence of oscillations of interplanar spacings in the vicinity of GBs at a
Σ9(114)38.9°[110] tilt boundary (Figure 48).

Figure 48 - Oscillations of the relative interplanar
spacings in the vicinity of a tilt boundary in tungsten,
calculated by the MD method (solid curve) and within
the continuum model (dashed curve). [93]
Sutton and Ballufi explained this phenomenon from both a geometrical and energetic
point of view [94]. The geometrical origin of the oscillations, as illustrated in Figure
49, is the local bending of planes due to the formation of edge dislocations at the
boundary. As will be discussed later (section 5.4.2), the elastic strain field of the
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dislocations decays exponentially in the bulk. Hence, the oscillations in the
interplanar spacing also decay exponentially.

Figure 49 - Geometrical illustration of an (a) unrelaxed
and (b) relaxed tilt boundary showing the oscillations in
displacement and the exponential decay. [94]
These oscillations in the interplanar spacing are believed to be typical of most grain
boundaries in metallic, covalent and ionic solids.
5.4.1.

GB and Lattice Dislocations

Ultra-fine grained materials are usually prepared under conditions far from
equilibrium. The internal stresses present in these materials might be explained simply
by the high density of dislocations. However, the density of lattice dislocations
observed in NC materials is not enough to cause such high strains [95]. Nazarov et al.
suggested an alternative approach to the origin of the internal elastic fields based on
the concept of nonequilibrium GBs [95]. According to the HRTEM observations in
the present work (section 4.4) and also reported by other groups [16], lattice
distortions in NC materials mainly exist near the GBs. This fact was also proved by
the MD simulations presented in section 4.5.2. Nazarov et al. came to the conclusion
that the GBs act as the sources of these distortions. Since the dislocations are unstable
within the ultra-fine grains they are repelled to the GBs leading to their
nonequilibrium structure [96].
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5.4.2.

Models for Strain Fields Around GB Dislocations

Many models for strain fields surrounding the dislocations have been developed. Most
of these models are based on the continuum theory of elasticity and deal with uniform
dislocation arrays.
A.H. Cottrell developed a model which treats the problem of dilatation fields near
dislocation arrays in STGBs [97]. The field of dilatation for equidistanced 2n+1 GB
dislocations (GBD) is expressed as:
∆ = εxx + εyy = −

b 1 − 2ν +n
y − kD
∑
2
2π 1 − ν k =−n x + (y − kD )2

(8)

where b is the Burger vector, ν is the Poisson ratio, D is the distance between two
neighboring dislocations, y is the coordinate parallel to the boundary and x is the
distance perpendicular to the GB. These axes follow the notation of the calculations
made in the present study. The appropriate theoretical values for the 4°, 10° and 20°
STGBs studied in this work were introduced into equation (8). The results are shown
in Figure 50.

Figure 50 - Cottrell’s model for an array of dislocations in STGBs.
b= 2.8779[Å], ν=0.42 and D was calculated using the ReadShockley model for dislocations.
This model shows the presence of larger strain fields near high angle GBs but the
strain decays faster with distance from the boundary. This could be explained by the
minimization of the total strain energy at the boundary. According to this model, far
enough from the boundary (x>>D) the dilatation decays exponentially as:

∆ = εxx + εyy ∼ e −πx / d

(9)
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Other models, such as the one developed by Lugovskaya et al. [93], also predict an
exponential decay of the strain near the grain boundary. All these models deal with
large grains and they assume that the strain field at a given point (x,y) is influenced
only by the boundary situated at x=0. These models do not take into account the effect
of other GBs, such as in nano-sized grains, and the influence of the strain field caused
by these GBs.
Nazarov et al. proposed a model of nonequilibrium GBs based on the concept of
disordered extrinsic grain boundary dislocation (EGBD) arrays [95,98], as illustrated
in Figure 51.

Figure 51 – A model polycrystal consisting of
square shaped grains divided by infinite GBs
containing disordered EGBD networks. [95]
In this configuration, the average strain in the x direction is computed as follows:
εx2'x ' =

N
N
N
(8ν 2 − 8ν + 3)b 2 ρ  N
1
1
1
1 


+
+
+
∑
∑
∑
∑
2
 n =1 nd − x n =0 nd + x n =1 nd − y n =0 nd + y 
64π(1 − ν )

(10)

where b is the Burger vector, ν is the Poisson ration, d is the grain size, ρ is the
density of dislocations. Integration and summation of the terms in this equation gives
the following formula for the average strain in the nano grain:

εi =

R 
b
8ν 2 − 8ν + 3
ρ ln  
 2b 
4(1 − ν )
πd

(11)

where R is the specimen size. Introducing the parameters of the system modeled in
this work into this equation (i.e. R=20nm) results in average strain of 1% in the x-y
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plane of 20° STGB, ~0.9% for the 10° STGB and ~0.85% for the 4° STGB. These are
slightly lower than the values measured from the MD simulations (section 4.5.3.3).
Nevertheless, these values are averaged over the grain. Following this model, the
strain field decays as x-1/2 away from the boundary.
From the experimental and simulation results it is hard to conclude about the model
which is more appropriate to describe the strain field near GBs in NC gold. Cottrell’s
model seems to quite reasonably describe the strain field range, while Nazarov’s
model predicts (more or less) the average strain all over the grain. Further
investigations should be carried out in order to resolve more clearly the strain field
decay mode.
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CHAPTER 6 : SUMMARY AND CONCLUSIONS
One of the primary purposes of this research was to define a methodology to measure
local micro-strains at the nano-scale from HRTEM micrographs. To achieve this goal,
a few available methods to measure the strains directly from the micrographs were
tested. Hÿtch’s method was found to be the most appropriate one. A calibration
procedure was carried out on simulated micrographs to define the accuracy of the
method. The error in the estimation of the strain under real experimental condition
may reach as much as 1% strain. In comparison with the other HRTEM available
methods, this accuracy is quite reasonable.
Another goal was to investigate microstructural parameters in the NC gold thin film,
such as the grain size distribution and the average micro-strains present in the
material. XRD and TEM results for NC gold specimens after various annealing
treatments showed that the gain size and their structure evolve during the annealing
process resulting in grain growth, reorientation and/or recrystallization of the grains
giving a columnar structure and a reduction in the internal micro-strains.
MD simulations were carried out in order to shed some light on the possible origin of
the strain fields and to correlate between the various micro-strain results from XRD
and HRTEM. The origin of these micro-strains is probably the presence of a high
density of GB dislocations causing strain fields gradients in the grain which depend
on the structure of the boundary.
A few existing models for strain fields near GB dislocations were examined.
Cottrell’s model dealing with GB dislocation arrays in equilibrium STGBs predicts
the presence of higher strain fields at the boundary of higher tilt angles, but with faster
decay of the strain field away from the boundary. The MD results were in good
agreement with this prediction. Nazarov’s model for nonequilibrium GBs in NC
materials can be used successfully to predict approximately the magnitude of the
average strain in the nano-grains. The average strain predicted by this model was the
same order of magnitude as the MD results.

Comparison of the main results obtained from the different sources is summarized in
Figure 52. There is good correlation between the grain size results obtained by XRD
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and TEM measurements. Good correlations were also found between the strain results
in the z-direction measured by XRD and MD simulations. The strains predicted by the
theoretical models are lower than the strains measured by the experimental HRTEM
and MD simulations.

Grain size ≈ 20nm
εxx & εyy ≈ 1÷10%
εxx & εyy ≈ 0.5÷2%
Models for
strain fields near
GB dislocations

εxx & εyy ≈ 1÷10%
εzz ≈ 0.1÷
0.1÷1%

HRTEM

Summary &
Conclusions

Data
from literature

Molecular
Dynamics

XRD
εzz ≈ 0.1÷
0.1÷1%

εzz ≈ 0.1÷
0.1÷1%

Grain size ≈ 20nm

Figure 52 – Summary of the results obtained in the present work.
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CHAPTER 7 : RECOMMENDATIONS FOR FUTURE
RESEARCH
In order to fully understand all the important microstructural factors influencing the
micro-strains in NC gold more work is needed in the following subjects:
Thin film microstructure:
•

Investigation of cross-section TEM specimens of the NC gold thin film to
resolve the precise microstructure of the films in order to understand the
structural evolution of the system during annealing.

Hÿtch’s method:
•

To resolve more precisely the accuracy of the method in determining the
strains, it would be important to investigate the influence of other parameters,
such as the presence of ‘amorphous’ noise in the micrograph, the presence of
aberrations (such as astigmatism) and the deviation from zone axis on the
results.

•

To improve the accuracy of the method it may be useful to try and introduce a
strain free simulated region into the experimental image so it can be used as
the reference area. Another possibility is to try and combine other available
methods (like the CUSUM method mentioned in section 2.2.4.1) with this
method. Preliminary tests showed promising possibilities.

MD simulations:
•

The next stage in MD simulations would be the investigation of the microstrain distribution on larger simulated specimens with nano-grains generated
by the 3-D Voronoi construction, as mentioned in section 2.3.2. These
simulations may provide more realistic and precise results.

Models for strain fields near GB dislocations:
•

Further tests to check the validity of the different models available are crucial
for the prediction of strain fields in NC materials. These models may explain
the special properties of NC materials.

Other model systems:
•

Investigation of other model systems such as nano-Si and nano-MgO would be
very interesting and may provide insight on the influence of different atomic
bonding on the micro-strains in NC materials.
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APPENDIX
I.

Properties of gold (Au)

Crystalline Structure

FCC

Atomic Radius

1.44 [Å]

Lattice Parameter (at 0K)

4.07 [Å]

Melting Temperature (Tm)

1064°c = 1773K

Density at 300K

19.32 [gr/cm3]

Poisson’s Ratio (ν)

0.42

Thermal Expansion Coef. (α)

14.2x10-6 [1/°c]

II.

Table of d-spaces in gold
Table 2 – d-spaces and Bragg-angles in Gold.
hkl
111
200
220
311
222
400
331
420
422

2θ° [for λ=1.54056Å]
38.184
44.392
64.576
77.547
81.721
98.133
110.79
115.25
135.41
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d [Å]
2.3550
2.0390
1.4420
1.2300
1.1774
1.0196
0.9358
0.9120
0.8325
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תקציר
בשנים האחרונות ,מחקרים רבים עוסקים בחקר החומרים הננו-גבישיים .חומרים אלו מושכים
תשומת לב רבה בשל תכונותיהם יוצאות הדופן המתבטאות בין השאר בקשיות גבוהה ומשיכות
גבוהה .תכונות אלו מיוחסות לעובדה כי לחומרים אלו ,בעלי גרעינים בסקלה הננו-מטרית ,שבר
נפחי יחסית גדול של אטומים בגבולות הגרעין .לכן ,יש חשיבות רבה למחקר מדוקדק של המבנה
האטומיסטי ואפיון מדויק של פרמטרי המיקרו-מבנה ,כגון גודל גרעין ומעוותים פנימיים ,הן
מנקודת מבט מדעית והן מנקודת מבט טכנולוגית.
במחקר זה נבחרה מערכת של זהב ננו-גבישי לשמש כבסיס לאפיון כמותי של פרמטרי מיקרו-
מבנה שונים .כמו נבחנו קיומם ופילוגם של המיקרו-מעוותים בגרעיני הננו ,והשפעת גודל
הגרעינים על מעוותים אלו .להשגת מטרה זו שולבו שיטות אפיון מבוססות )כגון דיפרקצית קרני
 (Xושיטות פחות נפוצות )כגון מיקרוסקופית אלקטרונים חודרת בהפרדה גבוהה,HRTEM ,
בשילוב עם סימולציות מחשב ועיבוד תמונה כמותי( על מנת לאפשר מדידה ומיפוי של שדות
המעוותים בסקלה הננו-מטרית.
לשכבה דקה של זהב ננו-גבישי מספר יתרונות בולטים אשר הופכים אותה למערכת נוחה למחקר
כמודל למתכות ננו-גבישיות .הכנת הדגמים באמצעות שיטת הניתוז ) (sputteringמאפשרת להכין
בקלות רבה שכבות דקות ננו-גבישיות ללא החדרת יותר מידי תופעות לוואי בדגמים אשר עלולים
לשנות את המיקרו-מבנה של החומר .כמו כן ,חקירת דגמי הזהב במיקרוסקופ או בכל כלי אפיון
אחר הינה קלה וישירה מאחר והזהב אינרטי לסביבה )לא עובר חמצון(.
לצורך אפיון המיקרו-מבנה של החומר נעשה שימוש בשיטות שונות .מספקטרום קרני הX-
הוערכו גודל הגרעינים והמיקרו-מעוותים באמצעות שיטת ההרחבה האינטגרלית ) Integral
 (Breadthהמתבססת על ניתוח ההרחבה של הפיקים בספקטרום .מתמונות מיקרוסקופית
האלקטרונים החודרת הוערך ישירות פילוג גודל הגרעינים .התוצאות שהתקבלו במחקר עבור
דגמי זהב ננו-גבישי שעברו טיפולי הרפיה שונים הראו שלתהליך ההרפיה השפעה על גודל
הגרעינים ועל התפתחות המיקרו-מבנה שמתבטאת בגידול גרעינים ,הכוונה ) (re-orientationו/או
גיבוש מחדש של הגרעינים שמביאה ליצירת מבנה עמודי ולירידה במיקרו-מעוותים בחומר.
פרסומים רבים בספרות מצביעים על העובדה שחומרים ננו-גבישיים מכילים יחסית לא מעט
מיקרו-מעוותים .בחלק מהמאמרים דווח על תוצאות כמותיות ממדידות דיפרקצית קרני .X
תוצאות אלו יכולות לתת מושג רק על ערכים ממוצעים של המעוותים בכל הדגם .אולם ,באף
מחקר לא הוצגו תוצאות של מדידות ישירות ומיפוי של שדות המיקרו-מעוותים בגרעיני החומר
הננו-גבישי .במהלך שני העשורים האחרונים התנהל ויכוח בקהילה המדעית על השאלה האם
לגבולות הגרעין בחומרים הננו-גבישיים תכונות אנומליות או שמדובר בגבולות עם מבנה דומה
לזה של חומרים בעלי גודל גרעינים גדול .כיום כבר מקובל על רוב החוקרים כי הטענה השניה

היא הנכונה .טענה זו מבוססת על מחקרים רבים שפורסמו על תצפיות  HRTEMבחומרים ננו-
גבישיים מסוגים שונים ומגוונים .כל תצפיות ה HRTEM-בעבודה זו מצביעים על העובדה
שהמיקרו-מבנה של גבולות הגרעינים אכן תואם לטענה זו .הקונטרסט בתמונות אלו אופייני
לחומרים בעלי גבולות גרעינים עם זוית הטיה כפי שנצפה גם בחומרים בעלי גודל גרעינים גדול.
ישנן שיטות שונות למדידת מעוותים ישירות מתמונות שריג המתקבלות באמצעות מיקרוסקופית
אלקטרונים חודרת בכושר הפרדה גבוה ) .(HRTEMחלק מהשיטות מדויקות יותר וחלקן
מדויקות פחות Hÿtch .וקבוצתו פיתחו שיטה אלגנטית למדידת המיקרו-מעוותים הללו ישירות
מתמונות השריג .שיטה זו מבוססת על אנליזה של שינויי המרכיבים במרחב ההפיך )מרחב התדר(
המאפיינים את המחזוריות בתמונת השריג .תמונת שריג עם מחזוריות מושלמת ,ללא מעוותים,
מאופיינת ע"י שיאים חדים במרחב ההפיך .כל שינוי או מעוות במחזוריות מתבטא במריחה של
השיאים במרחב ההפיך .ניתוח של המריחה בעוצמות במרחב ההפיך מאפשר לזהות ולמפות
עיוותים מקומיים במחזוריות בתמונת השריג .בשונה משיטות מדויקות אחרות ,כגון Moiré
אופטי ,שיטה זו מאפשרת מיפוי מלא של המעוותים בתמונת השריג.
על-מנת לקבוע את דיוקה של השיטה הנ"ל בוצע כיול חלקי של השיטה על גבי סימולציות של
תמונות שריג )באמצעות תוכנת  (EMSבהן הוכנסו באופן מבוקר מעוותים .כיול זה הראה גם כי
לפרמטרי הצילום ,כגון סטיה מפוקוס ,עלולה להיות השפעה לא מבוטלת על הדיוק במדידה.
בדיקות אלו הראו כי שיטה זו יחסית מדויקת ובמקרה של תמונות אמיתיות השגיאה במדידת
המעוותים עלולה להגיע עד לכדי  1%של מעוות.
בנוסף למדידות מתמונות נסיוניות נעשה שימוש בשיטות נוספות לבדיקת טבעם של מעוותים אלו
ומקורם .סימולציות מחשב של מודלים אטומיסטיים הן כלי חזק לחקר משטחי ביניים ופגמים
מקומיים ברמה התת-ננומטרית ולכן עשויים לעזור במחקר זה .קיימות שיטות שונות
לסימולציות כאלה ,בהן סטטיקה מולקולרית ,סימולציות מונטה קרלו ,סימולציות ,ab-initio
וסימולציות דינמיקה מולקולרית .השיטה האחרונה מאוד נפוצה ונחשבת לאמינה ביותר.
השימוש בסימולציות דינמיקה מולקולרית עזר לשפוך מעט אור על המקורות האפשריים לשדות
המעוותים בגרעיני הננו .המקור לשדות מעוותים אלו הוא כנראה המצאותה של צפיפות גבוהה
של נקעי גבול גרעין הגורמים לגרדיאנט שדות מעוותים בתוך הגרעין .שדות אלו תלויים ישירות
במבנה גבול הגרעין .כמו כן ,כלי זה עזר לקבל התאמה בין תוצאות מדידת המיקרו-מעוותים
שנתקבלו ממדידות  X-rayומיקרוסקופית אלקטרונים חודרת.
קיימים בספרות מספר מודלים לשדות מעוותים סביב נקעי גבול-גרעין .המודל של  Cottrellעוסק
בניתוח שדות המעוותים סביב מערך של נקעים בגבול הטיה סימטרי בתנאי שיווי משקל .מודל זה
צופה שדות מעוותים גבוהים יותר בגבול הגרעין עבור גבולות עם זוית הטיה גבוהה אך דעיכה
מהירה יותר במעוות עם המרחק מהגבול .המודל של  Nazarovעבור גבולות גרעין שלא בתנאי
שיווי משקל מאפשר לצפות פחות או יותר את המעוות הממוצע בגרעין הננו-גבישי.

התוצאות הנסיוניות והתאורטיות מעבודה זו צופות שדות מעוותים של מספר אחוזים בכיוונים
הניצבים לגבולות הגרעין בחומר הננו-גבישי ולשדות קטנים הרבה יותר )עשיריות האחוז(
בכיוונים הניצבים לפני השטח החופשיים של השכבה הדקה.
מחקר זה עסק במערכת של מתכת ננו-גבישית .יהיה מעניין לבדוק במחקרים עתידיים את
פרמטרי המיקרו-מבנה בחומרים שונים ,כגון ננו-סיליקון וננו-מגנזיה ,בהם סוגי הקשרים
הכימיים שונה ולראות כיצד אלו משפיעים על שדות המעוותים בגרעין הננומטרי.
על מנת לשפר את הדיוק של שיטת  Hÿtchאפשר לנסות ולשלבה עם שיטות אחרות .כמו כן ,חשוב
לשפר את הכיול של השיטה על-מנת לאפשר קביעה מדויקת יותר של הדיוק של שיטה זו.
השלב הבא בסימולציות הדינמיקה המולקולרית יהיה בדיקת פילוג המיקרו-מעוותים בדגמי
הדמיה ראליסטיים גדולים יותר המכילים גרעינים ננומטריים רבים.

