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Quasicrystals is a new kind of material that have several interesting aspects to it. The 
unusual atomic structure entails many anomalous and unique physical properties, for 
example, high hardness, and extremely low electrical and thermal conductivity. In thin 
films quasicrystals would enable new functional materials with a combination of 
attractive properties.  

In this work, AlCuFe and Nanoflex steel, materials that are known to form 
quasicrystals in bulk, have been deposited as thin films on Si and Al2O3 substrates using 
DC magnetron sputtering. These thin films were heat treated, and the formation and 
growth of different phases, among other approximant and quasicrystalline phases, were 
studied using mainly in-situ X-ray diffraction.  

During the project several problems with the formation of quasicrystals were 
encountered, and it is proposed how to overcome these problems, or even how to make 
use of them. Finally, the quasicrystalline phase was realized, although it was not 
completely pure. In the end suggestions for future work is presented. 
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Chapter 1 
 
 

Introduction 
 
 
 
 
 
 
 
Quasicrystals are a recently found group of materials that can be considered among the 
most artistic and sophisticated creations of nature. Although it was only recently 
discovered, more than hundreds of different quasicrystals and related approximant 
phases have already been identified and the list of systems containing quasicrystalline 
phases is continuously growing for each year that passes. 

Quasicrystals could initially only be made from methods of rapid solidification to 
form metastable phases that collapsed to conventional crystals after moderate heating. 
As more scientists became interested in this new, odd kind of material and more research 
was conducted, the stability issue was solved and new methods to produce quasicrystals 
was developed. Today stable quasicrystals can be produced in large sizes with several 
methods like e.g. Czochralski growth. 

Research on what quasicrystals actually are, how they form, are structured, what 
properties they have, and how to use them in modern society, are being conducted 
worldwide and are steadily progressing. The many odd properties give room for a lot of 
interesting applications in many different areas such as thin film surfaces, precipitation 
hardening and possible uses in hydrogen storage and thermoelectricity. 

In this work, studies of the formation and growth of quasicrystals in thin films 
have been conducted. The thin films have been deposited using magnetron sputtering 
followed by controlled annealing for the Al-Cu-Fe system and for Nanoflex stainless 
steel. The depositions and characterizations have been performed using the equipment 
available at the Department of Physics, Chemistry and Biology (IFM) at Linköping 
University. 
 
 
1.1 Quasicrystals 
 
A crystalline material is a material where the atoms are arranged in a periodical pattern 
and exhibiting rotational symmetries which can easily be described mathematically. A 
few examples are pure metals like copper or salts like NaCl. 

An amorphous, or glassy, material is a material where the atoms can not be ordered 
in any pattern, periodical or non periodical, and does not exhibit any rotational 



symmetries. They are thus the opposite of crystals. Ordinary glass and amber are 
examples from this group of materials. 

A quasicrystal is a material that follows a determined pattern just like crystals do, 
but for these the atoms can not be ordered in a periodical manner. Furthermore, they 
exhibit rotational symmetries that are forbidden for crystals. It is a material in the regime 
in between those of crystals and amorphous that has only recently been discovered. 
 
 
1.1.1 Birth of a Monster 
 
The discovery of quasicrystals was made by Dan Shechtman [1] in 1982 when he 
observed a diffraction pattern containing the forbidden 5-fold symmetry from a rapidly 
quenched Al-Mn alloy. Figure 1.1 contains the diffraction patterns Shechtman obtained. 
It took Shechtman two whole years, April 1982 to November 1984, to convince his 
colleagues of his discovery before publishing in 1984 under the title ”Metallic Phase 
with Long-Range Orientational Order and No Translational Symmetry” [1]. This was 
met by a large resistance from the scientific community and in particular by 
crystallographers around the world where it was seen as a monster trying to disturb the 
well established harmony made up of crystals and amorphous materials. Among other 
things, the 5-fold symmetry was explained as being a result from twinning, briefly 
explained as crystal grains with a pie-like appearance, all five grains having the same 
center, giving a superpositioned diffraction pattern rotated 72° to each other.  

Shortly afterwards, 8-, 10-, and 12-fold symmetries, which are all forbidden for 
crystals, were observed, and in 1991 the International Union of Crystallography 
accepted the existence of non-periodical crystals; quasicrystals. 

 

 
 
Figure 1.1 Selected-area electron diffraction patterns taken from a single grain of the icosahedral phase. 
2-, 3-, and 5-fold symmetries of the icosahedral symmetry are clearly visible [1]. 
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1.1.2 Quasicrystalline Symmetries 
 
The different symmetries originate from quasicrystals with different formations of its 
atoms. The 5-fold symmetry is obtained from quasicrystals made up from a lattice of 
icosahedral structure, which includes both the icosahedron and dodecahedron bodies, 
and is a 3D quasicrystal which is non periodic in all three dimensions. These can be 
described by six vectors obtained from a 6D hyperspace from where they have been 
projected [2]. 

8-, 10- and 12-fold symmetries all originate from quasicrystalline planes which are 
periodic in the third dimension. These planes can be described as made up of at least two 
tiles of large and small sizes to form the desired symmetry. By continued tiling it is 
possible to regain the initial 8- ,10-, or 12-fold polygonal form, but with sizes τ2 larger, 
where τ is the golden mean. The golden mean is an important irrational number that is 
frequently appearing for quasicrystals: 
 

5 1 12cos(36 ) 1 1.61803398...12 1 11
1 ...

+
τ = ° = = + =

+
+

+

 (1.1) 

 
The golden mean is obtained by solving the equation: 

 
τ τ 1 = 02 - -  (1.2) 

 
There are also quasicrystals of only one dimension, where the planes are periodic 

but have a non periodic stacking following the fibonacci sequence of large and small 
distances with the ratio τ between each plane [3]. 
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Figure 1.2 a) The Penrose rhombus tiling illustrating a 5-fold symmetry. b) A simple figure of the 
deflation for a pentagon. c) A portion of the Fibonacci sequence where the intersections of crystalline 
planes for a 1D quasicrystal are marked with dots d) The dodecahedron and icosahedron. 
 
 
1.1.3 Quasicrystalline Properties and Applications 
 
Many quasicrystals are partially or entirely made up by metals, which among other 
things are known for being good conductors. The properties of quasicrystals of these 
metals are however very different. For example, the electrical conductivity of 
quasicrystals is very poor with the resistivity in class with those of good insulators, and 
its temperature dependence is opposite of what is observed for crystals. In Figure 1.3 the 
electrical conductivity of a quasicrystal and some of its approximants are shown. A 
crystal of almost the same composition as the quasicrystal is included. 
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Figure 1.3 Electrical conductivity for icosahedral and approximant phases: (a) α-(Al,Si)CuFe; (b) the 
three approximant phases; namely orthorhombic O-Al60.4Cu29.9Fe9.7, pentagonal P1-Al63.6Cu24.5Fe11.9, and 
rhombohedral R-Al63.6Cu24.5Fe11.2; (c) icosahedral I-Al61.8Cu26Fe12.2; (d) icosahedral I-Al62.5Cu25Fe12.5. 
Inset: conductivity of the (non-approximant) tetragonal ω-phase Al7Cu2Fe phase. From [4]. 
 
A few of the properties of quasicrystals can be listed as [5,6]: 

 
• High electrical resistivity 
• High thermal resistivity 
• Decreasing resistivity with increasing temperature 
• Hard 
• Very fragile 
• Wear resistant 
• Chemically inert 
• Oxidation resistant 
• Low surface energy 
• Low friction 
• High formation temperature 
• Narrow, if any, stability range 
• Small compositional range 
• Sensitive to impurities 

 
The unique combination of properties for quasicrystals has made them very attractive, 
although at the same time unsuitable for many applications in bulk form. At present, the 
only viable form for practical application of quasicrystals is as thin films or as inclusions 
in other metals since bulk quasicrystals are very brittle. Examples of both uses are the 
frying pans Cybernox from Sitram, which uses a quasicrystalline thin film, and the 
stainless steel Nanoflex from Sandvik AB, which contains inclusions of quasicrystals. 
For certain systems of quasicrystals, uses in hydrogen storage are also a potential 
application. 

Another interesting property of the 1D and 2D quasicrystals as compared to the 3D 
ones is that while in the quasicrystalline directions they share the properties of 
 5
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quasicrystals, in the crystalline directions they share those of crystals, which are quite 
different.  
 
 
1.1.4 Approximants 
 
At compositions close to the quasicrystalline phase usually several crystalline phases 
with large cell sizes exists. These are the approximant crystal phases and they are very 
similar, both in terms of structure and properties, to their parent quasicrystal although 
they lack the distinct non-periodical behavior. They have been found to have locally the 
same structure as quasicrystals and often have a much wider compositional range and 
can be stable even if the quasicrystal is not. The similar structure is the reason why they 
also share their properties, although in lower quality, even though they actually are 
“ordinary” crystals. These approximant phases are also very interesting for both 
scientific and commercial uses. To determine the structure of quasicrystals much 
research is done by studying the structures of the approximants, and commercially they 
are interesting since they do not share the weaknesses of stability and compositional 
issues, but still exhibit the other desired properties. 

An approximant is defined using four rules. The first two are defining a non-
canonical approximant, plus the extra two for the more rigorous definition of a canonical 
approximant [5]: 

 
• Chemical composition similar to that of the quasicrystal. 
• Large unit cell containing big atomic clusters with icosahedral point symmetry. 
• A crystal that may be put in one-to-one correspondence with a quasicrystal by 

referring to the same cut and projection scheme from high dimensional space 
while substituting rational numbers p/q to the golden mean τ. 

• Exhibit nearly the same electron density as their parent quasicrystal. 
 
Concerning the last rule, it is much more common to compare the number of valence 
electrons per atoms, e/a, instead of per volume. Many quasicrystalline phases fall in the 
category Hume-Rothery alloys [7]. These phases have the property of making 
constituent transition metals (TM) of the phase have apparent negative valence electrons. 
This must be taken into account when comparing the valence electrons per atoms 
between phases. Quasicrystals in Al-TM alloys have been found to exhibit a valence 
electrons per atoms around 1.75 which is used to found new quasicrystals or 
approximants.  
 



1.2 Icosahedral AlCuFe 
 
The stable icosahedral AlCuFe phase (iACF or simply I) of face centered icosahedral 
(fci) character was first identified by Tsai [8] in 1987 in a compound of Al65Cu25Fe10. 
The diffraction peaks of the I-phase had however already been found in 1939 by Bradley 
and Goldschmidt, but was left undetermined as a complex structure denoted ψ [9]. The 
identification of the I-phase was of great importance since it was the first quasicrystal 
with an fci lattice and also the first quasicrystal that showed sharp diffraction peaks that 
unambiguously were associated with a quasicrystalline structure unlike the previously 
found metastable simple icosahedral quasicrystals [10]. Later it was found that 
Al62Cu25.5Fe12.5 was the ideal composition (see e.g. [11]) where the phase remained 
stable and had sharp unchanged diffraction peaks down to room temperature. The I-
phase has been found to be able to form around 450 °C [12] and transforms at 882 °C 
into a combination of liquid with β-phase and/or λ-phase [13]. The peaks are however 
relatively broad for annealing at temperatures below 700 °C. 

Several crystalline and approximant phases that are surrounding the I-phase at 
elevated temperatures are given in Table 1.1 and shown in Figure 1.4. Other relevant 
phases are included as well in the table. 

It should be noted that the approximants P1, R and O form a line of e/a ~1.92 in 
their single phase areas, compared to e/a ~ 1.86 for the I-phase, where the electron 
valences are 3, 1 and -2 [7] for Al, Cu and Fe, respectively. 

On the Al-rich side of ideal I-phase it is possible to obtain all of the I-phase, one of 
the P1- or the O-phase, and the R-phase from the same sample at different temperatures, 
independent of which of these states is initially present, since they are all 
thermodynamically reversible. Below 680 °C the R-phase is formed and above 715-740 
°C imperfect I-phase is formed. P1- and O-phases are formed at temperatures in between. 
The transitions are rapid to the I-phase, but slow from I-phase to the approximants [11]. 
 

 
 
Figure 1.4 The equilibrium phase diagram at 700 °C for the Al-Cu-Fe system as proposed by Quiquandon 
[11]. 
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Table 1.1 Crystalline, approximant, and other relevant phases in the Al-Cu-Fe system. 
 

Name Structure Composition Lattice 
parameter p/q Comment Reference 

R rhombohedral Al63.4Cu25Fe11.6 to 
Al61.6Cu28Fe10.4 

a=32.14 Å 
α=36° 3/2 Approximant 11 

P1 pentagonal Al63.6Cu24.5Fe11.9 a=52.31 Å 4/3 

Approximant 
The lattice 
parameter is for 
the periodic axis. 

11 

P2 pentagonal Al60Cu30Fe10 a=84.49 Å 7/4 

Approximant 
The lattice 
parameter is for 
the periodic axis. 

11 

O orthorhombic Al60.3Cu30Fe9.7 
a=32.16 Å 
b=116.34 Å 
c=19.85 Å 

- Approximant 11 

α cubic Al55Si7Cu25.5Fe12.5 
a=12.33 Å to 
12.40 Å 1/1 

Approximant. 
Broad 
composition 
range. Prevents 
formation of i-
AlCuFe. 

4, 14 

β cubic Al50(CuFe)50 a=2.904Å - 

CsCl structure 
type (B2). 
Can hold up to 
40% Cu. 
Lattice parameter 
is for AlFe. 

15 

ω tetragonal Al7Cu2Fe a=6.336 Å 
c=14.87 Å - - 16 

λ monoclinic Al13Fe4 

a=15.5 Å 
b=8.1Å 
c=12.5 Å 
β=107.7° 

- 

Sometimes 
refered to as 
Al3Fe or θ-
Al13Fe4.Can hold 
up to 5% Cu. 
Approximant to 
the decagonal 
quasicrystal d-
AlFe. 

17, 15 

φ rhombohedral (?) Al10Cu10Fe - - Formed during 
slow cooling.  13 

θ tetragonal Al2Cu a=6.066 Å 
c=4.885 Å - - 15 

η2  monoclinic AlCu 

a=12.066Å 
b=4.105Å 
c=6.913Å 
β=55.04° 

- - 15 

γ cubic Al4Cu9 a=8.7023 Å -  15 
 cubic AlFe3 a=5.791 Å - face-centered 15 

τ7 monoclinic Al3Fe2Si3 

a=7.179Å 
b=8.354Å 
c=14.455Å 
β=93.8° 

- - 18 

τ3 
orthogonal Al2FeSi 

a=7.995Å 
b=15.162Å 
c=15.221Å 

- - 
 
18 
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1.3 Nanoflex Stainless Steel 
 
Nanoflex is a maraging stainless steel developed by Sandvik AB a couple of years ago 
that possess an extraordinarily hardness and strength to its mass. It was developed for 
use in surgical applications, but has also been common in other applications like wires, 
protection gear and sports tools due to its properties of high strength to mass ratio, wear 
resistance, formability and corrosion resistance [19,20]. The high strength, which can 
reach over 3000 MPa for certain applications, as compared to e.g. annealed iron (~ 350 
MPa in ultimate strength) is the result from precipitations formed during heat treatment 
of the steel. The most interesting precipitation is an icosahedral quasicrystalline phase, 
termed R’ [20], that is thought to be the reason for a continued hardening and prevention 
of coarsening by overaging even after hundreds of hours [21]. 

The precipitation process of Nanoflex has been thoroughly investigated in a 
number of papers, e.g. [20-23], but only a few of these treats the quasicrystalline phase 
and none of them discuss Nanoflex as a thin film. The nominal composition [24] of 
Nanoflex in both atomic and weight percent and important precipitation phases in 
weight percent are given in Table 1.3 [25]. 
 
Table 1.3 Atomic and weight percent of important phases in Nanoflex stainless steel. 
 

Phase (at.%) Cr Ni Mo Cu Ti Al Mn Si C Fe 
Fe-Matrix 12.82 8.63 2.32 1.74 1.16 0.69 0.28 0.26 0.05 Balance 
           
Phase (wt.%) Cr Ni Mo Cu Ti Al Mn Si C Fe 
Fe-Matrix 12.20 8.99 4.02 1.95 0.87 0.33 0.32 0.15 0.01 Balance 
R’ 13 2 48 - - - - 4 - 33 
R 18 4 45 - - - - 2 - 31 
L 4 52 15 - 16 4 - - - 9 
Laves 13 2 48 - - - - 2 - 35 
χ 18 3 25 1 2 - - - - 51 

 
In conventional production of Nanoflex the unaged material consists of a martensitic Fe-
matrix, α, together with isolated precipitates of χ-phase [26]. Already after a few minutes 
of treatment at a temperature of 475 °C clusters of Cu-rich 9R precipitations form 
around Ni-, Al-, and Ti-rich zones, in which Ni3(Ti,Al) later forms [25,27]. In the Ni-
rich zones L-phase [28] precipitates are also observed after 40 hours of ageing [29]. 
After 2 hours of heat treatment Mo-rich precipitations are scarcely present and will 
contain the quasicrystalline R’ phase after 4 hours annealing with sizes of only 1nm [21]. 
First after hundreds or even thousands hours of ageing these will be of 10-50 nm in size 
[29]. After a prolonged ageing over 400 hours a σ-CrFe precipitation will be detected as 
well [30].  

Other common precipitations that have been detected in Nanoflex and other 
precipitation hardened stainless steels [25,31-37] are the L21-Ni2TiAl, which is 
metastable as a precipitation and transforms into G-Ni16Si17Ti6, the Mo-rich ω-phase, the 
Cr-rich α’-phase, Laves phases like Fe2Mo and the rhombohedral R phase [38], which 
R’-phase transforms reversibly to when ageing over 525 °C [25], the η-Ni3Ti, the 
orthorhombic Ni3Mo, the μ-Fe7Mo6 and the σ-phases of types FeMo and FeTi. When 
Nanoflex is aged over 560 °C, a portion of the martensitic Fe-matrix will transform into 
reverted austenite γ [20]. 
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Chapter 2 
 
 

Theory 
 
 
 
 
 
 
 
2.1 Crystal Theory 
 
A crystal is defined as a homogenous solid formed by a repeating, three-dimensional 
pattern of atoms, ions, or molecules having fixed distances between the constituent parts 
[39]. The translational repetitiveness can thus be described, as explained in e.g. Kittel 
[40], through 
 

T = n1a1 + n2a2 + n3a3. (2.1) 
 

The vectors a1, a2, and a3 are the vectors, not necessarily orthogonal, from one lattice 
point to the next and n1, n2, n3 are integers which together form a lattice. This set of 
vectors span a cell, called primitive if it has the smallest possible volume or unit cell. 
The set of vectors are similarly called primitive or unit vectors. The unit cell is more 
frequently used since the symmetry and structure of the crystal can be made more 
apparent. Each lattice point has the same basis, being individual atoms or molecules, and 
together with the lattice they form the crystal structure. In Figure 2.1 it is described how 
a crystal structure is built up by lattice points and a basis. 
 

 
 
Figure 2.1 a) Unit vectors (a1,a2) and basis vectors (b1,b2) of a lattice. b) The basis that will be applied to 
each lattice point. c) The resulting crystal structure of a centered rectangular plane. A 3D crystal would 
have another vector (a3 or b3) with a component normal to the plane. 
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All crystal structures can be categorized in any of the 7 unique crystal systems of 
in total 14 different Bravais lattices as shown in Figure 2.2. 
 

 
 
Figure 2.2 The 7 crystal systems and 14 different Bravais lattices in 3D crystals. 
 

For all crystal structures shown in Figure 2.2 axes of 1- ,2- ,3- ,4- or 6-fold 
rotational symmetry can always be found, corresponding to the rotation of 2π, 2π/2, 2π/3, 
2π/4 and 2π/6, which return the lattice to the equivalent state. No other rotational 
symmetries exist for a 3D periodic lattice. Similarly planes of symmetry can be 
constructed within the model. These planes and axes are indexed using the so called 
Miller indices. The axes are indexed with the set of smallest integers of the unit vectors 
in the direction of the axis [uvw]. The planes are indexed by taking the reciprocal of the 
intercepted coordinates of the plane on the unit vectors and taking the smallest integers 
that returns the same ratio (hkl), see Figure 2.3. 

Each lattice in real space can be associated with a reciprocal lattice in reciprocal 
space through the formulas 
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2 3
1

1 2 3

2 ×
= π

⋅ ×
a ab

a a a
, 3 1

2
1 2 3

2 ×
= π

⋅ ×
a ab

a a a
, 1 2

3
1 2 3

2 ×
= π

⋅ ×
a ab

a a a
. (2.2) 

 
These equations form a set of vectors that span the reciprocal space. Each point in 
reciprocal space can thus be accessed by the reciprocal lattice vector, G, 
 

G = hb1 + kb2 + lb3, (2.3) 
 

 
 

Figure 2.3 The (111)-plane and [111]-axis in a cubic material. 
 
where h,k,l are integers. It can easily be proved that the point h,k,l in reciprocal space 
corresponds to the plane (hkl) in real space and the opposite. 

The scattering amplitude FG of scattered electromagnetic waves is directly 
proportional to a quantity called the structure factor SG times the number of cells in the 
crystal N. The structure factor can further be divided into a sum of atomic form factors fj 
times the imaginary exponent of the reciprocal lattice vector G scalar the positions of all 
the atoms of the basis of each lattice point. 
 

GF = NSG  (2.4) 
ji

G jj
S f e− ⋅= ∑ G r  (2.5) 

 
In certain systems, the scattered electromagnetic waves can cancel each other. This 

occurs when the structure factor of the lattice, i.e. the sum in equation (2.5), equals zero. 
As the most simple example, a bcc lattice of solely single atoms with an atomic 
scattering factor f has its basis atoms at positions (0,0,0) and (1/2,1/2,1/2). The structure 
factor for the reciprocal lattice vector G = hb1+kb2+lb3 then becomes 
 

-iπ(h+k+l)
GS (h,k, l) = f(1+ e )  (2.6) 

 
As can be quickly seen, the structure factor is zero when the sum h+k+l equals an odd 
integer. The extinction rules for the bcc and fcc lattices can be summarized as:  
 

bcc: h+k+l=2n (2.7 a) 
fcc: h,k,l all even or all odd (2.7 b) 
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2.2 X-rays 
 
X-rays, electromagnetic waves of a wavelength between 0.1-100 nm, were discovered 
by Wilhelm Conrad Röntgen in 1895 [41] and has since then been an important tool for 
experimental physics and in other scientific areas such as medicine.  

For crystallography it has been an invaluable tool for characterization of crystals 
and materials in general ever since the diffraction of X-rays in crystals were discovered 
by William Lawrence Bragg in 1912 [39]. 
 
 
2.2.1 X-ray Diffraction 

The diffraction of X-rays by crystals is explained in a very simple way by Bragg [40] as 
being a specular reflection of parallel planes inside a crystal. Each set of planes have 
only certain angles, θ, and plane distances, d, that yield constructive interference, as seen 
in Figure 2.4. Bragg’s law for diffraction of X-rays with a wavelength, λ, from a crystal 
follows as: 
 

2d sin nθ = λ  (2.8) 
 
 

 
 
Figure 2.4 X-ray diffraction from two crystalline planes explaining Bragg’s law. 

 
Equivalent expressions of Bragg’s law in reciprocal terms are the so called Laue 

conditions. 
 

Δ =k G  (2.9 a) 
2

2 ⋅ =k G G  (2.9 b) 
 
Here the scattering vector, Δk, is the difference of outgoing k’ and incoming k 
wavevectors and G is the reciprocal lattice vector. An elegant way of illustrating the 
diffraction condition is with the Ewalds sphere as in Figure 2.5, where each dot 
represents a lattice point in reciprocal space, and the radius of the circle has the length |k|. 
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Figure 2.5 The Ewalds sphere construction for diffraction of (hkl) equal to (002) and (006).  
 
Another important relationship for diffraction is  
 

2d(hkl) π
=

G
, (2.10) 

 
which is easily proved from the definition of the reciprocal lattice vector. In the case of a 
cubic structure the interplanar spacing takes the form 
 

2 2 2

ad(hkl) =
h + k + l

 (2.11) 

 
 
2.2.2 X-ray Reflectivity 
 
To measure the thickness of a thin film or a multilayer X-ray reflectance of X-rays can 
be used with good accuracy [42]. 

Using geometry and Fresnels laws it is shown that the phase shift, ψ, and 
reflectivity, r, of a thin film can be expressed as: 
 

2 d2 n cosπ
ψ = φ

λ
 (2.12) 

i
01 12

i
01 12

r r er
1 r r e

− ψ

− ψ

+
=

+
 (2.13) 

 
where r01 and r12 are the reflectivity coefficients for the vacuum-film and film-substrate 
interfaces, respectively. Since constructive interference is achieved when the phase shift 
is 2πm, where m is an integer, according to 2.12, Bragg’s modified law can be deduced 
 

2

2

n 1m 2dsin 1
sin

−
λ = θ +

θ
. (2.14) 
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Here n is the refractive index of the film, and d is the thickness. Equation 2.14 can be 
rewritten as 
 

2 2
2

2

msin (1 n )
4d

λ
θ = + − 2  (2.15) 

 
yielding a straight relationship between the squares of the m:th reflectivity peak and the 
sine of its angle, from which the thickness can be calculated. A similar result is reached 
for multilayers, where d instead corresponds to the periodic thickness, and n is the mean 
refractive index of the multilayer. 
 

 
Figure 2.6 Reflectivity measurements of a) an Al/Cu multilayer, and b) a Nanoflex thin film. 
 
 
2.2.3 X-ray Diffraction of Single Crystals and Polycrystalline Materials 
 
Using a standard setup of an X-ray diffraction system the measured scattering vector Δk 
will always point in the same direction, but increase its amount as the diffracted angle 
increases. The alignment is often made in a manner such that the (00l) planes of the 
substrate have the direction of the scattering vector. This is done by setting the angle of 
the detector, 2θ, equal to the (00l)-peak of the substrate, and making a scan of the 
sample (ω-angle). The position of the sample is adjusted such that ω is always half of 
the diffracted angle, 2θ. Other incidence angles are of course possible to use as well. See 
Figure 2.7 for the XRD setup and definition of angles. 
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Figure 2.7 Measurement setup of the X-ray diffractometer when correctly aligned. The alternative 
diffracted vector q’ of the substrate is from a plane that will not be detected unless the sample is aligned 
with an offset to match this orientation. 
 
Since the direction of the scattering vector, Δk, will not change (only its magnitude will) 
diffraction will only occur for reciprocal lattice vectors G pointing in the same direction, 
and no other will be measured. As an example, a single crystal Al2O3 (sapphire) 
substrate with its c-axis pointing in the normal direction, only the (00l) planes (which 
have non-vanishing structure factors) will be detected. In this particular case l will be 6 
and 12. 
 In the case of polycrystalline materials there will be crystal grains in all 
orientations. This means that the reciprocal space will be a superposition of every 
individual orientation, and as a result the lattice points will be smeared out into spheres 
of radius |G|. The diffraction pattern will then have peaks from all planes (hkl) that 
diffracts the beam. 

If the polycrystalline material is ideal, i.e. all directions equally distributed as in a 
fine grained powder sample, the intensities will be the same no matter what orientation 
the sample has for a given diffraction angle. 
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Figure 2.8 a) A polycrystal with five grains twinned into a common center. b) The diffraction pattern of 
one such grain, and c) the superpositioned diffraction pattern of all five grains, resulting in a pseudo-5-fold 
symmetry. 
 
 
2.3 6D Crystal Theory 
 
Although filling space with points of icosahedral symmetry does not permit any 
periodicity in any direction in real space, when viewing in a six dimensional hyperspace 
the story is another. Indeed, using six dimensional vectors as proposed by Cahn [2] 
periodicity is restored and by performing a cut-and-projection to three dimensional 
vectors so is reciprocal space, and thus real space as well, filled densely with lattice 
points. The reciprocal quasilattice vector is given by 
 

Q = ∑ niqi, (2.16) 
=

6

1i

 
where ni are integers and qi are the 6 fivefold vectors of the icosahedron according to: 
 

q1=(1,τ,0) (2.17 a) 
q2=(τ,0,1) (2.17 b) 
q3=(0,1,τ) (2.17 c) 
q4=(-1,τ,0) (2.17 d) 
q5=(τ,0,-1) (2.17 e) 
q6=(0,-1,τ) (2.17 f) 

 
An equivalent expression is found by inserting equations 2.17 into 2.16. 
 

Q = ((n1-n4)+τ(n2+n5), (n3-n6)+τ(n1+n4), (n2-n5)+τ(n3+n6)) (2.18) 
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Figure 2.9 The icosahedron spanned by the vectors q1 to q6. The origin is in the center of the icosahedron 
and the vectors q1 to q6 end in the lattice points shown in the figure. 
 
The reciprocal quasilattice vector is the cut-and-projected vector of the 6D hyperspace 
reciprocal lattice vector 
 

Q6 = 2(2 )+ τ (n1, n2, n3, n4, n5, n6), (2.19) 
 

under the operations of a rotation and cut to three dimensions, 
 

Q = C*R*Q6, (2.20) 
 

with R being the rotation matrix, 
 

1 0 1
0 1 0 1

0 1 0 11R
1 0 1 02(2 )

1 0 1 0
0 1 0

τ − τ⎛ ⎞
⎜ ⎟τ τ⎜ ⎟
⎜ ⎟

0

1

−
τ − τ

= ×⎜
−τ τ+ τ ⎜ ⎟

⎜ ⎟

⎟

−τ τ
⎜ ⎟⎜ ⎟−τ τ⎝ ⎠

, (2.21)  

 
 
and C is the operation that returns only the three first dimensions of a 6D vector, i.e. 
 

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

C
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟

= ⎜
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

⎟ . (2.22) 
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From the matrix in equation 2.21 the six 3D vectors can be seen as the upper 3×6 part 
and the lower 3×6 as the complementary space lost when cutting. The complementary 
vector, although unrelated to the position of the lattice points, affects the intensity and 
has the form 
 

Qcomplement=((n2+n5)+τ(-n1+n4), (n1+n4)+τ(-n3+n6), (n3+n6)+τ(-n2+n5)) (2.23) 
 
The square of the quasilattice vector can be expressed as: 
 

Q2=N+Mτ, (2.24) 
 

where N and M are the Cahn Indices and are given by: 
 

N=2∑ ni
2 (2.25) 

=

6

1i

M=(n2+n5)2+(n1+n4)2+(n3+n6)2+... 
...+2[(n1-n4)(n2+n5)+(n3-n6)(n1+n4)+(n2-n5)(n3+n6)] (2.26) 

 
These are related to the diffracted interplanar spacing of the icosahedral symmetry, 

which is obtained after normalization of Q6 and including the lattice parameter of the 
hypercube a6D, as 
 

6D
1 2 3 4 5 6

a 2(2
d(n ,n , n ,n ,n ,n )

N M
)+ τ

=
+ τ

. (2.27) 

 
The lattice parameter a6D is related to the less used quasilattice parameter a3D by: 
 

3D 6Da a 2(2= )+ τ  (2.28) 
 
Equation 2.27 can be compared with 2.11 when a3D is used to illustrate the similar 
relationship of diffraction points for the quasiperiodic lattice from the 6D theory with 3D 
cubes. 

Beside the simple hypercube, four more allowed Bravais lattices in 6D space are 
associated with icosahedral symmetry of which two are the face centered and body 
centered hypercubes, fci and bci, respectively. These lattices show extinction rules 
similar to those of the face centered and body centered cubic structures, and have as a 
result been given a slightly different indexing than the simple hypercube. The extinction 
rules are as follows: 
 

bci:  (2.29 a) in = 2n∑
fci: ni all even or all odd (2.29 b) 

 
and the modified Cahn indexing is obtained by applying: 
 

6Daa' =
2

, NN' =
4

, MM' =
4

. (2.30) 
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Table 2.1 shows a few Cahn indices from the 6D vectors for the simple, fci and bci 
hypercubes, respectively [2,10]. 
 
Table 2.1 Indices for a few icosahedral diffraction peaks. 
 

Cahn indices, N/M 6D Index 
Simple icosahedral Face-centered (fci) Body-centered (bci) 

100000  2/1 extinct extinct 
200000  8/4 2/1 2/1 
111111  12/16 3/4 3/4 
211000  12/16 extinct 3/4 
222000  24/36 6/9 6/9 
311111  28/44 7/11 7/11 
220022  32/48 8/12 8/12 
422222  72/116 18/29 18/29 
402402  80/128 20/32 20/32 

 
 
2.3.1 Diffraction from Approximants 
 
Approximants have been shown to resemble their parent quasicrystals in several ways 
concerning both physical and structural properties. As a result of their structural 
similarities, the diffraction peaks of these phases are also very similar to the ones for the 
quasicrystal. A theory, the so called shear formalism, has been developed to predict the 
position and intensities of these diffraction peaks in a very accurate manner.  

The shear formalism was developed several years ago by Jaric’ and Qiu [43], 
Janssen [44] and Yamamoto [45] for periodic approximants, and later extended to 
include non-periodic approximants by Gratias [46]. 

The idea is that the hyperspace { }, ⊥=E E E , where E  is denoting the physical 

space and the perpendicular lost space, is cut into a lower dimensional plane Ec in a 
direction different from the quasicrystal. A hyperlattice point 

⊥E

{ }, ⊥x x  and its reciprocal 

correspondence { }, ⊥q q  is consequently shifted into a new position given by equations 
2.31, 
 

' =x x  (2.31 a) 
'
⊥ ⊥= − εx x x  (2.31 b) 
' t

⊥= − εq q q  (2.31 c) 
'
⊥ ⊥=q q  (2.31 d) 

 
where ε is the 3×3 shear matrix that defines the shifts. ε is constructed from two matrices 
constructed by the scalar products of the unit vectors of the cut space Ec and those of 

and  respectively, according to: E ⊥E
 

1
c c[ ][ ]−

⊥ε = ⋅ ⋅e e e e . (2.32) 
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As can be noted from equation (2.24) if the cut space coincides with that of icosahedral 
space, then the first matrix becomes zero, resulting in the shear matrix being zero, and 
no shift occurs as expected. 

Table 2.2 contains shear matrices for cubic, rhombohedral, pentagonal and 
orthorhombic symmetries in both the symmetry basis and Cahns standard basis. The 
angular parameters are related to the direction of the cut and can be determined 
experimentally or from the order p/q of the approximant. 
 
Table 2.2 Shear matrices for several symmetries in an adapted basis and in the standard basis [11]. 
 

Symmetry ε on a symmetry-adapted basis ε on the standard basis 

Cubic 

 

1 0 0
tan 0 1 0

0 0 1
ϕ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

1 0 0
tan 0 1 0

0 0 1
ϕ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

Rhombohedral 
 

tan 0 0
0 tan 0
0 0 tan

ϕ
θ

θ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

a b c
1

c a b
6 b c a

a 2 tan tan

b 2 tan (1 3 ) tan

c 2 tan (3 2) tan

τ

τ

= ϕ + θ

= ϕ + − θ

= ϕ + − θ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

 
Pentagonal 

 

1 0 0
tan 0 0 0

0 0 0
ϕ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

 

1 0
tan 1 1 0

5 0 0 0

− −τ
ϕ −τ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

 
Orthorhombic 

 

tan 0 0
0 tan 0
0 0 tan

ϕ
θ

γ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

 

tan 0 0
0 tan 0
0 0 tan

ϕ
θ

γ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

 

 

 
The effect of the shear transformation on the icosahedral peaks is a split into several 
nearby peaks as a result of the different directions the peaks corresponding to equal 
Cahn index N/M has. Figure 2.10 shows the peak splitting in X-ray diffraction of the 
approximants to the I-phase [11]. 
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Figure 2.10 X-ray diffraction of Al-Cu-Fe alloys. On top the diffraction measurement of the icosahedral 
Al62Cu25.5Fe12.5 quasicrystalline phase. The peak splitting of the approximant phases P1, R, P2, and O is 
clear [11]. 
 
 
2.4 Deposition of Thin Films 

 
Thin films have gained an increasing importance in the industry during the last century, 
and many applications would not be possible without the use of thin films. In addition, 
in most cases, thin films offer new and improved physical, chemical, and/or other 
properties. As a result, the deposition methods for thin films have been investigated and 
developed greatly. 

Deposition methods are generally categorized in either chemical vapor depositions 
(CVD), depositions of films through chemical reactions with reactive gases, or physical 
vapor depositions (PVD), depositions through evaporation or sputtering[47]. Each of 
these methods can be further divided into several number of methods and hybrids of the 
two. 
 
 
2.4.1 DC Magnetron Sputtering 
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The main parts of a sputtering system are a magnetron, which holds a target of the 
material to be deposited, and a sample holder with a substrate [47]. In between, a gas 
that shall be ionized into plasma is present. By applying a negative voltage to the target 
an electric field will form between the target and the substrate. Electrons will be ejected 
into the gas from the negatively charged target and a few of these will collide with gas 
atoms, making them ionized and turn the gas into a plasma. The secondary ejected 
electrons from the gas atoms and those ejected from the target will either recombine 



with already ionized gas atoms or hit the substrates/walls of the chamber and a balance 
will be obtained. The de-excitation of recombined gas atoms will emit photons, 
providing the glow of the plasma. The positively charged ions in the plasma will be 
attracted by the negative potential of the target. As they collide with the target material, 
atoms or cluster of atoms from it will be sputtered away. These will then travel through 
the chamber and condensate on both the chamber walls and the substrate, and a thin film 
deposition is achieved. 

As the ejected electrons that collide with gas atoms before reaching the chamber 
walls are few, the plasma will be hard to sustain with a relatively low target voltage, and 
if the voltage is too high the target might break or arcs will form. Methods to increase 
the lifetime of the ejected electrons in the gas are more desirable than to use a high target 
voltage. Magnetron sputtering is such a method. By applying a magnetic field from 
magnets behind the target, a magnetic field will be protruding in front of the target as 
shown in Figure 2.10. The electromagnetic force will then make the ejected electrons 
return and bounce on the target, thus increasing the traveled path of the electrons several 
times. This leads consequently to a much higher ionization rate and forms a strong 
plasma which is easy to maintain. As a direct result, the flux of sputtered atoms will also 
increase. 
 

 
 
Figure 2.10 A schematic of the magnetron together with electric and magnetic fields. The electrons are 
kept in front of the target by the magnetic field, leading to an increased ionization rate, and thereby an 
increased deposition rate. 
 

By applying a current to a solenoid surrounding the substrate, another form of the 
magnetic field can be achieved. A small negative bias voltage to the substrate will attract 
a few of the ionized gas atoms here as well, making the deposited film more dense.  
 In Figure 2.11 the magnetron and substrate holder are schematically shown 
together with illustrations of the sputtering at the target and condensation of atoms at the 
substrate. 
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Figure 2.11 Schematic illustration of the sputtering process. 
 
 
2.4.2 Multiple Component Thin Films 
 
If the film is supposed to be an alloy of two or more components, three methods are 
available with magnetron sputtering. The first is to use reactive sputtering which is to 
have a gas that will react with the target material as it is deposited. For example, a film 
of Al2O3 could be grown with Al as the target material and oxygen as the gas [48]. The 
second is to have several magnetrons in the system, each with its own material that can 
be regulated with shutters and power supplies for each magnetron to either co-sputter all 
at once or to create a layered structure of desired thicknesses. The third method is to 
have the alloy desired for the thin film as the target material. In this case presputtering is 
required since each component of the alloy will have different sputter yields from the 
initial surface. Since the more easily sputtered components are sputtered in a higher 
amount, an equilibrium will be reached in which the final sputter yields will correspond 
to the initial composition [47]. The final composition can however vary from this 
composition as the atoms might not deposit in the corresponding amount, mainly due to 
dispersion by the sputtering gas as the sputtered atoms travels from the target to the 
substrate. 
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Chapter 3 
 
 

Experimental Details 
 
 
 
 
 
 
 
3.1 Depositions 
 
The thin film depositions were made in two separate deposition systems for the Al-Cu-
Fe and Nanoflex films, respectively. The Al-Cu-Fe films were deposited in a research 
system which has been developed at Linköping university, while the Nanoflex films 
were deposited in an industrial deposition system from CemeCon AG. The substrates 
used were Si cut from wafers, NaCl and Al2O3. 
 The Al-Cu-Fe films have been deposited with a DC magnetron system which holds 
three magnetrons, using Al (99.6% purity), Cu (99.6% purity) and Fe (99.6% purity) 
circular targets of ø50 mm, ø75 mm and ø75 mm in size, and thicknesses of 5 mm, 5 
mm and 1 mm, respectively. 

The background pressure has been in the range 2-8×10-7 Torr and no heating have 
been applied during the depositions. Ar (99.999% purity) has been used as the sputtering 
gas in all depositions with a sputter pressure of 3×10-3 Torr for depositions on Si and 
4×10-3 Torr for Al2O3 substrates. The substrates were rotating at 60 rpm to improve the 
deposition uniformity. A bias voltage of -30 V was applied to the substrate in order to 
attract ions from the plasma to densify the film. The magnetron currents were held 
constant at 0.5 A, 0.6 A and 1.0 A for Al, Cu and Fe targets, respectively, resulting in 
sputtering rates in the range 0.5-0.7 Å/s.  

X-ray reflectivity measurements were used to determine the thickness of single 
films of Cu and Fe. From the known deposition times and thicknesses the deposition 
rates were determined. Since Al (film) and Si (substrate) have almost the same refractive 
indices for hard X-rays, due to being neighbours in the periodic system, the technique of 
using single films could not be used. Instead, Al/Cu multilayers were deposited to 
determine the Al deposition rate. From X-ray reflectivity measurements the multilayer 
period, i.e. the combined thickness of Al and Cu, can be calculated, as described above. 
Knowing the thickness of Cu from the single films, it was possible to determine the Al 
thickness and thereby the deposition rate. 

As described previously, it is important to have a magnetic field protruding, and 
magnetic field lines connecting, in front of the target in order to achieve ignition of the 
plasma in front of the target. This is easily achieved for Cu and Al as illustrated in 
Figure 3.1 a). However, since Fe is a magnetic material the magnetic field lines will be 



closed inside the target and not protruding to the sputtering gas if the thickness of the 
target is too thick. And even if the target is not thick the plasma may be ignited on the 
sides in between the ground shield and the inner shield instead of in front of the target 
(Figure 3.1 b). Therefore, after measuring the magnetic field under different conditions 
and at different positions around the magnetron, the target was polished down to 1 mm 
in thickness and used with an inner shield made of iron and double set of magnets for 
stronger magnetic fields in order to achieve ignition of the plasma in front of the target, 
as shown in Figure 3.1 c). 
 

 
 
Figure 3.1 a) Magnetron configuration for the Al and Cu targets. b) For the magnetic Fe target, the 
magnetic field lines were closed inside the target, and sputtering only occured inside the ground shield. c) 
When a thin Fe target was used together with double magnets and a Fe shield the magnetic field lines 
could penetrate the surface of the Fe target. 
 

For some depositions the Al magnetron was a bit unstable, and also shut down at 
several occasions. The reason was most likely because of a small water leak, causing a 
short circuit of the magnetron. This caused problems to obtain a sufficient amount of Al 
into the film, making it more difficult to achieve the targeted global composition. For the 
final depositions on the Al2O3 substrates the Fe magnetron had become slightly unstable 
as well. 

Single elemental layers were deposited in several different sequences with total 
thickness ranging from 50 nm to 400 nm and always with an Al layer as the surface. 
This choice was based on the property of Al to form a dense protective oxidation layer 
unlike Cu and Fe. The total thickness ratio of the layers was made to be 7:2:1 for 
Al:Cu:Fe, as calculated from the densities of each element in pure form, to achieve a 
global composition of Al62.5Cu25Fe12.5. In the final deposition a 10% additional 
deposition time of Al was added to compensate for losses of Al. 
 Films of Nanoflex steel were deposited with an industrial film deposition 
equipment using a rectangular target of size 88×500 mm. The target had been received 
from Sandvik Materials Technology for use in this project and had undergone a special 
treatment to partially unmagnetize it. The target was presputtered before the depositions 
to reach equilibrium yields and to remove any surface oxide on the target surface. 
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The depositions were carried out either at room temperature or at 470 °C and with 
Ar (99.999% purity) at 3×10-3 Torr pressure. The magnetron power was held constant at 
100 W, and a substrate bias voltage of -30 V was applied, resulting in rates of 1.25 Å/s 
at room temperature and 0.75 Å/s at 470 °C. The chamber was ventilated with N2 gas 
and then opened shortly after each deposition. 

The films that have been deposited on Si were ranging from 50 nm to 1 μm in 
thickness for both room temperature and at 470 °C, and 100 nm on NaCl in room 
temperature which was meant for use in transmission electron microscopy (TEM), and 1 
μm at room temperature on Al2O3.  
 

 
 
Figure 3.2 a) Schematic picture of the magnetron sputtering system used for depositions of Al-Cu-Fe, b) 
the industrial deposition system from CemeCon AG which was used for depositions of Nanoflex steel. 
 
 
3.2 X-ray Diffraction 
 
X-ray diffraction (XRD) measurements have been collected using two diffractometers;  
a Philips PW1710 powder diffractometer, and a Philips X’Pert MPD Bragg Brentano, θ-
θ diffracometer equipped with a Bühler HDK 2.4 high-temperature high-vacuum 
chamber with a Be-window. Both diffractometers used Cu-Kα X-ray sources with a 
wavelength of 1.5406 Å. In both diffractometers the sample needed to be aligned before 
any reflectivity or diffraction measurements. The sample is being held at place by a clip 
in Philips PW1710 and only supported from below by a conducting filament in the 
Philips X’Pert MPD. 

In the Philips X’Pert MPD the sample has a tendency to change position at higher 
temperatures due to vibrations in the filament, causing some errors in the measurements. 
Another problem is that diffraction peaks that belong to the filament can show up in the 
measured spectrum as well. 
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Phase identification of the diffraction peaks in the measurements has been done by 
comparison of both peak positions and intensities with diffraction patterns from mainly a 
database from the Joint Committee on Powder Diffraction Standards (JCPDS), or from 
scientific journals whenever JCPDS lacked a pattern of the desired phase. Peak shifts 
caused by thermal expansions have been taken into account by manually modifying the 
parameters. Since the measurements are from thin films, only the strongest peaks or 
peaks from a few preferred orientations can be distinguished from the background noise. 
Mismatches between actual and identified phases might have occurred since several 
phases have their strongest peaks at roughly the same positions, making it hard to 
separate them from each other.  
 
 
3.3 Heat Treatments 
 
There are several ways to do heat treatments that although starting from the same initial 
state can result in quite different results. Some of the more commonly used heat 
treatments in both laboratory and industrial use are: 
  

• Long time annealing, in order to reach the equilibrium state at this particular 
temperature and pressure or to allow certain precipitations to take form. 

• Rapid cooling/quenching/supercooling which is used to catch out-of-equilibrium 
(metastable) states that would not be reached or maintained from other kinds of 
treatments. 

• Slow heating or cooling of samples which is commonly used to study where the 
phase transitions occur and if the process is reversible. 

 
An important issue other than the pressure and temperature used for the treatment is in 
which ambient the treatment is taking place. Using an ambient of air, compared to argon 
or vacuum, can allow several differences as the sample will be in contact with in 
particular oxygen and nitrogen, which have high tendencies to contaminate the samples. 
 Our heat treatments have been performed in argon at ambient pressure with a tube 
furnace and in a vacuum of ~10-5 Pa using Philips X’Pert MPD in-situ with XRD. The 
high temperature vacuum chamber setup is schematically shown in Figure 3.3, and a 
photograph is shown in Figure 3.4. A photograph of the tube furnace is shown in Figure 
3.5. The treatments in the tube furnace have been maintained at constant temperature 
and pressure and the sample was slowly cooled to room temperature after finishing the 
treatment.  
 



 
 
Figure 3.3 Schematic view of the high-temperature vacuum chamber used for the in-situ X-ray diffraction 
measurements. 
 
In the diffractometer, the temperature has been stepwise increased after phase 
equilibrium had been achieved for each temperature or after sufficient amount of data 
had been collected. The heat was provided from an electrical source. There is a linear 
relation between the actual temperature, T, and the temperature shown on the display of 
the power supply, Tdisplay, according to 
 

T(°C)=0.905·Tdisplay-49.473 (3.1) 
 
The temperature calibration was however made at temperatures above 700 °C, which 
might have caused errors at the lower temperatures to where the formula was only 
extrapolated. 
 

 
 
Figure 3.4 Photograph of the measurement setup used for in-situ high temperature X-ray diffraction. 
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Figure 3.5 Photograph of the tube furnace used for heat treatments in Ar. 
 
 
3.4 Energy Dispersive X-ray Analysis 
 
Energy dispersive X-ray (EDX) analysis has been used for characterization and 
determination of the chemical components and the composition of the samples. The 
principle of EDX is quite simple. The incoming electrons from the electron gun of the 
system excite electrons of the atoms inside the sample which is followed by a de-
excitation, emitting X-rays with energies corresponding to binding energies of the 
electrons. Since these binding energies are specific for each element the chemical 
components can be identified. 

Qualitative analysis is then done by identification and comparison between the 
received spectra and characteristic spectra of each element. For quantitative analysis, the 
measured intensities are recalculated into weight percentage for all elements detected in 
the sample. This requires a well-characterized compound standard which often results in 
a few percents error. All measurements have been carried out with an electron energy of 
20 keV and an acquisition time of 60 s.  
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Chapter 4 
 
 

Results 
 
 
 
 
 
 
 
4.1 Al-Cu-Fe on Si 
 
The first batch of deposited films were sputtered in a sputtering gas pressure of 3×10-3 
Torr on to cleaned Si (100) and NaCl substrates in several sequences. The films on Si 
were cut into pieces of 10×10 mm sizes for use in several experiments. The deposition 
rates were 0.58 Å/s, 0.70 Å/s and 0.65 Å/s for Al, Cu and Fe respectively. All layers of 
the same element have the same thickness. The sequences are listed below in Table 4.1 
together with an indexing name and total thickness. The compositions of these films as 
measured by EDX and Rutherford backscattering spectroscopy (RBS) are listed in the 
table as well. It should be noted that the EDX results include errors on the order of a few 
atomic percent. One reason for this is that the measurements were made on layered 
samples, and EDX is a technique where the resolution is depth dependent. 
 
Table 4.1 The thin films of Al-Cu-Fe made on Si substrates. EDX has been normalized to contain only 
Al-Cu-Fe. 
 

EDX (at.%) RBS (at.%) Name Sequence Thickness (nm) 
Al Cu Fe Al Cu Fe 

ACF AlCuFe/Si 400 61.0 27.9 11.1 60.3 27.2 12.5 
ACFCA AlCuFeCuFe/Si 400 55.6 31.7 12.7 - - - 
ACF×3 AlCuFe×3/Si 400 58.6 29.4 12.0 - - - 
ACF×10 AlCuFe×10/Si 400 58.7 29.8 11.5 - - - 
ACF100 AlCuFe×10/Si 100 54.4 33.4 12.2 - - - 
ACF50 AlCuFe×10/Si 50 56.1 29.0 14.9 - - - 

 
From comparison of the EDX results and the phase diagram in section 1.2 it can be seen 
that the I-, β- and λ-phases in these films could be expected at higher temperatures. One 
piece of each film was therefore heat treated in the tube furnace at 600 °C for 4 h and 
thereafter measured using X-ray diffraction. The resulting measurements are shown in 
Figure 4.1 and Figure 4.2.  

Here the presence of the α-phase with a lattice parameter in the range of a=12.240 
Å to a=12.255 Å can be seen in all films with 400 nm in total thickness. Also detected 
are other unknown peaks that can not be well fitted using existing data of possible 
phases in the films ACF×10, ACF100 and specially ACF50. Since the α-phase can only 



be created from diffusion of the substrate into the film, it is likely that these unknown 
peaks belong to Si-rich phases of the Al-Cu-Fe-Si system or subsystems. These should 
be more likely to show up first in the thinner ACF100 and ACF50 films, and possibly 
later for thicker films since the Si needs to diffuse through the film. Peaks from the 
diffractometer are marked with “m” (machine). 

 
Figure 4.1 One piece of each thin film heat treated in the tube furnace at 600 °C for 4 hours. 
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Figure 4.2 One piece of each thin film heat treated in the tube furnace at 600 °C for 4 hours. 
 
Another piece of the ACF film was measured in Philips X’Pert MPD Bragg Brentano 
from room temperature up to 950 °C with an increment of 90 °C. Figure 4.3 to 4.7 
shows a selection of the measurements collected during the heat treatment. Note that 
measurements were only performed in certain, interesting, angular ranges in order to 
decrease the scanning time. These have been summarized below: 
 

 35



 36 

• <40 °C: Only the individual layers of Al, Cu and Fe are detected. Thus, no reactions 
have occurred. 

• 130 °C: Al and Cu starts to diffuse together to slowly form the θ-phase, while the Fe 
still remain unchanged. The peak before the Fe-peak fits with several phases but the 
γ-phase, which only has one strong diffraction peak, is the best guess. 

• 220 °C: Cu as well as Al are entirely consumed while the intensity of Fe shows no 
particular difference. The peaks for the θ-phase grow in intensity and become 
sharper. The γ-phase is still present. 

• 310 °C: Only peaks from the η-phase and a broad peak in the range 41.7°-42.3° is 
detected. This broad peak is probably the Fe-peak with an expanded lattice 
parameter which could be because of a reaction with Si. It could also be a 
completely different Fe-phase. However, neither of the known binary phases within 
Fe+Si/Al/Cu systems fit. 

• 400 °C: Formation of the α-phase with a lattice parameter of a=12.39 Å and the τ3-
phase is detected. The η-phase is still present.  

• 490 °C: The η-phase and the τ3-phase are almost entirely transformed into the α-
phase. Only a single peak at 44.01° other than those for the α-phase is present which 
is most likely shifted residual τ3-phase. The lattice parameter has now increased to 
a=12.405 Å for the α-phase.  

• 580 °C: The intensity for the α-phase increases and no other phases are detected. The 
film consists now of more or less only α-phase. The lattice parameter of the α-phase 
is now a=12.42 Å. 

• 670 °C: At this temperature some odd things happen. At first the α-phase disappears 
instantly and peaks of a phase that could be τ7 are visible instead. Since it has not 
been possible to fit all diffraction peaks with the lattice parameter for the τ7-phase, 
another phase is likely to be present together with τ7. After about 7 h at this 
temperature the β-phase appeared with peaks at 43.61° and 80.13°. After another 9 h 
the α-phase reappears with almost the same intensities and lattice parameter as 
previously. The reappearance of the α-phase should not be possible once it has been 
transformed into a new phase due to an increased temperature or increased amount 
of Si. Nevertheless, the peaks are undeniably the same as earlier.  

• 770 °C: Several new peaks, hundreds of times stronger than seen earlier, appear 
while all α-phase peaks and some of the unknown peaks disappear. This is likely to 
be caused by a huge increase of the amount of Si in the film. The new phase should 
therefore be a Si-rich phase. However, no known phase could be fitted satisfactorily.  

• 860 °C and 950 °C: The peaks from the new phase on the previous temperature are 
all that remains with the addition of two new peaks, much weaker than the others. It 
can be noted that all peaks suddenly drifted towards higher angles after 7 h at 950 °C. 
This is likely a reconstruction of the lattice parameters as the phase went from one 
corner of its compositional area to another with the increasing amount of Si in the 
film. 



Figure 4.3 Heat treatment of the ACF film on room temperature to 400 °C.  
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Figure 4.4 Heat treatment of the ACF film on 490 °C to 670 °C. 
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Figure 4.5 Heat treatment of the ACF film on 490 °C to 670 °C. 
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Figure 4.6 Heat treatment of the ACF film on 770 °C to 950 °C. 
 
 

 
Figure 4.7 Heat treatment of the ACF film on 770 °C to 950 °C. The compositional shift to a smaller 
lattice parameter is clearly visible. 
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After the results from ACF a piece of the ACFCA film was studied to see if an Al-layer 
towards the substrate could prevent the diffusion of Si into the film and thus form the I-
phase before diffusion of Si formed the α-phase and other Si-phases. Due to alignment 
problems this sample was further cut into 10×5mm in size. This smaller sample size, 
however, made parts of the heating filament visible to the X-rays. Thus, some of the 
peaks in the measured spectrum were interpreted as being from the filament and the 
background noise was quite high making it harder to distinguish the real peaks. The 
diffractometer peaks have been marked with “m” (machine) in the graphs, which are 
shown in figures 4.8 to 4.10. 
 
• <40 °C: As with the ACF, the ACFCA still have the individual layers intact at these 

low temperatures.  

• 130 °C: The θ-phase is formed. 

• 220 °C: The θ-phase is maintained with the possible appearence of the γ-phase. 

• 310 °C: The appearance of the η-phase is again seen. Some residual θ-phase that 
takes several hours to transform is still present, and the AlFe3-phase is slowly 
growing. It is also noted that the Fe-peak was still intact and had not shifted down in 
position, as it did for ACF before transforming into the AlFe3-phase. This suggests 
that Fe, and possibly the entire film, is still free from diffused Si. 

• 400 °C: The Fe-layer blends entirely with Al to form AlFe3-phase while the η-phase 
remain intact. There are small traces of the α- and τ3-phases, but only barely above 
the background noise. 

• 490 °C: Only α-phase is detected with a lattice parameter of a=12.415 Å. 

• 580 °C: Some of the τ7-phase diffraction peaks that were detected in ACF at 670 °C 
are present. The α-phase has entirely disappeared and did not return after continued 
treatment. 

• >670 °C: The same unknown phase as was detected in ACF at 860 °C is present. 
The transformations above 580 °C are probably related to the amount of Si that has 
diffused into the film. 

 
It should be noted that since different annealing times have been used at each 
temperature for ACF and ACFCA it is difficult to make any direct comparison between 
the two samples. For example, it can be noted that ACFCA had the α-phase present after 
heat treatment to 600 °C in the tube furnace as seen in Figure 4.1, while in the 
diffractometer furnace it had already disappeared. This is most likely related to the 
longer annealing times  as the diffusion of Si is slow until ~600 °C. Graphs over the time 
evolution for ACF and ACFCA are in Figure 4.11 and 4.12. 

In conclusion, it seems as if the bottom Al layer is able to protect the Fe layer from 
Si diffusion up to a temperature of about 400 °C. However, beyond this temperature the 
α-phase and other Si-phases forms, and the possibility of forming the quasicrystalline 
phase is ruined. 
 



 
Figure 4.8 Heat treatment of the ACFCA film on room temperature to 220 °C. 
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Figure 4.9 Heat treatment of the ACFCA film on 310 °C to 580 °C. 
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Figure 4.10 Heat treatment of the ACFCA film on 670 °C to 770 °C. The compositional shift to a smaller 
lattice parameter is present for ACFCA as well. 
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Figure 4.11 Time evolution for the ACF film. 
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Figure 4.12 Time evolution for the ACFCA film. 
 
 
4.2 Al-Cu-Fe on Al2O3 
 
From the investigations of the Al-Cu-Fe films on Si substrates it was concluded that Si is 
no good choice of substrate since it diffuses into the film at low temperatures, making it 
impossible for any I-phase to form. Therefore, additional depositions were made on 
Al2O3 substrates which can resist temperatures up to at least 1000 °C. Depositions were 
simultaneously made on Si substrates to be used for e.g. EDX compositional analyses. 
The sputtering gas pressure was increased to 4×10-3 Torr which decreased the instability 
of the Al magnetron. The deposition rates were 0.58 Å/s, 0.55 Å/s and 0.62 Å/s for Al, 
Cu and Fe, respectively. Table 4.2 shows the indexing name, sequences and 
compositions as measured by EDX. 

 
Table 4.2 The thin films of Al-Cu-Fe made on Al2O3. EDX has been normalized to contain only Al-Cu-Fe. 
 

EDX (Al-Cu-Fe)(at%) Name Sequence Thickness (nm) 
Al Cu Fe 

ACF2 AlCuFe/Al2O3 400 60.3 26.7 13.0 
ACF3 AlCuFe/Al2O3 400 59.1 25.0 15.9 
ACFA AlCuFeAl/Al2O3 430 50.3 30.3 19.4 

 
The heat treatment sequence for the ACF2 film started at 220 °C and the 

temperature was again raised in steps of 90 °C up to 580 °C from where shorter steps 
were used. It should be noted that there were several problems with aligning and 
maintaining the alignment of the sample during this heat treatment. During the 
measurements the computer also lost communication with the diffractometer, resulting 
in a halt of the data collection. Figure 4.13 to 4.17 shows a selection of the 
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measurements, Figure 4.18 shows the last measurement before the halt in a different 
scale and Figure 4.19 the measurements during/after the halt. Figure 4.20 is the time 
evolution for ACF2. 

 
• 220 °C: Again the peaks from θ and γ-phases are detected together with Fe and 

partially consumed Al. A diffraction peak at 39.87°, which matches both the ω- and 
η-phase, is present. However, since no other peaks of these phases are present, it is 
not possible to distinguish which one it is. 

• 310 °C: Several peaks of the η-phase are detected but no additional peaks for the ω-
phase, although the Fe-peak is partially consumed. 

• 400 °C: The ω-phase is definitely present at this temperature, and more peaks are 
appearing and growing for this phase while the Fe peak is being entirely consumed. 
This suggests that a higher Al-content than given by the EDX results is actually 
present. 

• 490 °C: Peaks of the desired I-phase finally appear with a lattice parameter of 
a6D=6.373Å. The ω-phase is still present and coexisting with the I-phase. The peaks 
of the I-phase are however broad and have a low intensity, suggesting a poor quality 
of the phase. 

• After being forced to open the chamber and realign the sample at room temperature 
several new peaks had formed. These could be identified with the λ-phase and the 
rhombohedral approximant R-phase with a lattice parameter of a=32.42 Å. The λ-
phase peaks soon disappeared after continued heating at 490 °C. The presences of 
the λ- and R-phase were likely the result of a portion of the I-phase being 
transformed when lowering the temperature to room temperature. 

• 580 °C: All peaks for both the I-phase, now with a lattice parameter of a6D=6.378 Å, 
and the peaks for the ω-phase grew sharper and with higher intensities. The R-phase 
peaks followed the same tendency and have a lattice parameter of a=32.48 Å at this 
temperature. There is however one strong peak at 25.35° that does not fit well with 
either the I-phase or R-phase. The same holds when comparing the other 
approximants P1, P2 and O instead of the R-phase. It should be noted that the ω-
phase starts to disappear after about 24 h continuous heating at this temperature and 
a small presence of β can be detected instead. 

• 650 °C: This temperature was intended to be just below the reported transition 
temperature of the R-phase to the I-phase, mentioned in section 1.2. Thereafter the 
temperature was going to be increased to be within the transition temperatures of the 
approximants R, P1, O, and the I-phase, and then at a temperature above the 
transition temperature. However, at 650 °C a continued sharpening of the I-phase 
with a lattice parameter of a6D=6.387 Å was seen. A slow disappearance of the ω-
phase, increased intensity of the β-phase and the immediate disappearance of the R-
phase peaks was also seen. The unknown peak disappeared as well in the last scan 
taken after about 12 h. At this point the lattice parameter of the I-phase had increased 
to a6D=6.40 Å. After this the communication was lost between the computer and the 
diffractometer and measurements had to be stopped. 

• 580 °C: Hoping that whatever error had occurred could be fixed quickly, the 
temperature was decreased to 580 °C at which it was maintained. The problem 
however was worse than expected and after 3 days at 580 °C the sample was taken 



out of the vacuum chamber and measured at room temperature. Afterwards the 
sample was put back at 580 °C for another 4 days before the communication was 
recovered. In this measurement the β-phase with counts far higher than before, even 
higher than the substrate peak, was detected together with the I-phase with a lattice 
parameter of a6D=6.267 Å. Two additional peaks at 22.36° and 46.86° of unknown 
origin were also found. 

• When the diffractometer had been fixed the measurements showed only the β-peak. 
No changes were seen when increasing the temperature to 650 °C or 810 °C either. 
This is believed to be because of evaporation of Al from the I-phase and perhaps the 
ω-phase as well. This has been mentioned in previous studies as a possible problem 
with the I-phase in thin films [49].  

• <1220 °C: Since only the uninteresting β-phase was present in the film, it was 
decided that the temperature should be increased up to as high as 1220 °C. This 
would turn the β-phase into a liquid phase, which then would be studied to see what 
phases that could be obtained from cooling. However, when cooling the sample only 
unknown peaks were detected. These were later on identified in EDX as consisting 
of only Ta and oxygen. The original film had most likely been evaporated, and Ta 
from the filament had been deposited on the sample. This result is of importance if 
other quasicrystalline systems are to be obtained in the future with the current 
equipment since most of them require a temperature much higher than for the I-
phase. 

 
Figure 4.13 Heat treatment of the ACF2 film on room temperature to 400 °C. 
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Figure 4.14 Heat treatment of the ACF2 film on 490 °C, where it had to be taken out and realigned. 
 

 
Figure 4.15 Heat treatment of the ACF2 film on 490 °C, where it had to be taken out and realigned. 
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Figure 4.16 Heat treatment of the ACF2 film on 580 °C to 650 °C. 
 

 
Figure 4.17 Heat treatment of the ACF2 film on 580 °C to 650 °C. The disappearance of the R- and ω-
phases with β-phase being formed is clearly visible. 
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Figure 4.18 The last XRD measurement of ACF2 before the halt. The I18/29 peak has an intensity over 
3000 count/s. 

 
Figure 4.19 The measurement of ACF2 during and after the halt. Peaks caused by Ta are present after 
heating up to 1220 °C. 
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Figure 4.20 Time evolution for the ACF2 film. 
 
The heat treatment of ACF3 started at 400 °C with the same increments as for ACF2. 
Figure 4.21 and 4.22 shows a selection of the measurements. Figure 4.23 and 4.24 shows 
how the I-phase peaks disappear and how the β-phase peaks grows. Figure 4.25 is the 
time evolution for ACF3. 
 
• 400 °C: Unlike for ACF2 only the η-phase and the peak from the Fe layer embedded 

in between two of the η peaks are being detected. 

• 490 °C: The β-phase forms from the Fe with the η-phase peaks remaining. 

• 580 °C: The I-phase is again detected, now with a lattice parameter of a6D=6.365 Å. 
The I-phase peaks quickly sharpens with solely the β-phase as a secondary phase.  

• 650 °C: Continued sharpening and increase of the intensity of the I-phase peaks with 
a lattice parameter of a6D=6.388 Å. After 5 h at this temperature the intensity from 
the β-phase grows much stronger, while the intensity for the I-phase peaks steadily 
decreases. 

• 700 °C: This development is further progressed at 700 °C where only the 20/32 peak 
of the I-phase remains visible after 5 h. The lattice parameter has now increased to 
a6D=6.4 Å. The intensity of the β-phase peak has increased several orders of 
magnitude. Another 8 hours later no peaks of the I-phase can be detected and solely 
the β-phase peak remain. This result further suggests that Al is being evaporated 
from the I-phase, and since diffusion of Al occurs within the film from the bottom to 
the surface the entire film transforms into β-phase. Al is likely more strongly bound 
to the β-phase since it has a far higher melting temperature. Once the entire thin film 
has transformed into β-phase this prevents further evaporation of Al. 
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Figure 4.21 Heat treatment of the ACF3 film on 400 °C to 580 °C. 
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Figure 4.22 Heat treatment of the ACF3 film on 650 °C to 700 °C. 
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Figure 4.23 Heat treatment of the ACF3 film on 650 °C to 700 °C in a different scale. How the I-phase 
disappears is clearly visible. 

 
Figure 4.24 Heat treatment of the ACF3 film on 650 °C to 700 °C in a different scale. How the β-phase 
quickly grows is clearly visible. 
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Figure 4.25 Time evolution for the ACF3 film. 
 
In the final deposition with the Al-Cu-Fe system, an additional 10% of deposition time 
was added for the Al top layer in an attempt to compensate for the expected evaporation 
during the heat treatements. In this way it was hoped that a final composition in which 
the I-phase is ideal would be reached. For this particular reason also much shorter scans 
were taken to monitor how the diffraction peaks changed with time such that the 
treatment could be stopped in good time before the film had turned into solely β-phase 
again. 

The EDX results for this sample are probably not comparable to the previous 
measurements because of the different layer sequences. For this sample both Cu and Fe 
are much closer to the surface, and the Al-content should be higher than before. The 
depth dependence of EDX will also play a major role in the results. The amount of Cu to 
Fe should still be comparable to each other, and as such the amount of Fe in the film is 
higher than planned. This can also be seen from the phases formed during the heat 
treatment. This is likely caused by the instability the Fe magnetron had during the last 
deposition. 

The film was initially annealed at 490 °C for an entire day to mix the layers well, 
but still be at a low enough temperature to prevent or have minimal evaporation of Al. 
The temperature was thereafter increased to 740 °C for totally 160 minutes after which 
the temperature was lowered to several lower temperatures and finally to room 
temperature where the measurements were continued to ascertain that no new phases or 
total transformation of the I-phase to other phases occurred. 

Figure 4.27 and 4.28 shows a selection of the measurements. Figure 4.26 is the 
time evolution for ACF3. The measurements were only of a few degrees to lower the 
measuring time as much as possible. 
 

 55



• After one day at 490 °C: Broad and unsharp peaks of the I-phase appeared. The 
lattice parameter of the I-phase was a6D=6.363 Å, and several peaks from the λ-phase 
were detected.  

• 740 °C: Increased sharpness and intensity of all the I-phase peaks, and a lattice 
parameter of a6D=6.387 Å. The λ-phase was still remaining and the β-phase was 
forming and growing quickly at the cost of mainly the I-phase.  

• 400 °C: The same phases were still present, but the peak shifted slightly. This gave a 
lattice parameter of a6D=6.330 Å. 

• 220 °C: Only peak shifts, and the lattice parameter decreased to a6D=6.308 Å. 

• 25 °C: The lattice parameter was now a6D=6.290 Å, and although the peaks indexed 
for 6/9, 8/12 and 20/32 decreased in intensity or disappeared, the peaks indexed 3/4, 
7/11 and 18/29, who all are five fold peaks, remained or even got sharper. 
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Figure 4.26 Time evolution for the ACFA film. 
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Figure 4.27 The entire heat treatment of the ACFA film on the low angles. 
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Figure 4.28 The entire heat treatment of the ACFA film on the high angles. Another scale is used 
compared to Figure 4.27. 
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4.3 Nanoflex on Si 
 
Thin films from a Nanoflex target were deposited on cleaned Si (100) substrates in a 
sputtering gas pressure of 3×10-3 Torr. The substrate temperatures used were room 
temperature and 470 °C, which is the ideal temperature for formation of the 
quasicrystalline R’-phase.  

Only the films of 1 μm in thickness were further treated in the tube furnace at 470 
°C for 48, 52, 125, 75, 700 h with diffraction measurements made after each period, a 
total of 1000 h of heating at 470 °C. Both films were treated together the entire time, and 
EDX measurements were taken before and after the 1000 h of heating. The measured 
compositions are listed in Table 4.3. EDX measurements of the Nanoflex target and of 
the heat treated films deposited on the Al2O3 substrate are included as well. The XRD 
measurements are shown in Figure 4.30 and 4.31. A measurement was taken from the 
received Nanoflex steel too as reference and is shown in Figure 4.29. 
 
Table 4.3 EDX measurements of the Nanoflex steel and the deposited thin films. 
 

EDX Composition (at.%) Name 
Cr Ni Mo Cu Ti Al Mn Si C Fe O 

Reference 14.1 2.5 0.6 0.9 1.8 0.9 0.6 1.0 - 25.6 51.9 
NFRT 10.4 6.9 1.6 1.4 0.8 0.8 0.3 0.8 - 61.8 15.4 
NFHT 8.4 6.1 1.3 1.2 0.6 0.6 0.2 1.6 - 51.5 28.5 
NFRT annealed 8.3 0.9 1.2 - 0.7 0.7 0.2 5.5 - 46.2 36.3 
NFHT annealed 1.3 0.6 - - - - - - - 39.2 58.9 
NFS annealed 10.2 4.9 1.2 1.1 0.7 0.6 0.3 0.7 - 52.9 27.4 

 
All peaks detected in the reference sample can be indexed mainly as the α-matrix and 
different types of oxides (marked with O in the figures), mainly the rhombohedral 
oxides Fe2O3, Cr2O3, (CrFe)2O3, Cr1.3Fe0.7O3, Cr2(FeO2)6, but also the cubic oxides 
NiFe2O4, FeCr2O4, Fe21.34O32 and the tetragonal Fe21.34O32 [reference 50 for all these 
phases]. Diffraction peaks from the χ-phase and austenite γ-phase are present as well. 

The film deposited at high temperature, NFHT, was almost amorphous as sputtered. 
Only an extremely broad peak identified as the main peak of the α-matrix was detected. 
After treatments only the oxides mentioned above are detected, and the matrix had been 
entirely consumed and turned into Fe2O3. 

The film deposited at room temperature had several diffraction peaks which were 
different from NFHT and the reference. As deposited, the α-matrix, here with a slightly 
shorter lattice parameter, and a tiny amount of Fe2O3 was detected. After the initial 
treatment the lattice parameter of the α-matrix became still a little shorter. The oxide 
peak is larger and has only a single preferred orientation. As the treatment continues, 
peaks from the fcc cubic α1-Fe3Si phase[15] can be seen growing. Given the results from 
section 4.1 it was again concluded that Si from the substrate diffused into the film. 

As shown in the EDX measurements, the amount of oxygen increased significantly 
during the treatment, resulting in Fe2O3 eating up the film. This is believed to be a result 
from the tube furnace not being free from oxygen, no pre-pumping is done before the Ar 
gas is being pumped into the furnace, or the furnace is not entirely isolated. 
 



 
Figure 4.29 XRD measurement of the untreated Nanoflex target. 

 
Figure 4.30 Heat treatment at 470 °C in the tube furnace of the Nanoflex thin film deposited at 470 °C. 
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Figure 4.31 Heat treatment at 470 °C in the tube furnace of the Nanoflex thin film deposited at room 
temperature. 
 
 
4.3 Nanoflex on Al2O3 
 
After the depositions made on Si substrates a deposition in room temperature was made 
on Al2O3 to avoid diffusion of Si which was observed from the prevous thin films. The 
heat treatment was performed in 10-5 Pa at 475 °C for a total time of 465 h. Figure 4.32 
to 4.35 shows a selection of the measurements during this time. 

The Nanoflex thin film deposited on Al2O3, NFS, shows several peaks different 
from what was detected earlier both as-sputtered and during the treatment compared to 
the previous thin films. The few number of peaks, peak shifts caused by thermal and 
compositional changes, and overlapping intensities with both the substrate and α-matrix 
peaks made identification of the phases difficult. A large amount of diffraction patterns 
of the precipitations mentioned in section 1.3, and other phases in the Fe-Cr-Ni-Mo-Cu-
Ti-Al-Mn-Si-C-O system and the enormous amount of subsystems have been compared 
to identify the most plausible phases. Phases that are not mentioned in section 1.3 should 
be further questioned as any ability to form as stable precipitations is not verified. 

At room temperature and during the first hours the detected peaks are located at 
diffraction angles around 16.5°, 17.5°, and 39.06°, (1, 2 and 3) in addition to the ones 
belonging to the α-matrix. No pattern matched well with the first two peaks but the third 
can match several phases of the Al-Cu-Ti system; Al5CuTi2, Al11Ti, Al5Ti2, Al3Ti, Al2Ti 
and AlTi [reference 50 for all these phases]. After the first 3 hours additional peaks are 
found at 33.45°, 43.0°, and low-intensity peaks in the range 45.5°-47.9° (4, 5 and 6). The 
peak at 33.45°, which is the same oxide as was seen in the reference, NFRT and NFHT, 
became more well-defined with time. The peak at 43.0° is broad and became even 
broader after 30 and 85 hours as more peaks at nearly the same angle appears. It is not 
possible to distinguish how many diffraction peaks that actually are present. Possible 
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matches are Ni3(Ti,Al), χ, and η which matches with the peaks found in the range 45.5°-
47.9° too. Other possible candidates are CuNi2Ti, Cu0.81Ni0.19, Ni4Ti3, Ni5Al3, AlCr2 and 
Mo1.24Ni0.76 [reference 50 for all these phases]. The low-intensity peaks at 45.5°-47.9° 
can be matched with Ni3Mo, σ, G, σ-(Ni,Ti,Al), CrSi2 and Ni74Si26 [reference 50 for all 
these phases]. These remain with low intensities throughout the treatment. After 25 h a 
peak at 74.14° that belongs to γ austenite appeared and grew stronger during the entire 
treatment. After 55 hours a peak appeared at 54.5° (7), however no good match has been 
found. After 70 hours a new broad small peak was detected at 72.8° (8). The best match 
for this is the Laves phase, FeMo2. However, the diffraction pattern for this phase shows 
many more peaks with high intensities which should have been detectable as well. The 
last peaks that were detected during the heat treatment were located at 20.46° and 83.70° 
(9 and 10) and formed first after 390 h. The Al3Ti phase [50] is a possible match to both 
these peaks.  

It must be mentioned that all main peaks of the R phase are being overlapped in the 
region 41°-45°. Furthermore, no reference diffraction pattern was available for neither 
the Ni2TiAl phase nor the ω-phase, but the first is metastable as a precipitation and the 
second have no Miller index that could fit with any of the peaks. For the R’-phase, no 
reference XRD measurement or known lattice parameter have been available. It should 
also be mentioned that other precipitations may very well be present, although not give 
sufficient diffracted intensity that can be detected against the background noise. The 
presence of oxygen, as detected by EDX, may also prevent any formation of the R’-
phase. 
 



 
 
Figure 4.32 Heat treatment at 470 °C in the diffractometer of the Nanoflex thin film deposited on Al2O3. 
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Figure 4.33 Heat treatment at 470 °C in the diffractometer of the Nanoflex thin film deposited on Al2O3. 
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Figure 4.34 Heat treatment at 470 °C in the diffractometer of the Nanoflex thin film deposited on Al2O3. 
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Figure 4.35 Heat treatment at 470 °C in the diffractometer of the Nanoflex thin film deposited on Al2O3. 
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Chapter 5 
 
 

Conclusions 
 
 
 
 
 
 
 
During the course of this project, a great number of difficulties have been encountered 
and were overcome. Several weaknesses of the equipment used were noted, and worked 
around. A great number of precipitations were seen able to form, a huge amount of 
phases were identified. Ultimately, thin films containing quasicrystals have been 
possible to synthesize. 

Magnetron sputtering of Fe was made possible by preparing the magnetron in a 
suitable manner using a shield of iron, and by thinning the target to 1 mm in thickness. 
Thickness determination of Al on Si substrates was made possible by growing 
multilayered films of Al with another material and deriving the multilayer period 
thickness. EDX was unfortunately proven to be insufficient at obtaining an accurate 
enough reading of the composition of the thin films. It was however possible to reach 
suitable compositions even with the unavoidable inaccuracies of the deposition rates and 
the unstable magnetrons. It was found that Al evaporated during the heat treatments, 
causing a shift in the composition towards the pure β-phase. This is of course a major 
problem if thin films of entirely ideal quasicrystals are desired. The evaporation might 
however be used to study the quasicrystal to crystal transformations. Contamination by 
oxygen has been seen to turn entire Nanoflex films into different metal oxides. Problems 
with maintaining the alignment of the samples were noticed which can make phase 
identifications difficult when phases with almost identical diffraction patterns are 
formed together. Accidental evaporation of the heating filament has been observed at 
very high temperatures. This poses a significant problem if treatments at these 
temperatures are required. The tube furnace used has been noticed to contain 
contaminations making it unsuitable for heat treatments of thin films that do not form a 
protective layer. The temperature of Philips X’Pert MPD also seems to be incorrect 
considering what is formed and what should be formed at the input temperature. 

The phases that were identified in the investigated thin films deposited at the 
different substrates are listed in Table 5.1 to 5.4. Exactly which phases one may 
encounter depend on the exact initial composition, the layer sequence and the total time 
of the heat treatment. On the diffusion resistant substrate Al2O3 it was possible to form 
the quasicrystal icosahedral Al-Cu-Fe I-phase. It was however always accompanied with 
atleast one other phase, either due to wrong initial composition, or because other phases 
formed when the Al-atoms evaporated. The rhombohedral approximant R-phase has 



been able to form on Al2O3 too, and the cubic approximant α has been formed, by a 
quite unconventional method, on Si substrates. The lattice parameter of the α-phase was 
shorter with almost 0.1 Å at room temperature than what has been reported in literature. 
The reactions that have been observed through increased temperature for Si and Al2O3, 
respectively, can be described as following: 

 
1) Diffusion between Al and Cu to several different AlCu phases. 
2) Diffusion between Al and Fe to AlFe3. This step is sometimes skipped. 
3) Diffusion of the Si substrate. 
4) The approximant α-phase and other Si phases forms. 
5) As the amount of Si in the films increases, either by time or temperature, the α-

phase is transformed into other Si-rich phases. 
 

1) Diffusion between Al and Cu to several different AlCu phases. 
2) Diffusion between AlCu-phases and Fe to ternary phases. 
3) I-phase is formed. 
4) Al evaporates, the I-phase transforms into the β-phase. 
5) The entire film transforms into β-phase. 

 
The Nanoflex films on Si have been observed to react either with the substrate, or with 
oxygen from the ambient to turn into different metal oxides, primarily Fe2O3. The film 
deposited on the Al2O3 substrate form several precipitations during the heat treatments. 
Most of these can be matched with the precipitations formed in the standard production 
of Nanoflex steel or with the phases that are formed when treated at a too high 
temperature. The reaction paths for Al-Cu-Fe and Nanoflex steel on Si and Al2O3 
substrates are illustrated in Figure 5.1. 

 
 
Figure 5.1 Schematic illustration of the reaction paths for a) Al-Cu-Fe on Si, b) Al-Cu-Fe on Al2O3, c) 
Nanoflex on Si, and d) Nanoflex on Al2O3. 
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Table 5.1 Identified phases at different temperatures in Al-Cu-Fe on Si. 
 

Temp (°C) Phase Comment 
RT Al, Cu, Fe The pure constituent elements 
40 Al, Cu, Fe The pure constituent elements 
130 Al, Cu, Fe, θ, γ  
220 Fe, θ, γ  
310 Fe, Fe?, η, AlFe3 Fe? is a dirty Fe-layer 
400 η, α, τ3, AlFe3  
490 α, τ3 Si has diffused into the film 
580 α, τ7 Si has diffused into the film 

670 α, τ7, τ7?, β, X τ7? are peaks that could be from τ7.  
X is an unindentified phase 

770 τ7, X  
860 X  
950 X  

 
 
 
 
 
Table 5.2 Identified phases at different temperatures in Al-Cu-Fe on Al2O3. 
 

Temp (°C) Phase Comment 
RT Al, Cu, Fe The pure constituent elements 
220 Fe, θ, γ, η  
310 Fe, η  
400 η, ω, Fe  
490 η, ω, β, λ, I, R R and λ was formed first after being cooled to room temperature 

580 ω, β, I, R Al evaporates from the film, making the composition 
shift toward the region of pure β. 

650 ω, β, I Al evaporates, making the film transform towards pure β 
700 β, I Al evaporates rapidly, making the film transform towards pure β 
740 β, I, λ Al evaporates rapidly, making the film transform towards pure β 
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Table 5.3 The phases found in the Nanoflex films deposited on Si during heat treatment 
 

Film Time (h) Phases 
NF ref substrate 0 α, γ, χ, Metal oxides  

0 α, Metal Oxides 
48 α, Metal Oxides 

100 α, Metal Oxides 
225 α, Metal Oxides, α1-Fe3Si 
300 α, Metal Oxides, α1-Fe3Si 

NFMRT 

1000 α, Metal Oxides, α1-Fe3Si 
0 α 

48 Metal Oxides 
100 Metal Oxides 
225 Metal Oxides 
300 Metal Oxides 

NFMHT 

1000 Metal Oxides 
 
 
 
 
 
Table 5.4 Plausible phases to the peaks found in the Nanoflex films deposited on Al2O3 during heat 
treatment other than the α-matrix and reverted austenite γ. 
 

Peak Plausible known precipitate Other plausible phase 
1 None None 
2 None None 
3  Al5CuTi2, Al11Ti, Al5Ti2, Al3Ti, Al2Ti, AlTi 
4  Metal Oxides 
5 Ni3(Ti,Al), χ, η CuNi2Ti, Cu0.81Ni0.19, Ni4Ti3, Ni5Al3, AlCr2, Mo1.24Ni0.76 
6 Ni3Mo, σ, G, η σ-(Ni,Ti,Al), CrSi2 and Ni74Si26 
7 None None 
8 FeMo2-Laves  
9  Al3Ti 

10  Al3Ti 
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Chapter 6 
 
 

Future Work 
 
 
 
 
 
 
 
For future work with quasicrystals much of the current equipment has to be improved. 
Magnetrons that will not change their deposited rates from one sputtering to another and 
remains stable have to be used to achieve as accurate compositions as possible. The tube 
furnace needs to be installed with some kind of vacuum pump to remove the 
contaminations present before Ar pumped into it. The temperature in the Philips X’Pert 
MPD should be recalibrated and/or a pyrometer should be installed to continuously 
ascertain at what temperature the heat treatments are being performed at. It is also 
recommended to use some kind of clip to prevent movement of the sample during the 
measurements. If quasicrystals or other phases that forms at very high temperatures are 
to be investigated in the furnace, another filament will be required in order to prevent 
secondary deposition from the currently used one. 

Experimentally several improvements and suggestions are recommended. Another 
method than EDX should be used to determine the composition. RBS is recommended 
for thin films that have either a simple multilayer sequence, or is made up of elements 
that can be separated in the measurements. Cu and Fe can unfortunately not. TEM is 
greatly recommended to in detail study the formation of precipitations and phases in 
both systems studied, and above all to obtain the diffraction patterns of the quasicrystals 
and other desired phases. To prevent Al evaporation from the surface during the heat 
treatements some kind of protective layer, like e.g. Al2O3 is recommended, could be 
deposited on top of the film to sandwich it. Surface properties of the quasicrystals will 
however not be possible to study if this is used. If successful one could try to deposit the 
same protective layer against the Si substrate to protect against Si diffusion into the film. 
The evaporation could otherwise be used in in-situ experiments to study transformations. 
It is recommended to use a shorter increment or a continuous ramping of the temperature 
to obtain the exact formation temperature of the desired phases. The heat treatments in 
XRD could favorably be combined together with differential scanning calorimetry 
(DSC). To afford samples in quantity other kinds of diffusion resistant substrates are 
recommended. Different kinds of stainless steels have successfully been used to make 
thin films of the I-phase in other studies, but could prove not to be sufficient for 
formation of quasicrystals at higher temperatures. If studies of the approximant α-phase 
in thin films are desired, then the Si substrates can beneficially be used, although 
attention has to be paid to the deformation of α-phase from continuous diffusion of Si. 
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	Figure 1.1 Selected-area electron diffraction patterns taken from a single grain of the icosahedral phase. 2-, 3-, and 5-fold symmetries of the icosahedral symmetry are clearly visible [1].



