
Surface Studies on Industrial

Aluminium Alloys

Master Thesis
equivalent to 30 ECTS

Lisa Rullik
VT 2014

Supervisors:
Dr. Florian Bertram, Prof. Dr. Edvin Lundgren

Division of Synchrotron Radiation Research
Department of Physics

Faculty of Science

mailto:lisa.rullik.550@student.lu.se
mailto:florian.bertram@sljus.lu.se
mailto:edvin.lundgren@sljus.lu.se


Handed in to the examination committee on May 28th, 2014. To be presented at a
public seminar in room H322 at the department of physics in Lund on June 11th, 2014
at 10am.

Copyright c©Lisa Rullik
Division of Synchrotron Radiation Research
Department of Physics
Lund University
Printed in Lund, Sweden, 2014





 
Examensarbete, Naturvetenskap, Lunds universitet 

 

Lisa Rullik 
 

 

Making Aluminium Alloys Sweat 
 
Aluminium based products, especially aluminium alloys, can be found in all aspects of 
everyday life. If you drive a car, drink from a beverage can or pass through a 
doorframe, aluminium alloys are used. To improve performance, lifetime and 
production of aluminium alloys, we need to know how they behave in different situations 
for example when you heat them. 
 
To understand how aluminium alloys react on heat treatment is important because during the 
production of these alloys and the joining of different work pieces, aluminium alloys are 
heated. Besides aluminium several other elements are present in the alloy to give it its desired 
properties. All of these additional elements like magnesium, silicon and iron are influenced 
differently by heat.  
 
If an aluminium alloy is exposed to an oxygen rich atmosphere like air, it forms an aluminium 
oxide layer on its surface within seconds. For some applications this natural occurring oxide 
layer provides a good corrosion protection. During brazing the oxide layer on top of the alloy 
is disadvantageous because it disturbs the bonding between the work pieces. 
 
For our heating experiments we used a special type of microscope called Spectroscopic 
Photoemission and Low Energy Electron Microscope, short SPELEEM. The SPELEEM is 
situated at the national Swedish synchrotron radiation facility, MAX IV Laboratory. With this 
microscope images with an element specific contract can be obtained, e.g. it only shows 
magnesium-rich areas as bright spots as shown in the figure below. The SPELEEM allows 
taking images showing the topography of the alloys’ surface, too. Further, the SPELEEM can 
be operated in a spectroscopy mode. Spectroscopy is the study of how matter interacts with 
light. Using spectroscopic techniques different chemical states of the elements in the alloy can 
be detected. It can be used to figure out if aluminium or aluminium oxide is present on the 
surface. 
 

Using the SPELEEM in its different modes of 
operation we detected for both studied 
aluminium alloys that magnesium particles start 
to precipitate at the aluminium alloy surface 
when you heat it to 400°C.  
For the aluminium alloy that is used in brazing 
applications we found that the aluminium oxide 
layer decomposes at 490°C, but that small 
islands of the aluminium oxide film still remain 
on the surface. 
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Abstract

Aluminium alloys are used in a wide range of applications due to their high tensile
strength concomitant with low density. Additionally, aluminium alloys form a naturally
occurring and passivating oxide layer, which leads to high corrosion and weathering re-
sistance. In industrial manufacturing, aluminium alloys acquire their desired properties
through specially designed heating processes. A common method to join aluminium
work pieces together is brazing. The work pieces designed for brazing applications are
coated with an aluminium alloy, which has a lower melting point as the base material.
During brazing the top alloy is molten and the covering oxide layer needs to be broken
up to achieve a strong and durable connection between the work pieces.

This thesis present how temperature treatment affects the surface layer of two different
aluminium alloys. The processes taking place during heat treatment were studied by a
combination of microscopy and spectroscopy techniques. Both alloys were heated in an
UHV chamber and characterized after subsequent heating by using different operational
modes of the SPELEEM (Spectroscopic PhotoEmission and Low Energy Electron Mi-
croscope). The SPELEEM is situated at beamline I311 at the MAX II storage ring at
the national Swedish synchrotron radiation facility, MAX IV Laboratory. The operation
modes of the SPELEEM that were used for this study are MEM (Mirror Electron Mi-
croscopy), XPEEM (X-ray PhotoEmission Electron Microscopy) and XPS (X-ray Pho-
toelectron Spectroscopy). In addition, the samples were examined by SEM (Scanning
Electron Microscopy) before and after the heat treatment.

Using the above described combination of different surface science techniques, the changes
occurring upon heat treatment at the aluminium-magnesium-silicon alloy 6063 surface
were studied at room temperature and after heating to 300◦C and 400◦C. The aluminium
alloy used in brazing applications was studied at higher temperatures up to 500◦C to
follow the decomposition of the aluminium oxide layer. Using the previously mentioned
techniques allows to follow the diffusion, reactions and sublimation of the different ele-
ments.
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Abbreviations, Constants and Symbols

c speed of light
CCD charge-coupled device
CL core level
e elementary charge
E energy
EB binding energy
Ef energy of final state
EF Fermi energy
Ei energy of initial state
EI ionization potential
Ek kinetic energy
Evac vacuum energy level
ESCA electron spectroscopy for chemical analysis
h Planck’s constant
I(x, y) intensity
m0 rest mass
MEM mirror electron microscopy
Ps radiated power
PE photoelectron
R bending radius
SEM scanning electron microscopy or microscope
SPELEEM spectroscopic photoemission and low-energy electron microscope
Tm melting temperature
UHV ultra-high vacuum
UV ultra-violet
VB valence band
wt.% weight percent
XP x-ray photoelectron
XPEEM x-ray photoemission electron microscopy
XPS x-ray photoelectron spectroscopy
ε permittivity of free space
ν frequency
% density
σ tensile strength
σs specific strength
Φ work function
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1 Introduction

Materials and their industrial processing can only be designed and optimized in an
efficient way if the structure-property relationship is understood to a sufficient extent.
Materials containing several constituents, e.g. alloys, obtain their macroscopic properties
through the interactions of their individual components on an atomic scale.
The manufacturing process of materials usually consists of several processing steps. Dur-
ing each process the material is exposed to a certain set of conditions. These changing
environments influence the interaction between the individual components and their dis-
tribution within the material, which will lead to altered properties of the materials itself.
Therefore, it is desirable to foster the understanding of atomic interactions in materials
and determine how they are influenced by conditions that are characteristic to their
manufacturing. The goal of this thesis project is to contribute to the described issue
with regard to aluminium alloys and their manufacturing processes.

1.1 Aluminium Alloys

Aluminium alloys are used in a wide range of items because of their characteristic prop-
erties. They can be found nearly anywhere from lightweight pieces in space shuttles,
aeroplanes, cars or as construction materials in skyscrapers down to ladders and bever-
age cans.
An exceptional property of aluminium alloys is their tensile strength, which is compara-
ble to that of steel at low temperatures. The high tensile strength in concomitant with
low density gives aluminium alloys a high specific strength. A high specific strength is
desirable for materials used in transportation because the light weight can reduce energy
consumption. This reduction goes together with reduced mileage and exhaust emission,
which itself is preferable from an environmental perspective [1].
Additionally, aluminium products can be recycled several times without losing their
high quality and that by only consuming a small fraction of the energy used to extract
primary aluminium. Hence, the recycling of aluminium is preferable from an economic
perspective and environmentally friendly. An in depth discussion of this aspect can be
found here [2].
Further remarkable characteristics of aluminium alloys are the high thermal and electric
conductivity, good machinability, castability and workability. On top of that, aluminium
alloys form a passivating native oxide layer on the surface upon exposure to air or an
oxidizing atmosphere, which leads to high corrosion-, weathering- and wear resistance
[3, 4].
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1 Introduction

Aluminium alloys undergo several manufacturing processes, which are necessary to create
their characteristic properties. This thesis is part of a project that focuses on studying
the influence on aluminium alloys through two kinds of fabrication steps: thermal treat-
ment and anodizing of aluminium alloys. However, the work presented here is focusing
on the effects of thermal treatment of industrial aluminium alloys.
During the production of an alloy different ways of improving the properties of the
material are available, e.g. strengthening mechanisms like work hardening, solute hard-
ening, precipitation hardening and grain size hardening. In the last three mentioned
strengthening mechanisms the temperature plays an important role.
In solute hardening dissolved alloying elements replace aluminium atoms in the lattice
to create local distortions in it. The created strain in the lattice increases the energy
barrier a dislocation needs to overcome to pass. To strengthen an alloy in this way, the
composition and the solid solubility of the alloying elements are important. Generally,
the solubility increases with increasing temperature.
In precipitation hardening a supersaturated solid solution is created by heating the al-
loy above the solvus temperature but staying below the liquidus temperature and then
rapidly cooling, quenching, it. The supersaturated solid solution decomposes to get
into equilibrium again and thereby forming fine precipitates. This decomposition can be
increased by heating the alloy. This is usually referred to as artificial ageing. The forma-
tion of precipitates at room temperature is called ageing only. The strengthening effect
occurs for coherent precipitates by the formation a strain field around the precipitate,
which stops the movement of dislocations [5, 6].
Further, the grain size, which affects the creep and fatigue resistance, is influenced by
the cooling rate and temperature, meaning that fast cooling leads to smaller grains [7].
Another application where the temperature is important in the processing of aluminium
alloys is brazing. Brazing sheets can be used to form the final aluminium product, e.g.
car frames and heat exchangers, by brazing single pieces together. These brazing sheets
consist of a core material with a braze cladding on top, which itself is covered by a native
oxide film. To be able to braze different compounds together effectively, the thickness of
the native oxide layer and it’s composition in the surface layer must be well known. This
is because the native oxide layer needs to be broken without melting the core alloy but
allowing the brazing alloys to flow sufficiently between the two objects to be joined [8,9].
Further, another important processing step should be mentioned here: the growth of
a thick protective oxide layer. It is realized through the oxidation of aluminium to
aluminium(III) oxide. Oxidizing aluminium electrochemically is referred to as anodiz-
ing [10]. During anodizing an external current is applied in the presence of an electrolyte
to the aluminium piece, which serves as the anode, hence the name. The growth of the
protective oxide layer by anodizing is strongly dependent on what kind of surface it is
grown on. Therefore, anodizing properties are another reason to study the effects of
heat treatment on aluminium alloys.
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1 Introduction

1.2 Surface Science

Even though the surface only contributes to a small percentage of the volume of a
material, it is of major importance for it’s performance. The surface layer of a material
experiences various kind of conditions that can lead to its failure. Several failure modes,
e.g. wear, thermal shock, and corrosion, are directly related to the material’s surface.
Additionally, the properties of the surface greatly influence how good a material can be
processed further, e.g. brazing, anodizing or dying. Hence, it is necessary to not only
study the behaviour of the whole material but specifically investigate the surface.
Surface science provides a wide range of techniques that can be applied to study how
aluminium alloys are affected by heating. Here, a combination of spectroscopic and
microscopic methods was used, namely x-ray photoelectron spectroscopy (XPS), x-ray
photoemission electron microscopy (XPEEM) and mirror electron microscopy (MEM).
The mentioned techniques were applied trough a combined instrument, the Spectroscopic
Photoemission and Low Energy Electron Microscope (SPELEEM), which is situated at
beamline I311 at the MAX II storage ring at the national Swedish synchrotron radiation
facility, MAX IV Laboratory. The SPELEEM is a powerful tool for surface science
because not only changes in the chemical state of the different alloying elements can be
detected but also where these changes occur by adding the information from microscopy
techniques.
Additionally, optical microscopy and scanning electron microscopy (SEM) were utilized
to obtain topological information before and after the heat treatment, which took place
within the SPELEEM instrument. The main focus of this experimental work lies however
with the SPELEEM.
Topological changes can be detected through the microscopy techniques like MEM and
SEM. To get a more detailed picture about what is happening during thermal treatment
of the aluminium alloy, changes in the chemical state of the single alloying elements, like
oxidation and reduction, are of interest, too. These changes can be studied by techniques
based on photoelectron emission, here XPS and XPEEM.
The surface sensitivity of these techniques is based on the strong interaction of electrons
with matter. Electrons can only travel a certain distance without loosing energy de-
pending on their initial energy and the material they travel through. The inelastic mean
free path refers to this average distance and it is in the range of ångströms depending
on their kinetic energy.
Further, XPS allows, because of its surface sensitivity to study elements at different
probing depths by measuring at different photon energies. This can be used to obtain
insights about the kinetics during heat treatment.
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2 Experimental Set-up and Methods

To study how aluminium alloy surfaces are affected by annealing different surface science
techniques, namely XPS, XPEEM, MEM and SEM, were used. Topographic information
about the aluminium alloy surface were obtained by MEM and SEM. XPEEM images
the spatial distribution of an element in one specific chemical state. Using XP spectra
the chemical states present in the sample can be identified.
The previously mentioned techniques can be separated into two groups. On the one
hand there are MEM and SEM, where electrons interact with the sample’s surface and
on the other hand x-rays are used in XPS and XPEEM to create photoelectrons (PE),
which then contain the information about the sample’s surface. The x-rays used in
the experiments presented here, were generated through an undulator in a storage ring.
Previously, sources that created x-rays through bending magnets were parasitically im-
plemented at synchrotrons, therefore, the light produced like that is still referred to as
synchrotron radiation, even though nowadays dedicated storage rings are used to create
synchrotron radiation.

2.1 Synchrotron Radiation

From classical electrodynamics it is known that if charged particles are accelerated they
emit energy in form of electromagnetic waves. However, the total radiated power of
non-relativistic particles is very small and scales only with the square of the change of
the charged particles momentum, as described by Larmor [11].
In accelerators, which are used to produce synchrotron radiation, relativistic particles,
means particles with velocities close to that of light, are used. Thus, they need to be
described by relativistic electrodynamics. This is done by applying a Lorentz transfor-
mation to time and momentum. By further considering, that the charged particles are
accelerated on a circular path, as in a bending magnet, the following expression can be
derived, as done by Liénard [12], where c is speed of light, ε0 the permittivity of free
space and R the bending radius of the particles orbit

Ps =
e2c

6πε0

1

(m0c2)4
E4

R2
(2.1)

In equation 2.1 the radiated power, Ps, for particles with the elementary charge, e is
proportional to the fourth power of the particle energy, E, and inversely proportional to
the fourth power of the rest mass, m0. Thus, only particles with a low rest mass, usually
electrons, at relativistic velocities can be used to produce synchrotron radiation.
By combining several short bending magnets with alternating polarity into an undulator
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2 Experimental Set-up and Methods

or wiggler, the electrons are forced onto an sinusoidal path, which allows the production
of more intense and collimated radiation. Today dedicated storage rings are used instead
of synchrotrons because they operate at constant energy and thus, provide a more stable
beam. Figure 2.1 illustrates simplified how synchrotron radiation can be produced by
sending relativistic electrons though an insertion device.

storage ring with 

electron bunches

undulator/ wiggler

x-rays

Figure 2.1: Simplified schematic of a synchrotron radiation source. Relativistic electrons
circulate in the storage ring. By passing though the alternating magnetic field of the
insertion device, here an undulator or wiggler, electrons are forced onto an oscillating
path, which leads to the emission of synchrotron radiation.

All in all the advantages of using synchrotron radiation sources are high intensity, good
tunability with respect to the wavelength, low divergence and a small beam size.
A more complete description can be found here [13,14].

2.2 Beamline I311

The main part of the experimental work was performed at the microscopy endstation
of beamline I311. Beamline I311 is an soft x-ray undulator beamline with two endsta-
tions positioned at the 1.5 GeV MAX II electron storage ring at the national Swedish
synchrotron radiation facility, MAX IV Laboratory, in Lund.
At the microscopy endstation of beamline I311 x-rays in the energy range from 43 eV
to 650 eV can be used for experiments; at the spectroscopy endstation x-rays with an
energy up to ∼1500 eV are available. The energy resolution of the x-rays varies from
5 × 103 to 2 × 104. The photon flux changes with photon energy and harmonic chosen
as shown in figure 2.2. It is important to know this feature of the beamline to be able to
normalize the measured data during the analysis, otherwise the comparison of different
spectra is impossible.
A full description of beamline I311 and its properties can be found here [15].

5
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Figure 2.2: Plot photon energy vs. photon intensity for different harmonics at beamline
I311. Knowing how the intensity varies with energy allows to normalize the measured
spectra.

2.3 Spectroscopic Photoemission and Low Energy Electron
Microscope

The here presented XPS, XPEEM and MEM measurements took place at the Elmitec
SPELEEM III [16], which is situated at the microscopy endstation of beamline I311. In
addition to the already mentioned modes of operation, the SPELEEM can be used for
low energy electron microscopy (LEEM), low energy electron diffraction (LEED) and
UV-photoemission electron microscopy (UV-PEEM). Combining all these techniques in
one instrument, makes the SPELEEM a powerful tool for surface science. The different
modes of the SPELEEM used for this project will be introduced later in this section.
A schematic drawing of the set-up of the SPELEEM is shown in figure 2.3. There are
three different sources to illuminate the sample: a mercury UV-lamp (∼ 4.8 eV), a
tunable synchrotron light source (43 eV - 650 eV) and a lanthanum hexaboride cathode
(-20 keV) serving as an electron gun. The electrons can be deaccelerated by an electric
field, so that their energy can be -20 keV±SV (starting voltage) when they reach the
sample’s surface.
The beam of electrons from the electron gun is focused in the illumination column and
deflected by 60◦ towards the sample in the magnetic beam separator. After the sample
interacted either with the electrons or photons, the outgoing electrons are deflected by
the beam separator again. The electrons are accelerated again and pass through another
imaging column and the hemispherical electron energy analyser. Finally, the electrons
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2 Experimental Set-up and Methods

are projected onto a micro channel plate (MCP) with a phosphorous screen.
For creating XP spectra the dispersive plane of the hemispherical energy analyser is
imaged onto the screen. By adjusting the focusing strength of the different lenses in
the imaging columns, the operator can choose between projecting the gaussian image
plane, which is corresponding to a real space image as used in MEM and LEEM, or the
back focal plane of the objective lens, which shows the diffraction pattern as needed for
LEED experiments.

sample

electro
n gun

im
ag

e

illu
minatio

n column

imaging coloum

hemispherical electron

energy analyzer 

projection
 lenses

objective

beam 

separator

UV light

X-rays

slit

Figure 2.3: Schematic drawing of the SPELEEM instrument. The orange lines show the
path of the photons; the blue line indicates the electron’s path; the ellipsoids represent
electron lenses. The sample can be exited by three different sources: x-rays from the
synchrotron source, an electron gun (LaB6 cathode) and a UV-lamp (Hg, ∼ 4.8 eV).
The resulting images are recorded by a CCD camera.

2.3.1 X-ray Photoelectron Spectroscopy

Choosing to illuminate the sample with x-rays from the synchrotron allows to take XP
spectra with the SPELEEM. The processes taking place during an XPS experiment can
be explained by the simplified three step model [17]. A more rigorous treatment of the
theoretical background on photoionization can be found in [18].
In the first step a photon with an energy of hν, where h is Planck’s constant and ν is
the frequency of the radiation, impinges the surface and excites an electron with the
initial energy Ei. After the excitation the electron is transported to the surface and has
a final state energy of Ef . Finally, the electron has to overcome the vacuum barrier

7



2 Experimental Set-up and Methods

and becomes a free electron, which has a kinetic energy of Ek. Invoking the law of
conservation of energy, the following equation can be deduced

Ei + hν = Ef + Ek (2.2)

By considering that the difference between the initial energy Ei and the final energy Ef

is equal to the ionization potential EI , which itself is equal to the sum of binding energy
EB and work function Φ of the sample, we can rearrange equation 2.2 to arrive at

Ek = hν − EB − Φ (2.3)

From equation 2.3 one can see that by detecting the kinetic energy, Ek, it is possible to
extract the binding energy, EB, if a monochromatic light source with a known photon
energy, hν, is used and the work function, Φ, is known.
The theoretical concept behind XPS is the photoelectric effect, which originally says
that metals emit electrons when they are irradiated by light. This was discovered by H.
Hertz [19] in 1887. A. Einstein [20] explained this phenomenon in 1905 and later he was
awarded the Nobel Price in physics in 1921 ”for his services to Theoretical Physics, and
especially for his discovery of the law of the photoelectric effect” [21].
K. Siegbahn discovered that the core level binding energy of an electron is influenced
by its chemical surroundings and he coined the term electron spectroscopy for chemical
analysis (ESCA) [22]. In 1981 K. Siegbahn received the Nobel Prize in physics ”for his
contribution to the development of high-resolution electron spectroscopy” [23]. Since the
chemical surrounding of the atom, whose core level electron was excited, can be deduced
from an XP spectrum, XPS measurements give information on electronic and chemical
state of the atom.
To detect these differences in the chemical environment, XP spectra as shown in fig-
ure 2.4 are collected and analysed according to equation 2.3. Changes in the chemical
environment result in shifts of the peak positions in the spectrum.
Concerning aluminium alloys: XPS can be utilized to identify the chemical state of the
alloying elements and remainder, here aluminium.

2.3.2 X-ray Photoemission Electron Microscopy

In XPEEM the sample is illuminated by a relatively wide beam of x-rays and the whole
surface area is imaged simultaneously similar to a conventional optical microscope. To
obtain high-resolution and surface sensitivity, the PEs emitted through the photoexcita-
tion are used to create the image. Three different kinds of PEs can be used for imaging:
core-level PEs, valence band PEs and secondary PEs. The photoexcitation process takes
place as described previously for XPS in 2.3.1.
To obtain XPEEM images instead of XP spectra, a slit is inserted behind the hemi-
spherical energy analyser in the SPELEEM, see figure 2.3. By using the slit a certain
energy from the dispersive plane can be selected for imaging. By adjusting the strength
of the lenses the photoelectrons can be refocused and a real space XPEEM image of the
sample is projected on the screen.
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Figure 2.4: Schematic representation of the PE emission process for a typical XPS exper-
iment and its correspondent XP spectrum. A system is excited by an incoming photon
with the energy hν. After the excitation an electron is transported to the surface and
overcomes the vacuum barrier. The resulting ejected electron has a kinetic energy
of Ekin. PEs give rise to peaks in the XP spectrum with a corresponding intensity.
(Energy diagram not drawn in scale.)

The contrast in the image is defined as the variation of intensity I(x, y) over the image.
If I(x, y) = const, a uniform image with no distinct features is created. To obtain
and interpret XPEEM images the underlying contrast mechanisms and their physical
meaning need to be considered. The following properties among others can give rise to
an image contrast: work function, chemical composition, surface orientation, electronic
structure, local electrostatic fields (microfields) due to topographical defects, areas of
altered conductivity, partial charging and magnetic domains. Each of these properties
contributes stronger or weaker to the overall contrast depending on which mode of
operation is chosen, e.g. the contribution of work function contrast is high when using
low excitation energies but very weak at high excitation energies [24].
In this work, mainly high photon energies were used to eject electrons from core levels.
Therefore, the contrast is mainly due to electronic structure and the chemical environ-
ment of the selected species. Hence, images, taken at an excitation energy specific for a
certain atom or ion, show areas with a high concentration of the chosen species as bright
spots [25]. This allows to directly identify spatial distribution of a specific atom or ion.
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2 Experimental Set-up and Methods

A lateral resolution of around 20 to 30 nm can be achieved in XPEEM images.
Additionally, the topography of the surface influences the contrast. Features, e.g.
scratches and particles on the surface, alter the potential and lead to deflection, fo-
cusing or defocusing of the photoelectrons. How this microfields affect the images is also
depending on other experimental parameters, e.g. accelerating voltages [26]. Examples
of how the topography of a sample influences the contrast is shown in figure 2.5.
A summary of the historic development of XPEEM over the past 80 years can be found
here [27].

electron 

trajectories

corresponding 

contrast

sample’s 

surface

Figure 2.5: Illustrative examples of how the topography of the samples surface influ-
ences the contrast in the image. Features on the surface create microfields that cause
deviation in the photoelectrons path leading to an altered contrast in the resulting
XPEEM/MEM image. (adjusted, taken from [24,26])

2.3.3 Mirror Electron Microscopy

In MEM electrons are reflected by an equipotential surface several nanometers above
the real surface [28]. Electrons are accelerated towards the sample with very low kinetic
energies. Before the electrons can penetrate the sample, they are reaccelerated back
from the sample towards the cathode, which is the objective lens in the SPELEEM.
The contrast in the resulting image is created through microfields introduced by features
on the surface. As previously mentioned for XPEEM in 2.3.2 and illustrated in 2.5,
microfields disturb the trajectory of the electrons on the way towards and back from the
equipotential surface and thus create the contrast in the MEM image. In comparison
to XPEEM, where the microfields just contributed as a disturbance in the chemical
contrast, MEM uses mainly the local electric fields on the sample’s surface as contrast
mechanism. Additionally to the topography of the surface and its work function, other
properties can have minor contributions, too [29].
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2 Experimental Set-up and Methods

2.4 Scanning Electron Microscopy

Since the SEM measurements only amount to a small part of the presented work, only
a short overview to this technique will be given in the following.
In contrast to MEM, electrons in SEM have a high kinetic energy and the focused
electron beam is raster scanned over the surface to create an image. Through the inter-
action between the electrons and the sample a range of primary and secondary signals,
e.g. backscattered electrons, are created containing the information about the sample’s
surface. By selecting different modes of operation the contrast in the image can be
altered to show the desired features [30].
The SEM images presented in this work were taken with a Hitachi SU8010. For obtaining
images showing the topography of the sample’s surface, secondary electrons were used.
The resolution for the images depends on the kinetic energy of the electrons and is about
1.3 nm at 1 kV and about 1.0 nm at 15 kV.
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3 Aluminum-Magnesium-Silicon Alloy 6063

Aluminium alloys with magnesium and silicon as their main alloying elements, are
grouped together in the aluminium alloy series 6000. Alloys of the 6000 series are used
in a wide range of applications due to their composition because magnesium silicide
can form during quenching or artificial ageing, which improves the maximum attainable
strength values [3].
The different standardized compositions of these alloys can be identified by their last
three digits. In this case the aluminium-magnesium-silicon alloy 6063, which is one of
the most popular alloys among the 6000 series, was studied. The chemical composition
of this alloy is shown in table 3.1. A complete list of aluminium alloy standards can be
found on the homepage of ’The Aluminium Association’ [31].
Common applications of the aluminium alloy 6063 include heat exchangers, heat sinks,
electrical components and conduits, construction products, frames and railings. Char-
acteristic properties of aluminium alloy 6063 are very good corrosion resistance and
weldability [3].

element wt.%

Al remainder
Mg 0.45-0.90
Si 0.20-0.60
Fe 0.35 max
Ti 0.10 max
Cr 0.10 max
Mn 0.10 max
Cu 0.10 max
Ti 0.10 max

Table 3.1: Table summariz-
ing the chemical composi-
tion by weight percentage of
the aluminium-magnesium-
silicon alloy 6063 [32].

T

t

solvus 

solution heat treatment

ageing

quenching

Figure 3.1: Graphic showing the heat treatment dur-
ing the production of the aluminium-magnesium-
silicon alloy 6063 including solution heat treat-
ment, quenching and ageing.

The four digit-number for identifying the composition is followed by a temper designa-
tion, giving information about how the alloy was treated during the production process.
The temper designation T6 which refers to aluminium alloys that have been solution
heat treated and then artificially aged as the alloy that was studied here [32].
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3 Aluminum-Magnesium-Silicon Alloy 6063

A schematic about the general layout of heat treatment during the production of a
aluminium alloy 6063-T6 is found in figure 3.1. Solution heat treatment takes place at
a temperature above the solvus line, which separates an area of one solid solution from
an area of a mixture of solid solutions in a phase diagram. Heating the alloy above the
solvus temperature, allows the formation of a solid solution containing all the alloying
elements, which later should contribute to the hardening effect. During the solution heat
treatment the alloying elements become uniform distributed, too. Therefore, it can be
also referred to as homogenizing. The cooling rate at which the alloy is quenched needs
to be high enough to keep the alloying elements dissolved in the aluminium matrix
and to prevent formation of other unwanted phases. Artificial ageing, also known as
precipitation hardening, is then used as a strengthening process by allowing coherent
phases to precipitate [33].

3.1 Experimental Procedure

The sample preparation for the experiments on the aluminium alloy 6063-T6 is illus-
trated in figure 3.2. Small discs were cut out of the raw aluminium profile and polished
afterwards. Before mounting the disc on the sample holder of the SPELEEM, it was
cleaned with ethanol in an ultrasonic bath. The aluminium alloy sample inside the
sample holder was then mounted in the UHV (10−10mbar) chamber of the SPELEEM.

cut out polish

clean with 

ethanol

mount

1 2 3

4 5

Figure 3.2: Figure showing the sample preparation. From the raw product (1) small
discs (2) are cut out and polished. The polished sample (3) is cleaned with ethanol
(4) in an ultrasonic bath and the mounted onto the sample holder (5).

Measurements in XPS, XPEEM and MEM mode were performed at room tempera-
ture and after subsequently heating to 300◦C and 400◦C. The samples were heated for
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3 Aluminum-Magnesium-Silicon Alloy 6063

15 minutes and then cooled down at a rate of 10◦C/min to about 100◦C for data ac-
quisition. The cooling before the measurement is necessary to prevent arcing. The
temperature was measured with the thermocouple installed at the sample holder and a
Minolta/LAND Cyclops 41 Pyrometer with a fixed emissivity of 0.4, which corresponds
to oxidized aluminium. Both ways of measuring the temperature are not very accurate.
The thermocouple is only measuring the temperature next to the sample and not di-
rectly the sample’s temperature. The pyrometer is sensitive to the emissivity but that
changes with changing composition. The here shown temperatures correspond to the
values obtained by the pyrometer.
Additionally, SEM images were recorded of the sample before and after the experiment at
the SPELEEM with the Hitatchi SU8010 SEM. The topography of the sample’s surface
was imaged using secondary electrons.

3.2 Results and Discussion

3.2.1 Pristine Surface

The surface topography of the aluminium alloy at room temperature is shown in the
MEM image in figure 3.3. The straight lines correspond to scratches on the sample that
were caused during the manufacturing process. As described previously, the cooling rate
during quenching affects the grain size. Grains in this alloy usually have a size about
100 µm. The ’crinkly’ line going from the top to the right bottom of the images can be
associated with a grain boundary.

5µm

grain

boundaryscratches

particles

Figure 3.3: MEM image of the pristine
aluminium alloy surface.

5µm
Fe particles

Figure 3.4: XPEEM image for Fe 2p3/2

taken before heating.
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3 Aluminum-Magnesium-Silicon Alloy 6063

In figure 3.4 an XPEEM image of Fe 2p3/2 is shown. To be able to reach the Fe 2p3/2

line, which is at 706.8 eV, the images were acquired in absorption mode. The bright
spots in this image correspond to the locations of high iron concentrations. The reason
of the scratches appearing in the XPEEM image is that features on the surface add a
minor contrast in XPEEM images, as explained previously in section 2.3.3.
Comparing the MEM, figure 3.3, and the XPEEM image, figure 3.4, the oval particles
on the surface in the MEM image can be identified as iron particles because their lo-
cations coincide with the bright spots in the Fe 2p3/2 XPEEEM image. These images
next to each other illustrate how powerful a combination of topographic and chemical
information with spatial resolution is. Using the SPELEEM one is able to not only
detect features on the surface but determine their chemical composition and electronic
state, which makes it a valuable tool for surface science.

3.2.2 XPS and XPEEM

The following XP spectra were obtained from an area of 10×10 µm2 of the sample. All
XP spectra were normalized with respect to their photoionization cross sections [34],
beam current and the photon intensity differences for different photon energies as shown
in figure 2.2. All spectra were calibrated to the Fermi level.

Aluminium

Figure 3.5 shows the Al 2p line for three different temperatures, room temperature,
300◦C and 400◦C, at a photon energy of 120 eV. From the approximate peak position
for all three spectra at 76.3 eV, it can be deduced that aluminium oxide and aluminium
hydroxide are present at the surface [35]. With increasing temperature the signal corre-
sponding to aluminium oxide is decreasing.
The single peak in the spectrum corresponds to a convolution of a number of different
aluminium oxide and hydroxide signals. Different states of aluminium oxide can arise
from different chemical environments, meaning e.g. that an aluminium atom at the bulk
metal-aluminium oxide film interface is different from an aluminium atom within the
oxide film. Another factor contributing to the amount of different signals, which are
convoluted into one peak, is that several elements, see table 3.1 are present in the alloy,
leading to a series of mixed compounds and hence mixed oxides and hydroxides.
Further, two components from the spin-orbit split are created for each distinct chemical
state of aluminium. The width of the peaks of each of the possible components is
influenced by experimental factors such as instrumental broadening or the photon energy.
Additionally, the natural line width is determined by the lifetime of the excited state.
The number of factors that lead to the detected signal illustrate how complex it is to
study a system like this.
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3 Aluminum-Magnesium-Silicon Alloy 6063
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Figure 3.5: XP spectra of the Al 2p line acquired at hν=120eV for aluminium-
magnesium-silicon alloy 6063 at room temperature and after heating to 300◦C and
400◦C.

Magnesium

In figure 3.6 XP spectra of Mg 2p at room temperature, 300◦C and 400◦C are shown.
The spectra were collected at a photon energy of 133 eV. The inset in the top right
shows the Mg 2p line at 400◦C for a photon energy of 133 eV and 180eV. The approx-
imate peak position for all five spectra is at 52.4 eV, which corresponds to magnesium
oxide [35]. It should be noted here again, that the single peak does not stand for pure
magnesium oxide but a convolution of several different peaks as explained previously for
the aluminium spectra. Comparing the three spectra in the main plot, a clear increases
of the magnesium oxide signal with increasing temperature is shown.
By measuring the XP spectra for the different temperatures at different photon energies,
namely 100 eV, 133 eV and 180 eV, depth profiling was performed. Since the attenuation
length of the photoelectrons depends on the material through which the electrons have to
pass, it is complex to estimate the energy probing-depth relation for a multi component
system like an aluminium alloy. Therefore, only qualitative conclusions were drawn from
these measurements. However, it was observed that the magnesium signal increases at
lower probing depth, i.e. lower photon energy (see figure 3.6). This indicated that
magnesium is diffusing towards the surface upon heating. This hypotheses is supported
by the XPEEM images for Mg 2p shown in figure 3.7 and figure 3.8.
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3 Aluminum-Magnesium-Silicon Alloy 6063
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Figure 3.6: XP spectra of the Mg 2p line obtained at hν=133eV for aluminium-
magnesium-silicon alloy 6063 at room temperature and after heating to 300◦C and
400◦C. The inset shows the Mg 2p line at 400◦C measured at hν=133eV and hν=180eV
as an example for measurements with different probing depth.

5µm

Mg particles at 

grain boundary

Figure 3.7: XPEEM image for Mg 2p
taken after acquired to 300◦C

5µm

Fe particle 

locations

at RT

Figure 3.8: XPEEM image for Mg 2p
taken after heating to 400◦C
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3 Aluminum-Magnesium-Silicon Alloy 6063

Here, the overall brightness of the XPEEM image at 400◦C is greater than the one for
the XPEEM image at 300◦C. A qualitative comparison of brightness is possible due to
applying the same greyscale during the processing of the image. This indicates that the
overall magnesium content at the surface increased. Further, one can see that magnesium
particles are already present at 300◦C at the grain boundary going from the top middle
of the image to the bottom right.
By comparing the XPEEM image of Mg 2p at 400◦C to the XPEEM image of Fe 2p3/2

in figure 3.4, one can find that magnesium content increases at locations where iron
particles have been before the heating. The approximate locations of some of the iron
particles are marked by brown circles in the magnesium XPEEM image.

Silicon

In figure 3.9 the XP spectra for the second major alloying element, silicon, are given.
The spectra were collected at a photon energy of 133 eV and show the Si 2p line. The
approximate peak position for the room temperature peak is at 104.2 eV and indicates
that silicon oxide is present [35]. The approximate peak position of Si at 300◦C is slightly
shifted towards a lower binding energy of 104 eV. The spectrum measured after heating
to 400◦C is flatter, wider and shifted further to lower binding energies. This indicates
that upon heating silicon oxide is reduced but no elemental silicon is formed. Elemental
silicon has a binding energy of about 99 eV [35].
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Figure 3.9: XP spectra of the Si 2p line taken at hν=133eV for aluminium-magnesium-
silicon alloy 6063 at room temperature and after heating to 300◦C and 400◦C.
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3 Aluminum-Magnesium-Silicon Alloy 6063

3.2.3 Surface after Heat Treatment

The surface of the aluminium alloy was characterized after the heating by MEM and
SEM as shown in figure 3.10 and figure 3.11 respectively. Here, it should be noticed,
that the SEM image was taken of the aluminium alloy after exposure to air.
By comparing the MEM image in figure 3.8 and the XPEEM image for magnesium
in figure 3.10, one can see that the bright spots in the XPEEM image of magnesium
occur at the same locations as surface particles are indicated by the MEM image. This
together with the increased intensity in the Mg 2p spectrum at 400◦C, shown in figure
3.6, gives strong indication that the particles segregating at the surface are composed of
magnesium mainly.

5µm

Figure 3.10: MEM image taken after
heating to 400◦C.

5µm

Figure 3.11: SEM image of taken after
heating to 400◦C and exposure to air.

3.2.4 Summary

The pristine aluminium-magnesium-silicon alloy 6063 consists of base aluminium alloy
covered by a native aluminium oxide film. Additional to the aluminium oxide, magne-
sium oxide and silicon oxide were detected in the surface layer by using XPS, see figures
3.5 till 3.9. On the surface distinct iron particle were identified using a combination of
MEM and XPEEM images for Fe 2p3/2, see figure 3.3 and 3.4.
Upon heating to 400◦C the magnesium content was found to increase in surface layer and
magnesium particles segregated at the surface, as indicated by the XP spectra for the
Mg 2p line, figure 3.6, and the XPEEM images for Mg 2p, figures 3.7 and 3.8. Already in
the magnesium XPEEM image at 300◦C, magnesium particles can be found at the grain
boundary. Silicon oxide is reduced by heating the sample to 400◦C but no elemental
silicon is formed, see figure 3.9.
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3 Aluminum-Magnesium-Silicon Alloy 6063

The formation of mixed oxides, aluminides and silicides is a possible explanation for
this. Through depth dependent spectra is was found that silicon is diffusing into the
base alloy.
An illustrative summary of the processes just described is shown in figure 3.12. There
it should be noted, that the chemical formulas are representative for a possible range of
different compounds forming among the aluminium and it alloying elements.

400°C

MgO

SiO
2Al remainder +

alloying elements

native Al
2
O

3

MgO

Al
2
O

3

Fe

Figure 3.12: Simplified graphic summarizing the processes taking place during heat treat-
ment of the aluminium-magnesium-silicon alloy 6063.
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4 Industrial Alloy for Brazing Appications

Joining aluminium pieces together can be done in different way, e.g. welding, mechanical
joining and brazing. The alloy described in this section is designed for brazing appli-
cations. During brazing a liquid phase of the brazing alloy, also called braze cladding,
is formed upon heating. The liquid alloy is then drawn between the different close-
matched work pieces by capillary forces. Even though the brazing alloy is supposed to
melt, the core material should remain solid. By cooling the braze cladding the different
workpieces are joined together. After brazing hardening of the alloy is still possible. An
advantage of joining workpieces through brazing is that different metals can be joined
while containing a high thermal conductivity as required in e.g. heat exchangers.
The aluminium alloy sample that was studied here is illustrated in figure 4.1. It consists
of a core material, also referred to as base alloy, and a braze cladding. The base alu-
minium alloy is alloyed with manganese, copper, magnesium, iron silicon and titanium.
Each of the alloying elements amounts for less that 1 wt.%. The brazing alloy is an
aluminium-silicon alloy with a silicon content of 7.5-12 wt%. Other minor alloying ele-
ments are magnesium, iron and bismuth. The braze cladding accounts for approximately
12% of the outermost layer on each side or the workpiece. Here, that gives a thickness of
the brazing alloy of about 50µm. The braze cladding is covered by a native aluminium
oxide film, which needs to be broken up to allow proper brazing. Brazing of this specific
alloy takes place in HV (10−5 torr) at approximately 600◦C. This is just high enough to
melt the braze cladding, which has a melting point of about 580◦C, but low enough to
leave the base alloy, which has a meting point above 615◦C, intact.

core material

T
m
>615°C

braze cladding

T
m
~580°C

oxide layer

Figure 4.1: Image illustrating the composition of an aluminium alloy designed for brazing
applications. (Not drawn in scale.)
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4 Industrial Alloy for Brazing Appications

It is important to know at which temperature the aluminium oxide layer breaks up
and how the surface changes during melting of the braze cladding because it influences
the wetting, ability of the liquid phase to stay in contact with the solid phase, and the
capillary effects. Only surfaces with high wetting can be strongly joined together because
then no major defects are created in the brazing alloy after cooling.

4.1 Experimental Procedure

The experimental procedure for this sample is very similar to the one described for the
aluminium-magnesium-silicon alloy 6063 in chapter 3.1. Only the temperatures to which
the alloy was heated before the spectra were acquired at the SPELEEM changed.
The experiments were performed in two sessions. During the first session measurements
were performed after subsequent heating to 400◦C and 500◦C. Apparently, the sample
started to melt at 500◦C already, so no measurements at higher temperatures could be
carried out due to problems with discharging. In the second session a new sample was
used and smaller temperature steps were chosen. Data was acquired at 380◦C, 420◦C,
460◦C and 480◦C. The sample was heated further to 490◦C but partial melting occurred,
so measurements were not possible any more.
As for the aluminium-magnesium-silicon alloy 6063 SEM images were taken ex-situ be-
fore and after the heating in the SPELEEM for both samples. Additionally, images with
an optical microscope were obtained for the sample of the first session after melting its
surface.

4.2 Results

4.2.1 Pristine Surface

In figure 4.2 the SEM image of the pristine surface is shown. Several particles with an
diameter in the range of 1µm to 7µm have been identified for both samples.

10µm

Figure 4.2: SEM image of the pristine surface of the aluminium-silicon alloy used as
braze cladding in industrial alloys.
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4 Industrial Alloy for Brazing Appications

4.2.2 XPS and XPEEM

As for the previously presented data, the XP spectra were all normalized with respect
to their photoionization cross sections [34], beam current and the photon intensity dif-
ferences for different photon energies as shown in figure 2.2. All spectra were calibrated
to the Fermi level.

Aluminium

In figure 4.3 the combined data of both sessions for the Al 2p line is shown. The spectra
were obtained at a photon energy of 133 eV. The spectrum at 380◦C has an approximate
peak position of 76.3 eV, which corresponds to aluminium oxide and hydroxide [35]. By
heating the sample from 380◦C to 400◦C the aluminium oxide signal increases. Heating
further to 420◦C the intensity decreases again and at 460◦C the intensity decreased
further and the peak shifts 0.4 eV towards lower binding energies. At 480◦C the peak
has shifted to 73.1 eV, which corresponds to metallic aluminium [35]. Through heating
to 500◦C a steep increase in the intensity for the metallic peak occurs.
The binding energy shift at 460◦C indicates that mixed aluminium compound starts to
occur at this temperature, either through diffusion or reduction of aluminium oxide. The
disappearance of the aluminium oxide peak and the appearance of a metallic aluminium
peak at 480◦C indicated that the aluminium oxide layer is almost completely removed
and aluminium is present at the surface layer.
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Figure 4.3: XP spectra of the Al 2p line acquired at hν=133 eV after heating aluminium
alloy to 380◦C, 400◦C, 420◦C, 460◦C, 480◦C and 500◦C subsequently.

The occurrence of metallic aluminium at a temperature of 480◦C and above is supported
by the SEM and optical microscope images in figures 4.9 to 4.13. There, a partial melting
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4 Industrial Alloy for Brazing Appications

of the surface at 490◦C is shown. At 500◦C the surface melted completely and only small
islands of aluminium oxide are preserved at the surface, see 4.13.

Magnesium

In figure 4.4 the combined XP spectra of the Mg 2p line of the first and the second
experimental sessions are shown. The spectra were acquired at a photon energy of
133 eV. The spectra obtained between 380◦C and 460◦C have peak positions in the region
of magnesium oxide [35]. After heating to 480◦C a strong signal for metallic magnesium
occurs and the signal for magnesium oxide nearly disappears. By heating the sample to
500◦C no major peak in the Mg 2p line could be detected. The sudden occurrence of the
metallic magnesium peak can be understood by considering the diffusivity of magnesium
in aluminium increases rapidly at elevated temperatures. The segregation of magnesium
at the surface at 480◦C was detected in the XPEEM image for Mg 2p, see figure 4.6,
too.
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Figure 4.4: XP spectra of the Mg 2p line obtained at hν=133 eV after heating aluminium
alloy to 380◦C, 400◦C, 420◦C, 460◦C, 480◦C and 500◦C subsequently.

In figures 4.5 and 4.6 XPEEM images for Mg 2p at 380◦C and 480◦C are shown. The
contrast in figures 4.5 is strongly enhanced and gives rather topographic information
than chemical. Hence, the magnesium content at the surface layer at 380◦C is minor.
To remove the contrast due to the surface topography in figure 4.6, an XPEEM image
was acquired slightly off-peak and then subtracted from the XPEEM image at the Mg 2p
peak, to create the shown image. Here, particles with a high magnesium content can be
identified. The diameter of these particles ranges approximately from 0.2µm to 1.7µm.
The segregation of magnesium particles to the surface at 480◦C is in accordance with
the strong increase in the metallic magnesium signal in the XP spectrum in figure 4.4.
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5µm

Figure 4.5: XPEEM image for Mg 2p
taken after heating to 380◦C.

 

5µm

Mg particles

Figure 4.6: XPEEM image for Mg 2p
taken after heating to 480◦C.

Silicon

Figure 4.7 shows the XP spectra from the second session for Si 2p obtained at a photon
energy of 133 eV. The peak position indicated that silicon oxide is present in the surface
layer [35]. A slight increase in intensity occurs by heating to 420◦C. The intensity of the
silicon oxide signal decreases by heating to 460◦C and shifts slightly to lower binding
energies. At 480◦C no significant amount of silicon could be detected.
]
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Figure 4.7: XP spectra of the Si 2p line obtained at hν=133 eV after heating aluminium
alloy to 380◦C, 400◦C, 420◦C, 460◦C, 480◦C and 500◦C subsequently.
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The signal intensity of the silicon XP spectra is significantly lower than that for magne-
sium. This indicates that even though the absolute concentration of silicon in the braze
cladding is higher than the one of magnesium, less silicon is present in the surface layer.

Oxygen

During the second experiment oxygen spectra were obtained, too. In figure 4.8 XP
spectra for the O 1s line are plotted. The data were acquired at a photon energy of
580 eV. The broad peak that was detected here, is in the binding energy region which
is expected to correspond to a convoluted signal of aluminium oxide and aluminium
hydroxide [35]. A similar trend as for the silicon spectra is observed for the oxygen
spectra. By heating to 420◦C the intensity of the signal increases and by heating to
460◦C it decreases again. At 480◦C no major oxygen signal was detected.
The disappearing of the oxygen signal at 480◦C agrees well with the changes in the
XP spectra for aluminium, magnesium and silicon, figures 4.3, 4.4 and 4.7 respectively.
In these spectra the corresponding oxide signals disappeared at 480◦C, too. This is
an indication for the sudden sublimation of a metal oxide. Here, it should be noted,
that a pressure increase in the vacuum chamber of the SPELEEM occurred around that
temperature.
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Figure 4.8: XP spectra of the O 1s line obtained at hν=580 eV after heating aluminium
alloy to 380◦C, 400◦C, 420◦C, 460◦C, 480◦C and 500◦C subsequently.
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4.2.3 Surface after Heat Treatment

Since the experiment was performed in two sessions, two different sample surfaces are
shown here. In the second session the sample was only heated up yo 490◦C. Therefore,
figures 4.9 and 4.10 show SEM images with different scales taken ex-situ after the heating
within the SPELEEM. In figure 4.9 small holes in the surfaces indicate that the partial
melting occurred by heating to 490◦C. In figure 4.10 particles with a similar size as the
previously identified magnesium particles in XPEEM, see figure 4.6, were found at the
surface.

10µm
partly molten

Figure 4.9: SEM image after heating to
490◦C

1µm

Figure 4.10: SEM image after heating to
490◦C.

The sample of the first session was heated to 500◦C. In figure 4.11 a images acquired by
an optical microscope directly after dismounting the sample. It shows that the sample
surface was completely molten after heating to 500◦C.

50µm

Figure 4.11: Image obtained by an op-
tical microscope.

However, by taking a closer look with a SEM small areas can be identified, where the
oxide layer was preserved, see figure 4.13. These oxide islands seem like they have been
floating on the melted surfaces as shown in figure 4.12.
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20µm

Figure 4.12: SEM after heating to
500◦C.

2µmmolten

preserved

Figure 4.13: SEM after heating to
500◦C.

4.2.4 Summary

Throughout the heat treatment of the aluminium alloy in UHV, we were able to follow
the decomposition of the oxide layer covering the braze cladding. It was observed that at
480◦C the XP signals for oxygen, aluminium oxide, magnesium oxide and silicon oxide
disappear. Further, signals corresponding to metallic aluminium and magnesium occur.
Using XPEEM the segregation of magnesium-rich particles at the surface was observed
at 480◦C. At 490◦C partial melting of the surface layer was discovered. Subsequent
heating of the sample to 500◦C lead to the disappearance of the metallic magnesium
peak in the XP spectrum and a further increase in intensity of the metallic aluminium
signal. It was found that the surface layer was molten at 500◦C but small areas of the
oxide layer were preserved. The islands were identified using SEM. Unfortunately, no
MEM and XPEEM images of the sample surface could be obtained at temperatures
above 480◦C because of problems with discharging due to the high surface roughness.
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5 Comparison and Discussion

The results of the heat treatment of two different aluminium alloy samples were pre-
sented. Both samples were studied with the SPELEEM during the heating cycles and
characterized ex-situ with SEM before and after the experiment. The main difference
between the samples is their composition. In the aluminium alloy 6063 the main alloying
element is magnesium with 0.45-0.9 wt.% and only 0.2-0.6 wt.% silicon are added. The
main alloying element in the brazing alloy is silicon with a much higher concentration
about 9.7 wt.%. The magnesium content in the braze cladding is less than 1 wt.%, which
is similar to the one in the aluminium alloy 6063. However, each of the samples forms a
native oxide layer on the surface upon exposure to an oxidizing environment like air.
Generally, for both samples peaks in the XP spectra were rather wide. This indicats
that a variety of signals is represented by a single peak consisting of a convolution of
the single species. For the aluminium oxide peaks this means that actually besides
aluminium oxide, aluminium hydroxide, and mixed aluminium oxides containing one or
several of the alloying elements, e.g. spinel, are present. Possibly the local formation
of magnesium aluminides like Mg2Al3 and Mg17Al12 need to be considered [36], too. In
the case of magnesium and silicon magnesium silicide can form. Magnesium silicide is
known to contribute to the strengthening in aluminium based alloys [3,32]. Additional to
the different chemical components, different peaks for bulk and surface components can
be included in the peaks, too. Thus, wide peaks are hardly avoidable when conducting
experiments on alloys and their oxides.
For both samples a decrease in aluminium oxide intensity upon heating was observed,
see figures 3.5 and 4.3. This might be partially due to the fact that magnesium oxide is
thermodynamically favoured over aluminium oxide and hence, the diffusion of magne-
sium towards the surface could lead to a reduction of aluminium [37]. Another possibility
is that aluminium oxide sublimates due to the low pressure and elevated temperature.
The occurrence of a metallic aluminium signal for the brazing alloy can be explained by
the melting of the surface layer at temperatures of 480◦C and above.
In XP spectra and XPEEM images of both samples the diffusion and segregation of
magnesium at the surface was observed, see figures 3.6, 3.8, 4.4 and 4.6. The diffusion
of magnesium to the surface can be understood by considering the high diffusivity of
magnesium in aluminium [38]. Also, it explains the increase in magnesium signal upon
heating. Further, it is interesting, that magnesium particles are present at the grain
boundary after heating to 300◦C only as shown in 3.7. This shows that grain bound-
ary diffusion of magnesium takes place lower temperatures before the bulk diffusion
occurs [39]. The disappearance of the magnesium oxide signal at 480◦C for the brazing
alloy can be explained by the sublimation of magnesium oxide. The presence of metallic
magnesium in the braze cladding has the same reason as the metallic aluminium signal:
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5 Comparison and Discussion

the surface layer starts melting at 480◦C. At 500◦C no metallic magnesium was detected.
The silicon XP spectra of both samples indicate that silicon oxide is present at first, see
figures 3.9 and 4.7. For the aluminium-magnesium-silicon alloy 6063 a decrease in the
intensity of the signal and a shift to lower binding energies was detected. This indicates
that silicon is reduced but no signal corresponding to elemental silicon was obtained.
However, for the braze cladding an increased intensity for the silicon oxide peak by
heating to 420◦C was noticed. Through subsequently heating to 460◦C a decrease was
observed. At 480◦C no major silicon signal was acquired.
XP spectra for oxygen were only obtained for the brazing alloy. In figure 4.8 the oxygen
peak first increases by heating to 420◦C. This might be due to the diffusion of dissolved
oxygen towards the surface. The decrease of the oxygen peak and its disappearance at
480◦C goes together with the disappearing of the aluminium oxide and magnesium oxide
signals at 480◦C. This can be associated with the sublimation of the oxides as described
previously.
Even though the compositions of the two studied samples are different, similar trends
were observed during the heat treatment experiments.
The processes, which took place during the heat treatment in the alloy, can not be
transferred one to one to what is happening during the manufacturing or brazing of the
studied alloys because the experiments presented here were performed in UHV. During
the manufacturing aluminium alloys are far way from experiencing these low pressures
and even during brazing they are only exposed to HV. However, the here presented
experiments can show trends in the behaviour of the studied aluminium alloys during
heat treatment.
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6 Conclusion and Outlook

The work presented in this thesis is an example of how powerful the combination of MEM,
XPEEM, XPS and SEM is to study alloy surfaces. For both aluminium alloys it was
possible to determine the elements present at the surface layer and their chemical state.
Further, XPEEM in combination with MEM gave the opportunity to locate artefacts
on the surface and determine their composition. This combination allows to obtain
element specific information with spatial resolution, too. Therefore, it was possible to
observe that grain boundary diffusion of magnesium takes place at 300◦C before the
bulk diffusion.
The here presented study of the aluminium-magnesium-silicon alloy 6063 shows how
elevated temperatures affect the distribution and chemical state of the alloying elements
and the composition of the oxide layer. This information can be used to reconsider
the processing of the alloy. Especially during ageing, the alloy is exposed for a long
time to increased temperatures, which might also lead under atmospheric pressure to
a diffusion of magnesium towards the surface. Non-uniformly distributed magnesium
might lead to a weakening of the material. Therefore, one needs to compromise the
gain in strength by growing coherent precipitates during ageing and the loss due to
non-uniformly distributed alloying elements.
For the alloy designed for brazing applications it was found that at 480◦C the oxides
sublimate and metallic aluminium and magnesium are present at the surface. By using
the SEM images small island of preserved oxide were identified. Melting the braze
cladding but having oxide particles still present can lead to inclusions, which later might
cause an earlier failure of the join.
Problematic for studying alloys is that multiple mixed compounds of all the elements
are possibly present in the sample. Since many of them are chemically very similar
they are hard to distinguish by the used techniques. However, the differences between
oxidized, reduced and metallic species could be identified. Possibilities to illuminate,
which compounds can be expected to exist in the sample under certain conditions, are
given by range of thermodynamic and kinetic calculations. These might be a useful asset
to further studies.
Another problem that occurred during the measurements is the determination of the cor-
rect temperature of the sample in the vacuum chamber of the SPELEEM. The here used
thermocouple gives only a reading for the temperature close to the sample but not of the
sample itself because it is only attached to the sample holder. Additional measurements
with a pyrometer are not correct either because emissivity of the surface is changing
during the heating. Finding a reliable solution to obtain the sample temperature will be
important for future experiments.
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Further, the resolution of the XP spectra obtained with the SPELEEM is not optimal.
To fit several components to one peak might be difficult even if calculation are available
predicting which phases and compounds to expect. Therefore, high resolution XPS
measurements using the spectroscopy endstation at beamline I311 were performed but
not yet analysed. Measurements at higher pressures are planned, too. By using the
HP-XPS (High Pressure X-ray Photoelectron Spectroscopy), measurements under more
realistic conditions will be possible.
From HE-XPS (High Energy X-ray Photoelectron Spectroscopy) measurements at the
ESRF (European Synchrotron Radiation Facility) that are not presented here, it seems
as if most minor alloying elements can only be detected when using hard x-rays. This
is an indication for the minor alloying elements being present further in the bulk and
not at the upper surface layer. Further experiments using HE-XPS are planned to study
how the minor alloying elements are effected by heat treatment.
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7 Self-reflection

While analysing the data and writing this thesis, I got a more and more complete picture
of what we actually measured during the experiments and more importantly, what that
means. By putting it all together, I also noticed what I would have liked to add, what
we did not measure, and what we should have done differently.
One example is that we only took XPEEM images for iron for the aluminium-magnesium-
silicon alloy 6063 at room temperature but not after the heating. This was partly due
to time restriction during the beamtime but also because at that point, we did not
know that the iron particle might become really interesting. However, we did see, after
analysis, that magnesium seems to segregate at the surface, where we detected iron
particles at room temperature.
Another example is that the alloy used in brazing applications melted already at 500◦C.
We were somewhat surprised that it melted about 80◦C lower in UHV than the expected
melting point at atmospheric pressure. Clearly, the temperature measurements during
the experiment need to be improved. However, the initial idea was to heat to 400◦C,
then to 500◦C and then in smaller steps up to the melting point. So we repeated the
experiment and started with smaller temperature steps at 380◦C.
Generally, I would have been nice to look into the minor alloying elements, too. Even
though the magnesium content in both alloys is less 1 wt.% the intensities detected were
higher after normalizing with respect to their different cross sections than for silicon,
which amounted for nearly 10 wt.% in the brazing alloy. Thus, some of the minor alloying
elements might actually play an important role.
Besides the planning of experiments and discovering how the samples react, I learned
a lot about how to handle raw data. Importing, adjusting grey scales, creating spectra
out of images, subtracting backgrounds, analysing, and eventually creating a somewhat
presentable figure, took me some time to figure it all out but after I sorted all the data
and had all the MATLAB scripts ready and done the routines several times, it became
fun.
Especially while writing the thesis I improved my latex skills and found some nice tricks.
By now creating figures with illustrator does not take that long anymore, either.
Finally, I learned that I really like to study alloys. They are kind of messy systems but
that makes the challenge. Now easy and straight forward solution that are given at the
end of the textbook but playing around with a range of concepts and coming up with
some strange ideas is actually entertaining. Believe it or not!
In the end, I believe that the topic is not the most important thing though. If you have
nice supervisors and an enthusiastic and open working atmosphere, you can become
excited about anything. Therefore, I would like to thank everybody how was involved
in this project again. It was a pleasure to work with all of you! Thanks!
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