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Chapter 2

BASIC CONCEPTS

2.1 THEORY OF SEGREGATION

2.1.1 Segregation and materials properties

Segregation can be defined as the enrichment of a material constituent at a
surface or internal interface of a material. In a polycrystalline solid, the internal
adsorption sites are at defects such as dislocations, grain boundaries, stacking
faults and the interfaces with precipitates or another phase in the solid [1]. A
grain boundary in a polycrystalline solid is a narrow zone with a certain degree
of misfit between two crystallographically ordered crystals. Impurity atoms,
present in solution in one of those crystals, may have an associated strain
energy if they do not ‘fit’ in the crystal due to their size. An impurity atom can
replace matrix atoms at the grain boundary, thereby releasing its strain.
Simultaneously, the preexisting strain at the grain boundary is reduced.
Segregation is the shift of solute atoms from the interior of the grain to
concentrate at a grain boundary, surface or other interface. It is called
equilibrium segregation to the extent that is governed thermodynamically
through the appropriate free energy of segregation [2]. Although the occurrence
of intergranular fracture in steels containing arsenic, phosphorus and sulfur
was noted already in 1894 [3], the partitioning of the solute atoms between
grain boundary and the lattice was predicted first by McLean in 1957 [4].

Very small bulk concentrations of impurity atoms can lead to significant
amounts of those atoms at the grain boundary. Although the segregation can be
very intense, the extent or the width of the segregation layer is very narrow,
typically of the order of one monolayer or a few atomic layers [5]. Segregation
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to grain boundaries has been observed in many materials and it was found that
the intensity of segregation is related to the solubility of the impurity elements
in the matrix material [6]. Impurities with low solubilities have high grain
boundary enrichment ratios, i.e. the ratios between grain boundary and bulk
concentration, that can be as high as ~ 105. Segregation of elements in solid
solution, governed by equilibrium segregation theory, usually does not lead to
precipitation. However, the intense segregation to interfaces can result in a
change of properties.

The most extensive work has been done on the effect of impurity segregation on
fracture of materials. Early work already showed embrittlement of iron due to
the addition of small amounts of oxygen [7]. Due to grain boundary
embrittlement, the fracture mode of the material changed from cleavage to
intergranular, with the fracture path closely following the grain boundaries.
This behavior is typical of materials that have undergone certain types of heat
treatments when impurities are present. The heat treatments lead to the
accumulation of impurities at the grain boundary. The effect of segregation on
surface and interfacial energies is well established [8]. It has been shown that
the surface or interface energy is reduced by segregants and that those
segregants that are highly surface active lead to the most drastic reduction.

The effects of segregants on grain boundary cohesion have been the subject of
many discussions. Calculations for segregants in all matrices in the ideal
solution approximation have given an indication of the influence of segregation
on the grain boundary cohesion [9]. These calculations suggest an explanation
of the observed embrittlement of copper by bismuth [10] and the improvement
in ductility of nickel-aluminum alloys by grain boundary segregation of boron
[11]. However, an increase in grain boundary cohesion cannot be related
directly to a decrease in the propensity of intergranular fracture. The
temperature at which fracture takes place may influence the fracture process, as
will be discussed below. Roughly speaking, at a crack tip, the occurrence of
either dislocation nucleation and emission or atomic bond breaking determines
whether or not ductile or brittle fracture occurs.

Effects of segregation on mechanical properties have been presented within a
thermodynamic framework [12]. The embrittlement of grain boundaries by
solute segregation was formulated in terms of the ideal work of interfacial
separation, 2γint. It was suggested that control of 2γint,
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0

0 0γ γint int= − −b g c h∆ ∆ ΓG GGB FS (2.1)

where (2γint)0 is the work of separation of a fully clean interface and Γ is the
excess interfacial solute coverage (concentration per unit area), is the most
appropriate way of enhancing interfacial resistance to fracture. ∆G0GB and ∆G0FS

are usually negative and represent the free energies of segregation to the grain
boundary and free surface, respectively, evaluated at the same temperature.

Embrittlement (or ductilization) by solute segregation can now be explained
with equation (2.1) in terms of 2γint: a segregating solute with a greater free
energy of segregation to a free surface compared with ∆G0GB (i.e. more negative)
will embrittle, because 2γint will be reduced. In contrast, a lower free energy at a
boundary compared with ∆G0FS will enhance interfacial cohesion, i.e. 2γint

increases.

However, even more important than these brittle fracture modes is the effect of
segregation on the ductile-brittle transition temperature (DBTT). Above that
temperature a material is ductile, whereas it becomes brittle when the
temperature decreases below the DBTT. An otherwise ductile material becomes
brittle because the DBTT is raised. The effects of segregants have been reported
generally as variations in DBTT, i.e. δ DBTT, associated with a variation in
solute coverage, δ Γ ,

δ δDBTT ∝ Γ (2.2)

According to equation (2.1) solute segregation influences the DBTT via the
effect on 2γint and

δ
δ
DBTT

G GGB FSΓ
∆ ∆∝ −0 0c h (2.3)

In some cases, the DBTT has been observed to be inversely related to the impact
fracture toughness, KIC, and KIC-1 versus Γ should be approximately linear. The
latter is confirmed for P and C segregants in ferritic steels.

Equation (2.1) has been postulated by Hirth and Rice [13]. When there is no
redistribution of the segregants, the reduction in the ideal work of fracture,
namely
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at the boundary or free surface, leads in the dilute limit to equation (2.1).
Finally, it should be emphasized again that at a crack tip it is the critical choice
between dislocation nucleation and emission versus atomic bond breaking that
determines whether or not ductile or brittle fracture occurs. Segregants may
offset the total embrittling effect described by equation (2.3) because of their
contribution to the ease of dislocation emission at the crack tip.

2.1.2 Free energy and kinetics of segregation

The theories of segregation developed rapidly in the seventies, when large
amounts of data from Auger electron spectroscopy measurements became
available. The theories describe the final equilibrium state. However, in
practical situations segregation is limited by diffusion and therefore the kinetics
of the process has to be considered as well. In the earliest theory, specifically for
grain boundaries, McLean proposed a model with the solute atoms populating
grain boundary and lattice sites with an energy difference ∆GGB, the free energy
of segregation [4]. The system energy was minimized for a fractional monolayer
of segregant, XGB, at the grain boundary, which yields
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(2.5)

where 0
GBX  is the fraction of the grain boundary monolayer available for

segregated atoms at saturation and XB is the bulk solute molar fraction. The
theory is only valid for monolayer segregation, but was confirmed by, for
example, grain boundary segregation data of phosphorus in iron [14]. It
predicts higher grain boundary concentrations with higher XB and at lower
temperatures. Values of ∆GGB in a binary system were estimated from the elastic
strain energy, w, fully released by the segregation of solute atoms [4,15]. The
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solute atom is represented by an elastic sphere fitted into a spherical hole in an
elastic matrix continuum, which yields

w
K r r r
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(2.6)

Here, K is the bulk modulus of the segregating impurity, r0 and r1 are the atomic
radii of the matrix and impurity atoms, respectively, and µ0 is the shear
modulus of the matrix. This yields values of ∆GGB that agree with experimental
observations to a factor of two. Better agreement can be obtained when the solid
state analogue [16]
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is used, where 0
BX  is the solid solubility, which is well known for many

elements. ∆G’ is the difference between the free energies of grain boundary
segregation and precipitation, ∆Ggb - ∆Gsol.

When the regular solution model for a binary system is used, equation (2.5) is
valid for surface segregation as well, substituting Xs for XGB [17]. The free
energy of surface segregation is ∆Gs = ∆Hs - T∆S. The enthalpy is given by
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where γ0 and γ1 are the matrix surface energies without and with solute, Hm is
their heat of mixing, Z and Z1 are the coordination numbers in the matrix and at
the surface and Zv is the coordination number for surface atoms to the layer
below. The last term in equation (2.8) is equal to equation (2.6), governed by the
mismatch between solute and matrix atoms [18-20]. For solid metals the surface
energies scale with the melting points. The surface segregation enrichment ratio
increases when the solute atom size is larger than the matrix atom size and
when the melting point of the solute is lower than that of the matrix [2].
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The presence of a chemisorbed gaseous species on the surface can have an effect
on the surface composition of a binary alloy. In the presence of a coverage of a
chemisorbed species θ, it was proposed that equations (2.5) and (2.8) will be
valid, with the free energy of surface segregation given by ∆Gchem [21], where

∆ ∆G G E Echem S B A= + −b gθ (2.9)

EA and EB are the chemisorption energies of the gas on solute A and matrix B.

At high temperatures, evaporation from a surface can take place, which causes
a deviation from equation (2.5). At low temperatures, both grain boundary and
surface segregation can be limited by the diffusion of atoms from the bulk to the
surface or interface. In most practical situations, the kinetics of segregation is of
importance. Most models of segregation kinetics follow McLean’s approach [4].
Solute atoms are assumed to segregate to a grain boundary from two infinite
half-crystals or to a surface from one infinite half-crystal. Diffusion in the
crystals is described by Fick’s laws and the ratio of grain boundary to bulk
concentration is given by a presumably constant grain boundary enrichment
ratio β. In practice, β is only constant for dilute systems with low segregation
levels. The kinetics of segregation is described by

X t X
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where F = 4 for grain boundaries and 1 for the free surface, XGB(t) is the
boundary content at time t, D is the solute bulk diffusivity and f is related to the
atom sizes of the solute and matrix atoms, a and b respectively, by f = b3 a-2.

The descriptions given in this paragraph all assume equilibrium, monolayer
segregation; non-equilibrium segregation depends on changes in the
microstructure, quench rates as well as structural and thermal vacancies.

2.2 AUGER ELECTRON SPECTROSCOPY

In 1968, two reports were published [22,23], following the notion that Auger
electrons from solids could be used for surface analysis [24]. When a sample is
irradiated with electrons from a source, having a primary energy in the order of
keVs, core electrons are ejected from a depth extending up to 1 µm. The incident
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electron collides with an electron in an inner shell of an atom, e.g. the K-shell, as
is schematically illustrated in figure 2.1, step 1. This process is most efficient
when the incident electron has an energy that is more than five times the energy
of the core electron. The electron in the K-shell is ejected (step 2), leaving the
atom in an ionized state. The hole in the K-shell is filled by an electron from the
L1 shell (step 3), releasing an amount of energy (EK – EL1), which can appear as a
photon with this energy or can be transferred to another electron. In this
example the third electron, called Auger electron after Pierre Auger who was
the first to observe such events in a cloud chamber [25], is in the L2,3 shell and is
ejected (step 4) with a kinetic energy [2]

E E E EKL L K L L1 2 3 1 2 3, ,

*= − − (2.11)

The asterisk in the last term stems from the fact that it represents the binding
energy of an electron in the presence of a hole, instead of in the ground state,
which is usually a small difference. Because Auger emission involves (at least)
three electron shells and is not subject to any selection rules, a large number of
possible Auger transitions exists. Their relative probabilities, however, are
determined by the mutual coupling between the two electrons involved in the
recombination and by the number of similar electrons present in the atom. The
most intensive transitions that are consequently best suited for analysis involve
adjacent shells, such as the KLL, LMM, and MNN series. Almost all elements
show strong lines of these series in the energy range up to 3 keV.

Figure 2.1: Schematic diagram of the process of KLL Auger electron emission in a solid

The kinetic energy of the ejected Auger electrons can be determined by a
spectrometer. Because the binding energies in elements are known, the
elements present at the electron bombarded surface can be determined from the
peaks in the observed spectrum corresponding to the Auger transitions. All
elements, except hydrogen and helium, can be identified, because three
different electrons are involved in the process. Furthermore, the number of
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detected Auger electrons with a certain kinetic energy can be related to the
quantity of the corresponding element present in the volume of analysis,
enabling compositional analysis of the surface region.

The volume of analysis is laterally determined by the spot size of the electron
beam. A fraction of the Auger electron signal is emitted from a region of the
diameter of the incident electron beam and a fraction from a larger region
defined by the backscattering [2]. However, when well focused electron beams
with relatively large currents are used (currents ~1 nA and probe sizes smaller
than 50 nm), the effect of backscattering is negligible [26] and the lateral
resolution is mainly determined by the beam size. The intense elastic scattering
of the Auger electrons is the reason of the surface sensitivity. Only Auger
electrons ejected from the outermost atomic layers in a solid can reach the
detector without energy loss. Scattered electrons are recaptured or contribute to
the large smooth background in an Auger spectrum.  Estimations of the
inelastic mean free path λ of electrons with a certain energy in solids are made
by numerical calculations [27]. The surface sensitivity of Auger electron
spectroscopy makes it a suitable technique for the study of processes at solid
surfaces, such as segregation and oxidation. Nowadays, Auger electron
spectroscopy has become the most frequently used technique for providing
compositional information on many types of surfaces, thin films and interfaces.
In particular, Auger electron spectroscopy has some important advantages:
submicrometer lateral resolution, good detection possibilities for light elements,
the ability to construct depth profiles and a high surface sensitivity.

2.3 INSTRUMENTATION

The instrument that is employed to perform Auger electron spectroscopy is a
modified JEOL JAMP 7800F. It is a combined scanning electron and scanning
Auger microscope, operating under ultra high vacuum conditions and
equipped with a field emission electron gun. Electrons are generated in the field
emission source, passing electrostatic condenser and objective lens systems
before they hit the specimen surface. Typical conditions are an accelerating
voltage of 10 kV and a primary beam current of 2.4 nA. A schematic setup of
the system is shown in figure 2.2.
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Figure 2.2: Schematic setup of the JEOL JAMP 7800F

The system contains three detectors: a secondary electron (SE) detector, a
hemispherical analyzer (HSA) and an energy dispersive X-ray detector.
Secondary electrons have very low energies, typically less than 50 eV, and
therefore only secondary electrons that originate from the specimen surface
reach the SE detector. The incident electron beam is scanned across the surface
and simultaneously the number of secondary electrons originating from the
irradiated part of the surface is counted. This yields an image of the scanned
surface, which is commonly referred to as scanning electron microscopy (SEM).
Topography has a large influence on the number of emitted secondary
electrons, compared to the elemental composition of the surface, the crystal
orientations and other contributions. This enables an easy, quick observation of
the microstructure of a surface.

During scanning, the electron beam is focused as much as possible. The
resolution of the obtained secondary electron image is mainly determined by
the beam size, due to the low energy and surface sensitivity of the secondary
electrons. The JAMP 7800F can accomplish a resolution of ~ 5 nm, with an
incident current of ~ 10-11 A. This current yields sufficient secondary electrons
to obtain a scanning electron image, but not enough Auger electrons to obtain a

Sample holder
x, y, z, tilt, rotation

EDS detector

Ion gun

Secondary electron
detector

Electron probe

Objective lens

Input lens HSA
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spectrum with a reasonable signal-to-noise ratio. The incident current has to be
increased to ~ 10-9 A to accomplish this. The advantage of a field emission
electron gun is that it can vary the beam current over several orders of
magnitude without much loss of resolution. The resolution for the beam current
used throughout this thesis, 2.4 nA with 10 kV accelerating voltage, is about 15
nm. Electron beam irradiation of a surface can lead to heating in the case of
insulators [28] and to enhanced oxidation in the case of metals [29], which may
lead to irreversible structural changes at the surface.

Energy dispersive X-ray spectroscopy (EDS) detects the X-rays that leave the
specimen after the second step in the Auger process. Therefore, their energy is
element specific as well, enabling compositional analysis. Because X-rays are
less prone to scattering in material, detected X-rays originate from depths in the
order of  ~1 µm. Due to backscattering, the lateral resolution is of the same
order. Therefore, a combination of EDS and Auger electron spectroscopy (AES)
in the same system can yield an immediate comparison between surface
enrichment in the topmost atom layers (AES) and bulk composition (EDS). The
EDS mainly used in the course of this thesis is attached to a Philips XL-30 SEM
and is manufactured by EDAX.

The hemispherical analyzer acts as an energy separator for the emitted Auger
electrons and detects electrons with a specific kinetic energy. It consists of two
hemispherical plates, on which different potentials are applied. In this way,
only Auger electrons with certain kinetic energy can reach the actual detectors.
Through variation of the potentials of the two plates, Auger electrons with
different energies can be detected. The operator defines the energy range, after
which the number of incoming Auger electrons is counted as a function of
energy. In this way, a spectrum of the number of detected Auger electrons (or
current) versus their kinetic energy is obtained. The number of points in the
spectrum is determined by the energy step size, which is typically 1 eV. The
predefined dwell time is the time that incoming electrons are counted during
one energy step, i.e. at a specific energy. Throughout this thesis, it ranges from
60 ms for fast scans to 400 ms for slow scans, used for quantification.
Furthermore, the number of sweeps can be defined. This means that the
acquisition of a spectrum on a point is repeated several times, after which the
spectra are averaged. In this way, a better signal-to-noise ratio is obtained and
the observed peaks are more clearly defined.
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The specimens for analysis are mounted on a specimen holder. The specimen
holder is transferred to the specimen stage inside the analysis chamber. The
specimen stage can be moved along x-, y- and z-axes. Other degrees of freedom
are specimen tilt toward the hemispherical analyzer and rotation.

Inside the analysis chamber, ultra high vacuum conditions are required.
Electrons travelling from the electron source to the specimen surface and from
the surface to the analyzer should encounter as few gas molecules as possible,
otherwise they will be scattered and lost for analysis. This requires a vacuum of
~10-4 Pa, which is a moderate vacuum. The need for ultra high vacuum stems
from the surface sensitivity of Auger electron spectroscopy. Because Auger
electrons originate from depths of only a few atom layers, the technique is very
sensitive to surface contamination. At a residual pressure of ~ 10-8 Pa and a
sticking coefficient of unity, the buildup of one monolayer of contamination
takes ~ 104 seconds at room temperature. This time is sufficient to carry out
most experiments. Ultra high vacuum is attained through the constant use of a
combination of two sputter ion pumps and a turbomolecular pump. A titanium
sublimation pump is operated at certain times. The exchange of specimens is
performed via a separate chamber (load lock) to avoid disturbing the vacuum in
the analysis chamber. During normal operation, the ambient pressure is of the
order of 5⋅10-8 Pa.

An essential feature of the JAMP 7800F for the experiments described in this
thesis is the in situ fracture stage, which was acquired separately. The need for
clean surfaces is evident from the aforementioned surface sensitivity of the
Auger process. This can be accomplished by cleaning a contaminated surface in
situ with inert ion sputtering, which may lead to compositional surface changes.
Another possibility, i.e. in situ fracture, leads to very clean surfaces that remain
clean for a certain period, depending on the pressure in the analysis chamber. If
the fracture path follows the grain boundaries, i.e. the fracture is intergranular,
the previous grain boundaries are exposed as free surfaces. In this way, grain
boundary segregation can be studied.

Figure 2.3 shows the setup of the in situ fracture stage. It is connected to the
analysis chamber and the specimen can be transferred by the magnetic loader
under ultra high vacuum conditions. The specimen holder can accommodate
three cylindrical specimens with a diameter of 3 mm and a length of ~ 15 mm.
The specimens are cylindrically notched to promote and localize fracture.
Furthermore, the specimen holder can be cooled indirectly through contact with
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the cooling unit, which is filled with liquid nitrogen. In this way, brittle fracture
can be promoted in otherwise ductile specimens. The specimens are fractured
by the impact of the hammer rod on the right side of the image. The  fracture
process resembles the Charpy test.

Figure 2.3: Geometry of the in situ fracture stage

2.4 MODES OF ANALYSIS

In the next paragraphs, the modes of analysis of the JEOL JAMP 7800F will be
described and illustrated by experiments that are performed on an Al-Mg alloy.

2.4.1 The aluminum-magnesium alloy

Aluminum – magnesium based alloys are suitable candidates for a wide range
of applications because they are characterized by excellent corrosion resistance,
formability and weldability [30,31]. Enhanced Mg segregation to the surface can
diminish such properties because it leads to the formation of relatively thick,
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brittle oxides [31]. A number of studies on Al-Mg alloys has shed light on many
aspects of Mg segregation and its influence on oxidation mechanisms [31-33]. In
a study of an Al-10% Mg alloy by means of AES [34], it was found that at 700 K
the surface oxide layer was largely magnesium oxide, being an order of
magnitude thicker than the (mainly) aluminum oxide layer that was formed at
room temperature. These findings were in agreement with results on alloys
with low Mg contents (≤ 2.5 at.%) at temperatures around 700 K [33,35].

However, most of the previous studies were performed on systems with
relatively low Mg contents, which were therefore in the single-phase regime.
The studied material in this chapter is Al-Mg (80-20 at.%), which decomposes in
two phases with different Mg contents [36]. Therefore, Mg surface segregation
can be studied simultaneously in two phases with two different diffusion
probabilities for Mg. Because the material is no longer homogeneous, the lateral
resolution of the instrument has to be much smaller than the size of the present
phases, which was not possible before the advent of field emission guns.

The influence of oxidation on Mg surface segregation is studied in an Al–Mg
alloy (80%-20%), obtained as an ingot from Highways International. According
to the Al-Mg phase diagram [36], decomposition will occur into the
intermetallic β-phase, which is commonly referred to as Al3Mg2, and Al
containing Mg in solid solution, Al(Mg). The structure of Al3Mg2 is complex
[37], with a unit cell containing more than 1100 atoms. A characteristic feature of
this structure is the large number of structural vacancies present.

Specimens are cut from the ingot and polished, in the final stage in a silica
suspension. The polished specimens are sputter cleaned by 3 keV Ar+ ions in
the analysis chamber of the JAMP 7800F and in situ heated afterwards in the
transfer chamber, to induce oxidation and surface segregation. Because the
residual pressure in the transfer chamber is ~2⋅10-6 Pa during heating and both
Al and Mg have very high oxygen affinities, the surface will be oxidized by
residual water vapor. After cooling and transfer to the analysis chamber, the
Auger intensities of Al, Mg and O are obtained.

2.4.2 Illustrations of the modes of analysis

After the acquisition of a scanning electron image, a point can be designated
from which an Auger spectrum is obtained. Figure 2.4 shows a scanning
electron image of the Al-Mg alloy, with the rough β-phase (top) and Al(Mg)
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phase (bottom). EDS analysis showed that the β-phase contained 38 ± 1 at.% Mg
and that the Al(Mg) phase contained 14 ± 1 at.% Mg. Although the intermetallic
β-phase is commonly referred to as Al3Mg2, it is known to contain 38.2 at.% Mg
[36], which agrees well with our result.

Figure 2.4: SE image of the rough β-phase (top) and the smooth Al(Mg) (bottom). The vertical
line is the line along which Auger intensities of O, Mg and Al are obtained

A direct spectrum, obtained on the β-phase, is shown in figure 2.5 (top). The
observed peaks in the spectrum are small compared to the background,
consisting of secondary, backscattered and inelastically scattered Auger
electrons. To overcome this problem, the spectrum is differentiated with respect
to energy. In the early days of Auger electron spectroscopy this was done by
modulating the detector for each kinetic energy, leading to longer measuring
times. Nowadays, the spectra are differentiated numerically after completion of
the direct spectrum, as is shown in figure 2.5 (bottom). The peaks become much
clearer in this representation, due to the almost removed background.

By definition, the peak position in the direct spectrum is the position where the
intensity has its local maximum. In the differential spectrum, the point with
minimal intensity is defined as the peak position, instead of the point where the
differential is zero, which would correspond to the peak maximum in the direct
spectrum. Due to varying background conditions, the point where the
differential spectrum has zero intensity may change, which can lead to minor
variations in peak positions for the same element in different measurements.

1 µm
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Figure 2.5: Direct Auger spectrum of Al3Mg2 (top) and differential spectrum (bottom)

The peaks of Mg and Al at the right end of the direct spectrum correspond to
KLL transitions. The features in the beginning of the direct spectrum stem from
LVV transitions, involving valence electrons. These features are much clearer in
the differentiated spectrum on the bottom. Because of the lower energy of the
LVV Auger electrons, their surface sensitivity is higher. In principle, a
comparison between compositions of regions with different depths can be made
by comparing the LVV and KLL transitions. Due to the overlap of Al and Mg
LVV peaks, direct comparison is difficult. At ~ 506 eV, an oxygen peak is
visible. In the differential spectrum, the most intense transitions are used to
determine the intensities of Mg and Al. The Auger intensity is defined as the
difference between the maximum and the minimum intensity of a transition in
the differential spectrum. This intensity is also referred to as the Auger peak-to-
peak height. As long as the differential spectrum is used, the terms intensity
and peak-to-peak height are interchangeable in this thesis.

Differentiation of the spectra bears some disadvantages as well. The number of
detected Auger electrons varies with topography, but the ratio of the Auger
peak size to its background in the direct spectrum is rather insensitive to
topographical changes. However, in the differential spectrum, most of the
background is removed. Topographical corrections can be made only by
comparing the intensities of different elements in the same spectrum, because
the effect of topography is the same for all elements.
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Before the Auger spectra are acquired, the analysis positions and the spot sizes
have to be defined. Several analysis positions can be predefined, up to a
maximum of 20, which are analyzed sequentially. For each analysis position,
the used spot size can be defined separately. The spot size can be varied in steps
of 5 µm from 0 to 300 µm, or a scan of the whole field of view can be obtained.
Spot size ‘0’ corresponds to the best focused electron beam with a spot size of
~15 nm. It can be useful to change from a nanometer sized spot to a micrometer
sized spot, in order to obtain a better spatially averaged signal or to reduce
electron beam effects, as will be shown later. When 20 points have to be
analyzed sequentially, the measurements can be very lengthy. An efficient way
of reducing the acquisition time is to measure only small parts of the spectrum,
once it is known which elements are present in the specimen. The first
measurement of a specimen always has to be a so-called ‘wide scan spectrum’,
as is shown in figure 2.5, to determine the elements present. After that, only the
small parts of the spectrum that contain the most intense Al, Mg and O
transitions have to be acquired, which is called a ‘split scan spectrum’. The only
requirement is that these ‘regions of interest’ contain the peak maximum and
minimum of the differential spectrum.

In the figures 2.6, 2.7 and 2.8 the IO/IAl and IMg/IAl intensity ratios after oxidation
are depicted as a function of position. The ratios of intensities are used to
reduce topographical influences. The intensities are measured at a number of
points on a straight line, traversing from the Al(Mg) phase into the β-phase,
along the vertical line in figure 2.4. At the first point, r = 0. Annealing and
oxidation treatments of the Al-Mg alloy are performed at three different
temperatures, 180° C, 220° C and 520° C. All surfaces are sputter cleaned before
the annealing/oxidation treatments. Annealing treatments consist of heating
the sample to the designated temperature T and maintaining that temperature
during a time ∆t, thereby oxidizing the surface.

In these figures, a transition layer is observed over which the Mg/Al intensity
ratio gradually increases as the beam moves from the Al(Mg) to the β-phase.
For T = 180° and 220° C, the Mg/Al ratio on the Al(Mg) phase is not different
from the room temperature ratio, although the surface is oxidized. It was
observed earlier that there is no additional Mg enrichment when heating below
300° C [38]. The Mg/Al ratio of the β-phase increases from ~ 0.2 at room
temperature to ~ 0.4 in both cases, accompanied by a large increment of oxygen.
In the β-phase, Mg surface segregation is therefore possible at temperatures
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below 300° C. This may be attributed to the large number of structural
vacancies in the β-phase [37], which facilitates diffusion.

 Figure 2.6: IO/IAl and IMg/IAl intensity ratios as a function of beam position after annealing at
180° C, obtained with minimum beam size (~ 15 nm)

 Figure 2.7: IO/IAl and IMg/IAl intensity ratios as a function of beam position after annealing at
220° C, obtained with minimum beam size (~ 15 nm)

Figure 2.8 clearly shows that after heating at 520° C for 20 minutes, the
difference in surface Mg/Al ratios between the two phases is much smaller
than in the previous figures. This yields a less sharp transition between the two
phases. This means that relatively more Mg surface enrichment occurred in the
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Al(Mg) phase than in the β-phase. At a certain moment, the composition of the
volume of Auger analysis does not change anymore and the amount of
magnesium oxide is similar at the surfaces of both phases [31].

 Figure 2.8: IO/IAl and IMg/IAl intensity ratios as a function of beam position after annealing at
520° C, obtained with minimum beam size (~ 15 nm)

Annealing of a pure Al specimen below 300° C yields an O to Al intensity ratio
of ~0.2, which is comparable to the ratios observed on the Al(Mg) surface after
heating below 300° C. The amount of Mg in that phase is small and the
observed Mg enrichment is minimal, which will lead to mainly aluminum oxide
at the surface. When Mg surface segregation occurs, the O/Al ratios drastically
increase, due to enhanced oxidation and the presence of less Al in the volume of
analysis. Nevertheless, prolonged heating at 520° C does not lead to higher Mg
intensities at the surface. This can be caused by saturation within the volume of
analysis or by the fact that the presence of an oxide layer inhibits the rapid
increment of Mg at the surface, because Mg diffusion in the oxide is much
slower than in the alloy. The exact structure and composition of the formed
oxide is unknown. Therefore, the formation of a spinel structure (Al2MgO4)
cannot be ruled out.

Two other, closely related modes of analysis are the line profile and the Auger
image or the Auger map. These modes use the direct spectrum to display the
variation in element intensity over a line on the image or over the image as a
whole. In the case of a line profile, a horizontal or vertical line can be defined on
the scanning electron image. The number of pixels, i.e. the points of analysis, on
that line can be defined and will range between 32 and 1024. The advantage of
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this mode of analysis becomes clear when this is compared to the maximum
number of spots, which is only 20. On every pixel, both peak and background
intensity will be measured for all designated elements. Because it is too time
consuming to obtain a split scan spectrum on every pixel and differentiate it in
order to obtain the intensities, only the peak and background intensity are
acquired. The peak position has to be defined after acquisition of a spectrum, as
well as the background position, which is defined as the point on the right side
of the peak where the intensity is locally minimal. In figure 2.5 (top), 1390 eV
and 1406 eV can be defined as the peak and background positions of Al. If only
the intensity at the peak position (P) would be measured and displayed, local
variations in topography like surface roughness and surface inclination would
lead to changes in intensity. Therefore, the intensity at the background position
(B), which has the same topographic dependence as P, is measured as well. The
ratio (P-B) / B is displayed, minimizing the influences of topography in the case
of homogeneous specimen compositions. Furthermore, when line profiles of
several elements are acquired and one element shows higher intensities on
places where the other element yields lower intensities, in most cases
topographic variations can be ruled out as a physical cause.

The Auger image is obtained in a similar way, but instead of defining a line on
the scanning electron image, the whole image is scanned. The number of pixels
now ranges from 32×32 to 1024×1024. Usually, 128×128 or 256×256 pixels are
selected, with an acquisition time ranging between one and 16 hours,
depending on the dwell time, the counting time per point. Ultimately, the
lateral resolution of the Auger image is limited by the spatial resolution of the
electron probe (~15 nm). As an example, figure 2.9 shows Auger images of O,
Al and Mg, acquired on the surface shown in the scanning electron image in the
top left corner, after heating and oxidation at 520° C. The bar on the right side of
an Auger image indicates which greyscales correspond to high and low
intensities. Clearly visible are the higher O and Mg intensities on the right side
of the image (the β-phase) and the higher Al intensity at the left side, the
Al(Mg) phase.
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Figure 2.9: Scanning electron image of an Al-Mg alloy surface and scanning Auger images of
O, Mg and Al, displaying (P-B) / B

2.4.3 Depth profiling by inert ion sputtering

Depth profiling is an additional mode of analysis. It will be treated separately
because ion sputtering is also used to remove surface contaminants and it
comprises the use of an extra component, namely the ion gun. The ion gun is an
electrostatic device where the inert gas ions are generated by collisional
excitation with electrons of typically 100 eV energy from a hot filament [39].
This takes place in an ionization chamber that is pumped by the turbomolecular
pump and, through a small aperture, by the sputter ion pumps attached to the
analysis chamber. The Ar+ ions are accelerated to energies between 1 and 3 keV
by means of an emission aperture under a negative potential and are focused
using electrostatic lenses. Furthermore, the emission aperture acts as a
differential pressure stage. The pressure in the analysis chamber rises from
~5⋅10-8 Pa to ~1⋅10-5 Pa during sputtering. However, the purity of the argon is
such that no extra contaminants are introduced in the analysis chamber. The
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focused ion beam is rastered over a large area (typically in the order of 400×400
µm), which greatly improves the uniformity of the ion beam density [40] and
leads to a flat bottom of the sputter crater, which is necessary for optimum
depth resolution. For optimum results it is necessary that the electron beam is
much smaller than the size of the sputter crater and is focused in the center of
the crater, where the sputter rate is well defined and constant. In our
instrument, with spot sizes of ~ 15 nm to a few microns at most, this condition
is easily fulfilled. Depending on the accelerating voltage, the measured positive
currents on the specimen range between 0.5 µA for 1 keV to 1.6 µA at 3 keV.
The sputter rate is determined by removing a well defined, 100 nm thick SiO2

layer on a Si substrate and monitoring both Si and O intensities. The measured
sputter rates range from 3.3 to 20 nm/min and will be stated when describing
the experiments. However, the sputter rates are valid for SiO2 only and vary
with the sputtered elements, depending on the sputter yield. Therefore, in most
cases the sputter times of different experiments are compared to gain
information about relative depths, while the absolute values of the sputter
depths remain uncertain.

A depth profile consists of alternating periods of ion sputtering and obtaining
‘split scan’ spectra. In this way, the variation of the element intensities with
sputter depth is obtained. The intensity that is plotted in intensity versus
sputtering time diagrams is the difference between the maximum and
minimum of the differential spectrum in a particular region of interest.
Therefore, care has to be taken that this corresponds to the actual peak
maximum and minimum.

There are several factors that limit the accuracy of depth profiles and the depth
resolution. For instance, redeposition of sputtered species can occur, which can
lead to a memory effect of the original surface composition. The original surface
roughness has an effect on the depth resolution, because ion sputtering changes
the surface roughness as well. It is advisable to start with a surface that is as
smooth as possible. During ion sputtering of alloy surfaces, preferential
sputtering of one of the constituents is very likely. This is illustrated by figures
2.4 and 2.9, which display a surface that was sputtered for long periods. The
Mg-rich β-phase has a rough appearance, compared to the Al(Mg) phase. Mg
has a larger sputter yield than Al [41], which leads to Al surface enrichment
after sputtering. Therefore, any observed Mg surface enrichment cannot be
caused by preferential sputtering.
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An example of a depth profile is given in figure 2.10. First, the surface of the Al-
Mg alloy is cleaned by sputtering with 3 keV Ar+ ions, with a sputtering rate of
15 nm/min on SiO2. The oxide layer that is formed on the Al-Mg samples
during the preparation stages, due to exposure to atmospheric conditions, is
easily removed by Ar+ sputtering. Then, the alloy is heated and thereby
oxidized at 520° C. After that, the depth profile of figure 2.10 is obtained on the
Al(Mg) phase. In figure 2.10, the ratios of measured peak-to-peak heights, IO/IAl

and IMg/IAl are shown, to reduce the effects of topography on the displayed
intensities.

It is clearly visible that the oxidation of the surface is accompanied by an
enrichment of Mg. The depth profile of the β-phase after heating to 520° C is
shown in figure 2.11. A comparison between figures 2.10 and 2.11 indicates that
both the intensity ratios at the surface and the depths over which O and Mg are
enriched are similar for both phases. However, IMg/IAl is different for the two
phases after the removal of O, because the ‘bulk’ Mg content is different. This
means that the relative surface enrichment of Mg is higher in the Al(Mg) phase
than in the β-phase. However, at temperatures lower than 300° C the Al(Mg)
surface does not show significant Mg enrichment, whereas the β-phase shows
an increase in IMg/IAl ratio from ~0.2 to ~0.3 upon heating to 200° C and to ~0.35
at 300° C, with a slightly thinner oxide layer than at 520° C[38].

 Figure 2.10: Depth profile of an oxidized Al(Mg) surface, using minimum beam size
(~ 15 nm)
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Figure 2.11: Depth profile of an oxidized surface of the β-phase

2.4.4 Discussion

It can be concluded that the presence of Mg significantly enhances oxidation,
which is also in agreement with the fact that Mg has a higher affinity to oxygen
compared to Al. The heat of formation of Al2O3 is 1113.6 kJ/mol, while that of
MgO is 1202.2 kJ/mol [42]. The increasing amount of Mg at the surface with
increasing temperature can be explained from the fact that Mg preferentially
segregates to the surface, under the influence of the present oxygen. In the β-
phase, significant Mg segregation is possible at lower temperatures than in the
Al(Mg) phase, because of the large number of structural vacancies present in
that phase, which facilitates diffusion.

In commercial Al-Mg alloys with low Mg content, Mg can segregate to grain
boundaries, where it can lead to the precipitation of Al3Mg2. Previous
experiments showed that the phase initially formed at triple points and then
along the grain boundaries [43]. The presence of this phase in an Al-Mg alloy is
potentially harmful, because of the faster formation of magnesium rich, brittle
oxides.
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2.5 QUANTIFICATION OF AUGER SPECTRA

The earliest attempts to quantify the amounts of materials through an obtained
Auger spectrum naturally made use of the differential spectrum, because of the
clarity of the peaks and the ease of defining the peak-to-peak heights. It is valid
to use the peak-to-peak heights as measures for AI  and AI

∞  [2], where AI  is the
measured intensity of an element during analysis and AI

∞  is the intensity of that
element measured on a pure standard specimen, if three conditions are fulfilled.
The same differentiating algorithm has to be used, the analyzers for both
spectra must have the same resolution and the peak shapes have to be the same
in both analysis and reference spectra. The first two conditions are easily
fulfilled by always using the standard differentiating algorithm provided with
the JAMP 7800F and the same analyzer resolution. The third condition can be
achieved for metallic alloys if all experiments are performed on the same
instrument. However, due to changes in the chemical environment the peak
shapes may change. For example, surface oxidation can lead to an energy shift
of the peak, a change in peak shape and therefore a change in peak-to-peak
height. In most experiments described in the next chapters, surface oxidation is
limited and in the studies on electron beam enhanced oxidation quantification
is not attempted. Therefore, in the next section the quantification of binary
alloys using the differential spectra will be described.

The intensity of the signal from element A, IA, is roughly proportional to the
molar fractional content in the analysis depth, XA. If the dependence would be
linear, only the ratios of element intensities to their elemental standard
intensities would be sufficient to calculate the concentrations in the volume of
analysis. However, the intensities are also influenced by other factors such as
backscattering terms, which vary when other elements are present as well. A
correction with the so-called matrix factor is necessary. The Auger electron
current of an element A may be expressed as

I X z z dzA A
M

∝ −L
NM

O
QP

∞z ( )exp
cosλ φ0

(2.12)

where XA(z) is the distribution of A atoms with depth z, λM the inelastic mean
free path in the matrix M and φ is the angle between the surface normal and the
Auger detector (the hemispherical analyzer). For a homogeneous binary
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system, the integral becomes XA λMcos(φ). If, for binary systems, the ratio of
intensities IA/IB is used and compared with the ratio of pure element standards
the number of unknowns can be reduced if all measurements are performed on
the same instrument [2]. This leads to
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I I
I I
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/
/
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In this equation, F is the matrix factor that is given by
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In equation (2.14), rA,B is a backscattering term, which is energy dependent.
However, the ratio rA/rB is not very energy dependent and therefore F may be
considered being constant for a binary AB system. For φ = 30°, which resembles
the settings of the JAMP 7800F, the backscattering term r was approximated by
[44]

r Z U Z= − + − = °−0 46 0 78 115 105 300 2 0 32 0 2. . . . ;. . .c h c h b gφ (2.15)

where Z is the atomic number and U the ratio of the energy of the primary
electrons and the energy of the Auger transition. The remaining unknowns of
equation (2.14) are aA and aB, which are defined by

a
A

Nm
m

m

3

1000
=

ρ
(2.16)

where Am is the atomic weight of the matrix atoms, ρm the density and N is
Avogadro’s number.

In this thesis, besides a homogeneous composition, two other configurations of
elements are of importance. In the case of grain boundary or surface
segregation, the enrichment can extend over one or several monolayers. When
solute enrichment extends over more than one monolayer, a composition
gradient with depth is usually present. The distribution of segregated atoms
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with depth, XA(z), has to be known or estimated, after which it can be
introduced in equation (2.12).

In the case of monolayer segregation, the signal of the substrate B covered by a
fraction of a monolayer ΓA of A is

I I
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EB B A A
A

A B

= − +
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O
QP

RS|T|
UV|W|
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The signal from the overlayer is
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Because of surface roughness and other influences on absolute intensities, it is
necessary to use the ratio of intensities. From the ratio of intensities, the
coverage Γ can be deduced, assuming that Γ is small and the Auger peaks are at
high energy, where

Γ A AB
A

B

m K
I
I

= (2.19)

In equation (2.14), m is 1 for surfaces and 2 for grain boundaries because on
average, half of the amount of segregant is retained on either boundary after
intergranular fracture. For individual boundaries, this might not be the case and
therefore this equation will be only used for averages of grain boundary
intensities. KAB is defined as

K E
a

r E
r E

I
IAB

A A

A

A A

B A

B

A

=
L
NM

O
QP

+
+
L
NM

O
QP

∞

∞

λ θ( ) cos ( )
( )

1
1

(2.20)

The aforementioned equations will be used in the next chapters to estimate the
amounts of elements present on the surfaces or former grain boundaries.
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2.6 ORIENTATION IMAGING MICROSCOPY

Orientation Imaging Microscopy (OIM) can be used to gain information about
several aspects of polycrystalline solids. Analyses that can be performed are on
crystallographic textures, grain boundary misorientations, relations between
different phases and, rather qualitatively, on strain. In our experiments, OIM is
mainly used to obtain the misorientations between grains in polycrystalline
materials. In order to discuss the concepts of this technique, it is necessary to
explain the Coincidence Site Lattice (CSL) model that is used to classify grain
boundaries [45,46]. This model uses the so-called dichromatic point group,
which is formed by hypothetically allowing the lattices of two grains to
interpenetrate. In figure 2.12, the lattice sites belonging to grain 1 are white and
those belonging to grain 2 black. For certain misorientations, a new lattice of
coincident black and white sites can be constructed. This is the lattice shown in
figure 2.12 that connects the coincident sites, the black dots in a white circle. The
parameter Σ is defined as the ratio between the volume of the CSL unit cell and
the unit cell of the material. The density of coincident sites in space is equal to
1/Σ, therefore figure 2.12 shows a Σ = 5 grain boundary in a simple cubic
structure, projected along the [100] direction. Grain boundaries where a CSL
and the parameter Σ can be defined are called special boundaries. It should be
emphasized that the CSL is a rather mathematical construction and does not
provide any physical information of the local atomic surroundings.

Figure 2.12: Σ = 5 grain boundary constructed with a dichromatic pattern

OIM is based on the automatic indexing of electron backscatter diffraction
patterns (EBSP) from a specimen surface, which are produced in a Philips
XL30F SEM. It gives information of the misorientations between grains in a
polycrystalline specimen, classified according to the CSL model. However, the
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CSL classification does not fully describe the grain boundary, i.e. the grain
boundary plane is still unknown.

The system used to obtain and analyze OIM data is manufactured by TSL.
Electron backscatter diffraction patterns are obtained in the SEM by focusing
the electron beam on a crystalline sample. The specimen surface has to be
smooth and the orientation of the surface region, from which the diffraction
patterns are obtained, must be representative of the bulk of the grain. Therefore,
the specimens are usually chemically etched before insertion to remove
deformed surface layers. The specimen is tilted to approximately 70 degrees
with respect to the horizontal. The diffraction pattern is imaged on a phosphor
screen and the image is captured using a CCD camera. The Kikuchi bands in
the diffraction pattern represent the reflecting crystallographic planes in the
diffracting crystal volume. Thus, the geometrical arrangement of the bands is a
function of the orientation of the crystal lattice. In this thesis, only experiments
on specimens with known crystallographic structures are described. Therefore,
the patterns can be compared with standard patterns to obtain the orientations
of the grains, relative to the specimen.

In an OIM scan the beam scans the sample surface in a rectangular grid. At each
step the EBSP is automatically indexed and the orientation is recorded, as well
as the pattern quality of the EBSP, the image quality. As the beam is moved
from grain to grain the electron backscatter diffraction pattern will change due
to the change in the orientation of the crystal lattice in the diffracting volume.
An image processing algorithm (Hough Transform) is used to detect bands in
the diffraction pattern. Because the structure is known, the patterns can be
indexed by comparing the angles between the detected bands to the theoretical
table. A grain boundary map can be generated by comparing the orientation
between each pair of neighboring points in an OIM scan. A line separating a
pair of points is drawn if the difference in orientation between the points
exceeds a given tolerance angle, which is normally 15°. In this way, points with
similar misorientations are grouped into grains, with grain boundaries in
between.

In the experiments described in this thesis, OIM is mainly used to correlate the
grain boundary character distribution (GBCD) of a specimen with its
mechanical properties. Some low Σ boundaries, like Σ = 3, have low energies
and can be favorable with respect to mechanical properties, because they can be
less susceptible to intergranular fracture.
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