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ABSTRACT 
 

Aluminium alloys are materials of huge practical importance.  However their use is 

dependent on surface oxides and hydroxides which are critical in protecting the highly 

reactive underlying metal.  The stability and integrity of the oxides and hydroxides are 

also crucial in finishing and bonding applications.  Better understanding of these 

surfaces has significant implications in enhancing their application.   

 

LM6 and LM25 aluminium-silicon casting alloys were studied as these materials 

show a particularly inhomogeneous phase structure and complex surface behaviour.  

This complexity is of fundamental interest and leads to considerable practical 

difficulties, especially in surface finishing. The surfaces were characterised, subjected 

to thermal treatments and modified with Ion Assisted Deposition coatings of TiN.  A 

characterisation method for these surfaces was also developed based around the 

layered structure of aluminium hydroxides. 

 

It was observed that the thermally induced surface segregation of minor elements, 

such as Mg and Na, is availability-limited.  Surface concentrations of these elements 

are determined by the net effect of enriching via surface segregation and depleting 

through surface evaporation.  The inhomogeneous phase structure of the alloys used 

in this study enables the observation of two migration processes driven by different 

forces.  Below the oxide dominated surface layer, the migration of Mg is driven by 

chemical potential gradient and is primarily perpendicular to the surface.  Closer to 

the surface, concentration driven horizontal diffusion of the element occurs.   

 

The deposition of a thin TiN layer has been used to probe the interface. While the 

deposition conditions of TiN coatings affect the chemistry of the coatings, substrate 

surface conditions determine how well bonding is achieved between the film and 

substrate.  The height difference between silicon particles in the eutectic phase and the 

primary aluminium phase of the casting alloys provides surface roughening and 

optimal adhesion through mechanical interlocking with the coating.  This height 

difference is achieved by preferentially removing the surface exposed primary 

aluminium phases with ion bombardment. 
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The nature of surface aluminium oxides and hydroxides and their modification, has 

been further probed by studying how repeating fragments in TOF-SIMS spectra of 

these compounds originate.  Gibbsite powder and a bayerite layer on a metal surface 

have been examined, before and after intercalation into their layered structure.  This 

suggests that the weak interlayer bonding can be manipulated and allows cleavage of 

the outermost octahedral layers under bombardment by energetic particles.  This 

phenomenon provides a new and particularly sensitive characterisation method, using 

the relative intensities of the repeating fragments in the TOF-SIMS spectra. 
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Chapter 1. INTRODUCTION 
 

 

1.1. Roles of surfaces and interfaces in materials performance 
 

A surface is defined in many ways. In a chemical sense, the surface comprises only 

the top few atomic layers with effects extending not more than tens of nanometres.  In 

all but nano-structured materials, this comprises a relatively small proportion of the 

material; however it plays a very important role in defining the characteristics and 

performance of the whole materials system.   The surface defines how the materials 

interact with surrounding environments.  Surface chemistry and morphology are 

understood to influence the following phenomena. 

 

- Corrosion: with various types and densities of initiation sites; 

- Catalytic activities: over a range of surface areas and active sites; 

- Adhesion: with various mechanical and/ or chemical interactions; 

- Contact potential: reflecting the density of surface electrons or holes; 

- Mechanical failures, including wear: with various surface structures and stress/ 

strain concentrated sites. 

 

When dissimilar materials are combined in composite products, these materials 

contact to form interfaces.  Most of the aforementioned surface phenomena can take 

place at such interfaces.  Interfacial behaviour can support or hinder the development 

of superior properties in such composite materials.   

 

To advance understanding in this area, a range of highly surface sensitive analysis 

techniques have been developed over past decades, including Auger Electron 

Spectroscopy (AES), Secondary Ion Mass Spectrometry (SIMS), X-ray Photoelectron 

Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS), and a range of Scanning 

Probe Microscopies (SPMs).  However, detailed knowledge of surfaces and interfaces 

is still limited in comparison to that about the bulk of materials. 
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This study focuses on a range of the surface and interfacial aspects of a well known 

material, a family of aluminium casting alloys, using a combination of surface 

techniques as well as bulk analysis ones. 

 

 

1.2. Objectives of this study 
 

The study looks at the surface of aluminium casting alloys to understand the changes 

which occur during processing, such as the surface segregation of minor elements.  

Subsequently, modifications to these surfaces are considered for better protection and 

finishing.  Modifications attempted include both chemical and physical processes. 

 

The materials used in this research are aluminium-silicon casting alloys LM6 (Al-

12%Si) and LM25 (Al-7%Si-0.3%Mg).  Designations of these alloys under some 

common systems are presented in Table 1.1.  Due to the widespread of the LM 

notation in the casting industry, the designation by the British Standards Institution is 

used throughout this thesis. 

 

Table 1.1. Designations of the alloys used in this study 

Alloy LM6 LM25 

British Standards Institution (BS) LM6 LM25 

International Organization for 

Standardization (ISO) 

AlSi12 AlSi7Mg 

Aluminium Association (AA)/ American 

Society for Testing and Materials (ASTM)  

413.0 356.0 

 

 

This group of alloys represent a challenging system as they feature a particularly 

inhomogeneous phase structure over several length scales.  Using a combination of 

various analysis techniques (XPS, Static and Dynamic SIMS, Scanning Electron 

Microscopy/ Energy Dispersive Spectroscopy – SEM/ EDS, Transmission Electron 

Microscopy – TEM, X-Ray Diffractometry – XRD), and other supporting facilities, 

the study has the following objectives. 
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- To understand surface segregation and interaction of major and trace elements 

under thermal treatments (Chapter 4 and Chapter 5). 

- To examine the interaction between the alloys and a hard coating of TiN 

(Chapter 6). 

- To explore a novel method to better understand the surface and to modify 

surface oxide and hydroxides on aluminium-based materials by intercalation 

in layered structures (Chapter 7). 

 

All of the above tasks are made challenging by the inhomogeneous phase structure of 

the aluminium casting alloys.  This emphasis complements previous research, where 

homogeneous materials have been used.  Improvements in the ability to manipulate 

these surfaces can greatly extend applications for aluminium alloys which show this 

type of segregation behaviour. 

 

 

1.3. Research focus 
 

The substantial literature on surface segregation of minor elements, especially Mg, in 

the surface of Al alloys reports the dynamics and kinetics of the phenomenon as being 

influenced by the following factors: 

 

- The diffusion of the solutes in bulk metal, in the oxide layer, and across the 

metal/oxide interface; 

- The reaction between metals and oxygen; 

- The competition between solute segregation to the surface and to grain boundaries 

due to the difference in respective free energies of segregation [1]; 

- The competition between solute segregation to the surface and evaporation [2, 3]. 

 

In the literature, little attention has been focussed on the inhomogeneous phase 

structure of the casting alloys in particular, or the contribution of low Mg content and 

the non-negligible surface segregation of Na.  To address these points, the objectives 

of part of this research are to better understand this phenomenon.  The study looks 
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into the effects of heating time and temperature, and their combined effects.  The 

activation energy for Mg surface segregation is calculated with consideration of the 

presence of other elements and the lower content of Mg in the matrix of the base 

alloy; a value for Na is also expected to be established.  Close attention is paid to 

understanding the influence of the initial inhomogeneous phase structures of the 

casting alloys on the segregated surface composition and its distribution. 

 

This phase structure also affects the interface between the casting alloys and surface 

coatings such as TiN.   While again much has been reported on the characteristics and 

behaviour of TiN, the interaction between different phases of the alloys and such a 

coating has not been considered.  This interface is examined in this work to better 

understand the fundamental factors affecting the adhesion of a hard coating to the 

surface of such casting alloys. 

 

A novel method has been explored to prepare the surface of aluminium casting alloys 

for better adhesion with hard coatings, or other finishing and modification techniques.  

The method is based on the modification of layered oxide and hydroxide films.  The 

structure of these surfaces can be explored through the observation of large repeating 

fragments in TOF-SIMS spectra of aluminium metal oxides and hydroxides.  The 

selective chemical modification of these layered structures on different phases of the 

casting alloys allows a better understanding of the behaviour of such surfaces and 

selective treatments to enable improved bonding and mechanical interlocking with 

subsequent coatings.   
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Chapter 2. LITERATURE REVIEW 
 

 

2.1. Characterisation of aluminium surface 
 

The wide and diverse uses of the metal mean characterisation of the surface of 

aluminium and its alloys is of great interest.  This interest arises from the influence 

that surface has on performance of this group of important materials.  The surface 

determines not only the very existence of the metal but its corrosion resistance, 

weldability, formability, and behaviour in adhesion.  Consequently, there are needs 

for a comprehensive characterisation of surface properties, including oxidation state, 

degree of hydration and microstructure [4] 

 

The surface, which in its native state is always covered by a layer of oxide, oxy-

hydroxide (boehmite) or hydroxide, can be modified by chemical, electro-chemical or 

mechanical processing.  There are also lateral and perpendicular migration of minor 

elements due to surface segregation and phase interaction.  A range of surface 

characterisation techniques – such as XPS, SIMS, AES, XAS, SEM, TEM – have 

been applied to this challenging surface.  However, the capability of most surface 

sensitive techniques involving particle bombardment or release is adversely affected 

by the insulating nature of this surface layer.  As a result, improving the ability to 

interrogate and understand these materials is an ongoing effort. 

 

2.1.1. Characterisation of surface acidity and basicity 

 

Definitions of acidity and basicity 

 

In 1923, Brønsted defined an acid as a hydrogen-containing species HA that can 

release protons and a base B is one that can combine with protons. 

 

 HA  =  H+  +  A- 

 B  +  H+  =  HB+ 
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Hence, an acid-base reaction is 

 

HA  +  B  =  HB+  +  A- 

 

Also in 1923, Lewis gave a more general definition of acid and base.  According to 

this definition, an acid A is a species that can accept an electron pair into its 

incomplete electronic configuration, and a base B is a species that can donate a non-

bonding electron pair.  This coordination process results in a dative bond between the 

acid and the base. 

 

 A  +  B:  =  Aδ- ← B δ+ 

 

Therefore, it is perceived that a Lewis base is also a Brønsted base, but a Lewis acid is 

not necessarily a Brønsted one.  In fact, a Brønsted acid HA is the product of the 

interaction between a Lewis acid H+ and a base A-. 

 

Measurement of the Point of Zero Charge (PZC) 

 

Surface ions generally have lower coordination numbers compared to those in the 

bulk.  Those associated with defects and steps on polycrystalline surfaces have even 

lower values.  To increase these numbers and hence reduce chemical potential, the 

surface is hydroxylated generally through moisture contact.  When immersed, 

depending on the pH of the aqueous environment, these hydroxyl groups can either 

capture or donate protons.  A schematic of charge evolution on oxide surface is shown 

in Figure 2.1.  The pH at which the surface potential is zero is called the Point of Zero 

Charge (PZC).   

 

 
Figure 2.1. Schematic of surface hydroxylation and charging in aqueous environment 

M O M 

O O 

Low pH

+ H2O 
M O M

OH OH
M O M 

O– O– 
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+ 
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The charged surface induces the formation of an electric double layer.  The potential 

at the surface between that double layer and electrolyte is defined as zeta potential.  If 

the electrolyte can achieve a zeta potential of zero, its pH will represent the Iso-

Electric Point (IEP).  In case where the double layer is formed only with H+ and OH–, 

IEP is identical to PZC. 

 

IEP is the most commonly used indicator of surface properties, especially for the 

inorganic salts and oxides that are insoluble in water [5].  However, this is not the 

absolute measure of acidity or basicity, only their relative strengths.  A surface with 

higher IEP simply has more basic functionalities than acidic ones.  A schematic 

explaining the co-existence of acidic and basic sites with different strengths is shown 

in Figure 2.2. 

 
Figure 2.2. Sites with lower acidity and higher basicity due to surrounding ions 

 A > B > C > D > E [6] 

 

The most direct method to characterise surface acidity and basicity is to determine the 

surface IEP and/ or PZC by electro-kinetic titration.  Extensive work has been done 

for various oxides, hydroxides and minerals.  A summary of these studies has been  

reported by Parks [7].   

 

Other characterisation methods also applied different scales for acidity and basicity.  

Nevertheless, efforts were made to correlate those scales with IEP.  Basic concepts of 

the methods widely used for solid surfaces will follow.  Among those methods, only 

the use of X-ray Photoelectron Spectroscopy does not need the use of probe 

M: metal ion 
O: oxygen 
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molecules.  These probes are the molecules that can form acid-base adducts with the 

intrinsic sites of the materials under consideration. 

 

Temperature Programmed Desorption (TPD) 

 

In this method, probe molecules are first adsorbed to the sample surface.  The 

adsorbed sample is then put through a temperature programmed heating sequence, 

which will release the probes.  Desorption of probe molecules varies depending on 

strengths of active sites.  The detection of the released probes is carried out with Gas 

Chromatography or Mass Spectroscopy.   

 

A variation of this method is Inverse Gas Chromatography (IGC).  Here, samples are 

put in the stationary column, whilst gas flows through and dilutes the adsorbed 

probes.  At infinite dilution, a net retention volume VN of the eluting gas used is 

measured.  The relationship between VN and acid-base properties was reported as  

follows [5] 

 

 RT lnVN = 2 amol (σS σL) – ΔGAB + C     (2.1) 

Where, 

 R: gas constant; 

 T: absolute temperature; 

 VN: net retention volume; 

 σS: the Lifshitz – van der Waals of the solid surface free energy; 

 σL: probe liquid surface tension; 

 amol: molar area of the adsorbed probes on the surface; 

 ΔGAB: acid-base contribution to the free energy change of adsorption; 

 C: constant depending on the reference state. 

 

With a series of temperatures, the enthalpy of acid-base interaction ΔHAB can be 

determined through Gibbs – Helmholtz analysis.  It was recognised that a direct 

correlation between ΔHAB and IEP is inappropriate because the former is probe 

dependent whilst the latter is solely a property of the sample.  To overcome this, Flour 

and Papirer came up with the following relation [8] 
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 – ΔHAB = KA DN + KB AN*      (2.2) 

Where, 

 ΔHAB: enthalpy of the acid-base interaction; 

 KA: acidic interaction constant; 

 DN: Gutmann’s donor number of the probe; 

 KB: basic interaction constant; 

 AN*: Gutmann’s improved acceptor number of the probe. 

 

Since the retention behaviours of probe molecules are dominated by stronger sites, the 

ratio of KB/ KA is reasonably correlated to IEP. 

 

X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass 

Spectrometry (TOF-SIMS) 

 

Surface acid-base properties are strongly correlated with electron distribution and 

density.  To characterise these properties, XPS and TOF-SIMS have been used.  Brief 

description of the techniques are presented in Chapter 3 (Sections 3.3.1 and 3.3.3) 

 

XPS can be used to detect the shift in binding energy (EB) of specific core level 

electrons of the surface species due to surface properties.  A higher EB indicates a 

stronger affinity to these electrons, and thus increasing Lewis acidity, and vice versa. 

 

Mullins and Averbach correlated shifts in EB with PZC (also IEP in these cases) for 

alumina, silica and magnesia [9].  A linear relationship between EB of O 1s and PZC 

was observed.  With further investigation, a plot of PZC against Fermi energy (EF) 

followed a linear law:  

 

PZC = -2.9EF + 16.8        (2.3) 

 

However, such a correlation was applicable only to Al, Si and Mg, which have a 

similar valence electronic structure.  Delamar extended the XPS method to other 

metals, including Ni, Cu, Zn, Fe and Ti, by introducing two new empirical parameters 

[10] 
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- The indicator oxygen basicity: DO = (O 1s EB – 530) eV;  

- The indicator of metal acidity: DM = (Cation EB – Metal EB) eV. 

 

The interplay of oxygen and metal in surface properties was taken into account with 

these parameters.  A linear relationship was established between IEP and the sum of 

(DO + DM).  Based on binding energy difference, surface acidity – basicity can 

possibly be mapped with XPS.   

 

XPS can also be used to quantify adsorption of probe molecules, and hence, 

determine surface properties.  In this respect, TOF-SMS is a better technique with 

lower detection limit and higher spatial resolution.  The latter technique can directly 

detect the species that have acidic and/ or basic functionality. 

 

2.1.2. Characterisation of surface composition 

 

The composition of an aluminium surface can theoretically be identified by XPS 

based on the shifts in binding energy of O 1s and Al 2p core levels.  In most cases, the 

surface is covered by oxides and hydroxides of aluminium.  A summary of the 

binding energy ranges reported for aluminium oxides and hydroxides is presented in 

Table 2.1.  Unfortunately, the small differences in the core level shifts of these 

compounds makes it very difficult to distinguish them, especially with the capacitance 

effect of the surface layer [11, 12].   

 

Table 2.1. Ranges of binding energy reported for aluminium oxides and hydroxides 

Species Binding energy  reported (eV) 

 O 1s Al 2p 3/2 

Al2O3 Lowest 530.60 [13] 73.52 [14] 

 Highest 531.60 [15] 75.50 [16] 

AlO(OH) Lowest 531.16 [17-19] 73.70 [13] 

 Highest 531.38 [13] 75.40 [20] 

Al(OH)3 Lowest 531.44 [17, 21] 73.60 [13] 

 Highest 533.90 [22] 75.60 [20] 
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The capacitance effect is the situation where positive charge is built up on insulating 

surfaces.  The build-up is caused by photoelectrons being emitted from the surface, 

the loss of which cannot be compensated due to the lack of a conducting path to the 

earth of the instrument.  As a result, the XPS peaks generally shift towards higher 

binding energy and peak shape is broadened and distorted. The situation is worsened 

with differential charging, which occurs when the sample surface is conductive in 

some regions and insulating in others. If the sample is differentially charged, the 

peaks become very wide and may even split. 

 

Several ways to circumvent the charging effect on insulating surfaces, such as 

aluminium oxides and hydroxides, have been applied.  Modern XPS instruments are 

increasingly equipped with effective neutraliser technologies to compensate charge 

accumulation. Low energy electrons (< 10eV) compensate the positive charge built up 

as photoelectrons are ejected [23].  Instead of utilising a neutraliser, the samples can 

be “floated” by complete insulation from earth, and a different reference binding 

energy is applied.  Peaks in the spectra of “floated” samples are shifted away from 

their real binding energies, including the traditional reference C 1s peak at 285eV.  

Provided the displacement is consistent, both spatially and across the spectrum, 

identification of the peaks in this case is based on the separation between them and a 

known peak.  For the aluminium surface, the distinctive peak shape of the metal 

species is a good indicator.  If the layer of surface oxides or hydroxides is so thick that 

the metal peak is not detectable, the oxide peak of aluminium or the usual 

adventitious C 1s peak can be used.  Nevertheless, the dependency of binding energy 

on the conductivity of sample surface inevitably limits energy resolution of XPS, and 

hence its ability to identify chemical speciation of insulating samples. 

 

TOF-SIMS has also been particularly useful in characterising aluminium surfaces.  

However, the usual approach that looks at the mass spectra and matches the peaks to 

known fragments of the structure is limited due to the similarity in the formation of 

ionised fragments from the oxides and hydroxides of aluminium.  The similar 

approach based on the presence of certain fragments (see Table 2.2) is also limited for 

these materials. 
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Table 2.2. Fragments inferred to appear in the TOF-SIMS spectra of oxide M-O [24] 
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Another method has been reported using the relative abundance of the repeating 

fragments to identify surface speciation  [4, 25-27].  This method is based on the well 

known phenomenon in TOF-SIMS, where peaks with increasing masses and 

decreasing intensities are detected as a signature of a chemical compound.  Theses 

repeating peaks of various aluminium oxides and hydroxides were studied.  It was 

reported that the slopes of the exponential fitted lines of relative intensities of these 

peaks are representative for each aluminium species (Figure 2.3).  In a similar 

manner, the intensity distribution has also been used to study the bonding between 

siloxane polymers and silicon dioxide [28]. 

 

 
Figure 2.3. Relative abundance (against 100 as the intensity of AlO2

-) of the most 

intense TOF-SIMS negative fragments [26] 

 

 

The origins of the repeating fragments, especially those with higher masses, in the 

TOF-SIMS approach outlined above have a significant impact on the results.  There 

are different models explaining the origins of the repeating fragments, mostly for 

organic materials [29].  Based on the collision cascade theory, the fragments could be 

the amalgamation of individually sputtered surface atoms, the molecules directly 

sputtered from the surface, or a combination of those two [30].   The large fragments 

in organic materials has been explained with this theory in the precursor model, which 
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advocates for “preformed” ions [31].  There is also evidence supporting the “lift-off” 

of very large fragments of the surface despite the very considerable number of bonds 

broken in such a process [32, 33].   

 

However, there are other models to explain the formation of ions in SIMS.  The 

nascent ion-molecule model describes the ionisation of nascent ion pairs by minimal 

fragmentation or by breaking up into smaller ionised fragments [34].  The desorption-

ionisation model emphasizes the role of energy-isomerisation in forming fragments 

from organic materials [35].  For polymers, which do not have a well-defined 

crystalline structure, Leggett et al proposed that smaller ions are formed in the impact 

region or in the monomer region far from that impact point whilst larger ions are 

structurally rearranged products of neutral species from the region in between [36]. 

 

 
2.2. Surface segregation in aluminium alloys 
 

Segregation in solid materials is a phenomenon driven by changes in the conditions of 

the material.  Such changes include temperature, atmosphere, applied stresses and a 

range of chemical drivers.  The resulting segregation can be classified as bulk or 

surface, depending on the locality of the phenomenon. 

 

Bulk segregation involves phase changes, especially during casting or heat treatment 

processes.  In casting, solutes can be rejected into the liquid phase whilst an alloy is 

being frozen.  In heat treatment, activation energy barriers are overcome so that the 

phase structure can transform into the most thermodynamically favourable state.  

Such transformations redistribute elemental composition within the material.  The 

scale of bulk segregation can be small at a grain level (micro-segregation) or large at 

an ingot level (macro-segregation). 

 

Surface segregation is the main focus in this research.  The obvious sign of this 

phenomenon is the deviation of the surface composition from that of the bulk.  Even 

though the segregation may initiate inside the bulk, its effects are particularly 

significant at the surface level.  Within a depth of tens of nanometres, chemistry and 
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morphology of the materials are examined to analyse the impacts of such surface 

segregation.  Such segregation generally dictates the properties of the surface. 

 
 
2.2.1. Dynamics of surface segregation 

 

Understanding of this phenomenon has been greatly improved since late 1970s thanks 

to the introduction of surface sensitive analysis techniques.  These techniques include 

Secondary Ion Mass Spectrometry (SIMS), Auger Electron Spectroscopy (AES) and 

X-ray Photoelectron Spectroscopy (XPS).   

 

It has been reported that surface segregation in metals does not occur in vacuum [37].  

However, others have suggested that the segregated metal could evaporate from the 

surface in vacuum at high temperature [2, 38, 39].  In either case, there can be a 

thermodynamic driving force for outward diffusion.  The driving force proposed was 

the lower surface free energy caused by solute enrichment [40, 41].   

 

If reactive agents exist in the ambient, an additional driving force was reported as the 

chemical potential difference between the reaction products and their corresponding 

initial forms.  In most cases, the reactant and its respective products were oxygen and 

oxides [37, 42, 43].  Besides, segregation can be favoured by minimising total bond 

energy in a non-ideal solid solution and releasing strain energy around larger solute 

atoms.  In prolonged surface reactions, a lower chemical potential of the products is 

the deciding factor in the surface composition.  Such a composition can be quickly 

determined by using the Ellingham diagram [44].  Nonetheless, other driving forces of 

surface segregation play a more significant role in typical situations, where heating 

time is limited.  Interplay of all these driving forces has been modelled by Luyten et al 

[45]. 
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In heat treatments, the energy barrier for diffusion must be overcome with the thermal 

energy provided.  The segregation therefore follows the Arrhenius relationship with 

temperature: 

 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

TR
QCnSegregatio exp][      (2.4) 

Where, 

[Segregation]: indicator of segregation, normally solute surface concentration; 

C: process constant; 

Q: activation energy of the process; 

R: gas constant; 

T: absolute temperature. 

 

Depending on the mobility of solute atoms, the temperature required to activate the 

process varies.  It has been reported that Na can segregate onto a Li surface even at 

room temperature [41].  In this research, surface segregation at elevated temperature, 

in the presence of oxygen, is considered.   

 

There is an extensive range of studies on Mg, among other elements, segregated to 

surface of Al alloys [2, 3, 37-39, 42, 43, 46-51].  This reflects the importance of this 

alloying element in the downstream aluminium industry.  Lea and Ball [42] suggested 

a mechanism for Mg segregation to the surface of Al alloys.  According to this model, 

Mg diffuses through the amorphous Al2O3 layer or the boundaries of the crystalline 

Al2O3 to form MgO islands on the surface (Figure 2.4).  The diffusion of Mg through 

amorphous Al2O3 is faster than through crystalline Al2O3, and both are faster than 

through the MgO layer formed on top [42, 51].  The islands will then spread out to 

cover the whole surface, provided that the bulk supply of Mg and heating time are 

sufficient. 
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Figure 2.4. Diffusion model of Mg in Al alloys [42] 

 

 

Whilst Mg enriches the surface as a result of the thermodynamic driver in oxide 

formation and the greater diffusivity of its ions compared to that of Al, insertion of 

MgO into the Al2O3 layer also occurs to form the spinel MgAl2O4 [37, 42].  Further 

diffusing Mg eventually reduces Al2O3 due to the negative Gibbs free energy of the 

reaction: 

 

 3Mg  +  Al2O3  →  3MgO  +  2Al     (2.5) 

 

Consequently, discrete Al particles can be found in the oxide layer [42]. 

 

Table 2.3 below summarises published works related to surface segregation of Mg in 

aluminium alloys. 
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Table 2.3. Summary of works done in surface segregation of Mg in Al alloys. 

Author 

(Year) 

Maximum 

heating time/ 

temperature 

Materials/ bulk 

Mg content 

(wt. %) 

Max surface 

Mg content 

(at. %) 

Activation 

energy  

(kJ/ mol) 

Note

Goldstein and 

Dresner 

(1978) [51] 

2.5h/ 450°C Self prepared 

Mg-Al alloy/ 0.1-

3.0% 

30 folds of 

original 

n/a (1) 

Lea and 

Molinari 

(1984) [2] 

1h/ 600°C AA 5657/ 0.8% ~ 17% 150 

            

(1-2)

AA 5252/ 2.5% ~ 20% 

Lea and Ball, 

(1984) [42] 

1h/ 600°C AA 5657/ 0.8% ~ 65% Dry: 75 

Moist:37 

(2) 

AA 5252/ 2.5% ~ 85% 

Saied and 

Sullivan 

(1993) [43] 

15h/ 350°C Self prepared 

Mg-Al alloy/ 

1.0% 

5.6% 64 (2) 

Esposto et al, 

(1994) [49] 

25min/ 215°C Single crystal Al 

alloy/ 1.45% 

47% 151 (1) 

Bloch et al, 

(1995) [3] 

200min/ 

377°C 

Single crystal Al 

alloy/ 1.45% 

n/a 30 (1) 

Werrett et al, 

(1997) [37] 

4h/ 500°C BS LM4/ 0.4% 34.4% n/a 

 

 

BS LM25/ 0.4% 32.3% 

BS LM30/ 0.6% 32.6% 

Note: 

(1) Evaporation reported. 

(2) The surface composition was integrated, i.e., the average concentrations from 

the top surface to the depth defined by authors. 

• Lea and Molinari: to the depth where Al is 50 at %; 

• Lea and Ball: to the depth where O signal is 50% of its mean value across 

the oxide layer (close to the depth defined by Lea and Molinari); 

• Saied and Sullivan: to the depth created by 1500s of Ar bombardment 

(approximately 1500nm). 
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Except for the work by Lea and Ball, these studies were carried out in dry air.  

Differences in the activation energies reported are obvious, and are attributed to 

variations in experimental setups and materials.  Even the same primary author, with 

similar materials, has reported much different values – Lea and Molinari: 150kJ/ mol 

and Lea and Ball: 75kJ/ mol.  This discrepancy was attributed to the surface condition 

of the samples.  Whilst the sample surface reported by Lea and Molinari was polished, 

that of Lea and Ball was as-rolled.  The rough surface, with a lot of irregularities, as 

for the as-rolled surface, provides more pathways for oxygen and magnesium 

diffusion inwards and outwards respectively.  This could reduce the activation energy 

of the process.  The sample of Saied and Sullivan was not identified as polished, 

resulting in similarly low activation energy.   

 

Being the lowest among those reported, Bloch’s value was obtained by a totally 

different method.  Bloch et al used optical Second Harmonic Generation (SHG), 

rather than AES used by most of other workers in this field.  Another fundamental 

difference is the recognition of controlling factors in surface segregation.  Bloch et al 

did not consider surface segregation a diffusion-controlled process, and hence their 

activation energy for segregation differed from the activation energies for diffusion 

reported by others. 

 

In the diffusion models proposed, the role of grain boundary segregation was also 

mentioned.  Separate studies on grain boundary segregation have also been carried out 

[1, 52, 53].  The driving forces of this segregation process are the same as those of 

surface segregation.  The analogy between surface segregation and grain boundary 

segregation has also been examined [54]. 

 

2.2.2. Kinetics of surface segregation and evaporation 

 

Surface concentration of the trace elements that segregate toward the surface is 

affected by two concurrent processes. 

 

- Surface segregation enriches the surface with such elements; 



20 
 

- Surface evaporation impoverishes the surface with respect to those elements 

which are volatile. 

 

Some previous studies have focused on the activation energy within the Arrhenius 

relationship between the diffusion coefficient and temperature [43, 50, 55].  Others 

reviewed more thoroughly the kinetics of this process.  The basis for these reviews is 

Fick’s second law of diffusion.  Workers agreed on using the surface enrichment 

factor α, which is the ratio between the segregant concentration on the surface and 

that in the bulk [2, 40, 49, 56-59].  The process was therefore separated into surface 

diffusion and bulk diffusion.  The bulk diffusion was simply driven by concentration 

gradient, whilst the surface diffusion was a result of surface enrichment by the factor 

α.  An illustration of this model is shown in Figure 2.5. 

 

 
Figure 2.5. The depth profile of segregant proposed by previous workers 

 

 

Solution of Fick’s second law equation based on the above model, with certain 

boundary conditions, has been widely accepted as [56]: 
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Where, 

Cs: surface concentration [mol/m3]; 

α: surface enrichment factor [dimensionless]; 

Cb: bulk concentration [mol/m3]; 

D: diffusion coefficient [m2/s]; 

t: time [s]; 

d: lattice parameter [m]. 

 

With assumption of constant α, the above equation can be simplified to [2, 40, 49, 55] 

 

 
2/12

⎟
⎠
⎞

⎜
⎝
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π

tDC
d

C bs        (2.7) 

 

However, α was pointed out as not being a constant [56-58].   

 

A new approach for segregation kinetics has been proposed based on chemical 

potential gradient of the species in bulk and those on the surface.  This approach was 

considered earlier [60-64], but then combined with the effect of surface enrichment 

factor α.  Thus, the driving force of chemical potential was limited to the top atomic 

layer only.  Limitations of this α approach have been discussed and a numerical 

alternative has been proposed [65].  The development of a more practical kinetic 

equation was attempted with consideration of chemical potential gradient and 

application to a multi-layer system. 

 

In vacuum, a rise in temperature can cause evaporation of volatile species readily 

available at the surface [42].  As the segregated elements accumulate at the surface, 

some of the resulted species may evaporate at sufficiently high temperatures.  The 

evaporation rate was reported by some as a function of vapour pressure [2, 56].   

 

However, concentration dependent rates were also reported by other workers [38, 39].  

 

 ( )∞−= CCKE 2        (2.8) 
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Where, 

E: evaporation rate [mol/m2.s]; 

K2: temperature dependent evaporation coefficient [s-1]; 

C∞: asymptotic value of segregant concentration remaining on the surface 

after infinite time [mol/m2];  

 

The combined effect of surface segregation and evaporation was studied by Lea and 

Molinari using alloy AA5657 with 0.8%Mg [2].  The resulting curve is shown in 

Figure 2.6.  At sufficiently high temperature, evaporation exceeds segregation, and 

prevents the enrichment of segregating solutes at the surface. 

 

 
Figure 2.6. Universal segregation – evaporation curve of Al-08.%Mg alloy [2] 

 

 

This curve indicates that for a given Mg content, equilibrium will be established with 

heating at a limiting surface concentration where the two processes are in balance. 
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2.3. Surface properties of aluminium alloys  
 

2.3.1. Surface properties due to composition 

 

In normal conditions, Lewis acid sites are observed on the surface of all ionic oxides.  

The sites are generated by the easy dehydroxylation of ionic oxides, and stay 

sufficiently stable in mild conditions.  Under such conditions, the strongest Lewis acid 

oxide is alumina.  The metallic elements also form halides with even stronger Lewis 

acidity [66].  Lewis basicity generally associates with Lewis acidity, because they 

both originate from the ionicity of the M-O bond.  The strengths of basic and acidic 

sites are inversely and synergically related.  

 

Lewis acidity is not usually observed for non-metallic covalent oxides, such as 

germania [67].  This is attributed to the difficulty in breaking the M-(OH) bonds, 

which are stronger in covalent compounds compared to ionic ones.  Similarly, basicity 

is insignificant as acidic probe molecules cannot be chemisorbed.  In the case of 

silica, Lewis acidity does not appear on the surface, unless it is thermally treated and 

outgassed intensively [68].  When the Si-(OH) bonds break, pairs of them will create 

Si–O–Si bridges, which can react with suitable molecules [69]. 

 

Surface properties are affected not only by the nature of the surface oxides, but also 

by the density of their Lewis sites.  In general, fewer available sites correspond to 

stronger Lewis acidity [66].  

 

Brønsted acidity and basicity have a different connection to surface composition.  

Most ionic metal oxides with their surface -OH groups are Brønsted bases by nature. 

However, the more acidic ones (such as alumina) can form relatively strong hydrogen 

bonds with sufficiently strong bases at room temperature, or even act as acidic 

catalysts at elevated temperature.  For covalent compounds, weak Brønsted acidity 

appears in low valency oxides (four and below, such as silica), whilst stronger acidity 

is shown in higher valency oxides (such as vanadia).  The weak acidity is a result of 

the localised negative charges arising from the polarisation of O-H bonds.  In higher 
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valency oxides, the M=O double bonds can delocalise anionic charges to show 

stronger Brønsted acidity [66]. 

 

Some examples of the relationship between compositions and surface properties are 

shown in Table 2.4.  The composition, however, is not the sole deciding factor in 

surface properties. 

 

Table 2.4. Acid – base properties of some oxides [66] 

Composition/ 

oxidation state 

M-O 

bond type

Brønsted 

acidity 

Lewis 

acidity 

Basicity Example 

Semi metal oxide /  

≥ 5 

Covalent Medium 

strong 

None None P2O5 

Semi metal oxide/  

3-4 

Covalent Medium 

weak 

None None B2O3, SiO2 

Metal oxide/  

≥ 5 

Largely 

covalent 

Medium 

to strong 

Medium 

to strong

None MoO3, V2O5 

Metal oxide/  

3-4 

Ionic None Strong 

to weak 

Weak to 

strong 

γ-Al2O3, β-Ga2O3 

Metal oxide/  

1-2 

Ionic None Medium 

to weak 

Strong MgO, CaO 

Mixed oxide Largely 

ionic 

None Medium 

to weak 

Medium 

to strong

Spinel AB2O4, 

ilmenite ABO3, 

perovskite ABO3 

Salt-type oxide Covalent 

or ionic 

Medium 

to weak 

Medium 

to strong

None TiO2 in SiO2, 

TiP2O7 

Supported oxide Covalent 

or ionic 

Medium 

strong 

Medium 

strong 

Largely 

no 

V2O5 – TiO2 

 

 

2.3.2. Surface properties due to structure for aluminium oxides 

 

The most widely used form of alumina for catalysis is γ-Al2O3.  On heating, this form 

will changed to δ-, θ-, and finally to the thermodynamically stable α- Al2O3 at 
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approximately 1000°C [70].  The transition makes the aluminium occupancy in the 

structure change from a mixed octahedral, tetrahedral defect spinel to more octahedral 

occupancy, with lowering surface area.  As a result, the density of strongest Lewis 

acid sites decreases, and Brønsted acidity is only observed in γ-Al2O3.   Similarly, 

only transition aluminas present significant surface basicity. 

 

If the alumina surface has sodium as an impurity, even in very small amounts, its 

acidity will be decreased.  The reason for this is that big sodium ions cannot enter 

cavities of the spinel-type structure.  Their presence on the surface not only shadows 

active sites, but also reduces the strength of the ones still exposed [71]. 

 

In alloys containing silicon, the surface properties are significantly affected by its 

content.  Silicon-rich areas have substitution of aluminium in the silica covalent 

network.  Because silicon is always tetrahedral, the substitution of aluminium of 

higher coordination must be compensated by extra-framework cations.  This results in 

strong Lewis acidity.  On the contrary, the aluminium-rich regions have bridging Al-

(OH)-Si groups that use the proton to balance the charge defect due to network 

substitutions.  Consequently, there is Brønsted acidity.  However, the bridging –OH’s 

are not detected in materials without zeolyte like cavities.  

 

 

2.4. Surface protection and finishing of aluminium alloys 
 

Aluminium surfaces are frequently treated to enhance surface protection and/or for 

aesthetic reasons. A range of surface treatments including mechanical, chemical and 

electrochemical methods are well established for aluminium and its alloys.   

Unfortunately, the presence of Si in the alloys at contents greater than 1% hinders a 

range of processing options including the anodising and brightening processes [72].  

A summary of applicable finishes for casting alloys is shown in  

 

 

Table 2.5.   
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Table 2.5. Guide to selection of finishes for casting alloys [72] 

 
 

 

A recent study reported a brightening procedures for LM25 [73].  However, the 

procedures cannot be directly applied for LM6, which has a much higher Si content 

(13% vs. 7% of LM25).   

 

The choices of wear resistance for aluminium alloys primarily include hard anodising, 

hard coatings (titanium, chromium or Diamond-Like Carbon – DLC), and Micro-arc 

Discharge Oxidation (MDO).  To improve wear resistance, these coatings must have 

sufficient thickness and hardness to cover the underlying softer aluminium alloys.  

Each type of these coatings has its own limits in achieving the requirements. 

 

Hard anodising is different from normal anodising processes in terms of the lower 

temperature and higher current density applied.  Because growth of the anodic film is 

a competition between formation and dissolution of the film, electrolytes with small 
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oxide dissolving power are used.  Those conditions produce a thick anodised layer 

that is important to withstand abrasive loads.  Another important factor affecting the 

performance of the anodic coatings is their porosity.  Alloy compositions are known 

to influence all significant characteristics, including thickness, hardness, porosity and 

adhesion, required for a good wear resistant coating [72]. 

 

Application of Physical Vapour Deposition (PVD) nitride coatings and DLC has to 

consider the mismatch between coatings and substrates.  It was also reported that 

though the surface hardness of aluminium alloys was improved, these coatings did not 

have adequate load support from the substrate [74, 75].  

 

2.4.1. Hard coatings and titanium nitride 

 

The application of coatings in surface engineering has become a well-established 

technology, which offers an extremely versatile means to improve performance of 

materials [76].  Among the applied coatings, TiN is considered one of the best for 

wear resistance in high-speed steel cutting tools, punches, and metal forming 

components [77].  TiN coatings also possess great corrosion resistance [78-80].  

 

Characteristics of a coating are affected by its chemical composition and 

microstructure [81, 82].  These variations are defined by the deposition method.  A 

hard coating can be formed by various methods, which are grouped as follows. 

 

- Plating: electroplating, electroless plating, displacement plating, etc.; 

- Spraying: flame spraying, arc-wire spraying, plasma spraying, etc.; 

- Deposition: sputter deposition, arc vapour deposition, vacuum deposition, ion 

beam assisted deposition, chemical vapour deposition, etc.; 

- Others: plasma polymerisation, chemical reduction, spray pyrolysis, etc.. 

 

Currently, physical vapour depositions are the most popular techniques due to their 

ease and reproducibility in forming the coatings [83]. 
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Regardless of the method used, the properties of a thin film are affected by surface 

conditions of the substrate, parameters of the deposition process and post-deposition 

treatments.  Mechanical surface conditions such as roughness, inclusions, hardness, 

etc. and chemical parameters (e.g., composition, contamination, stability) all need to 

be considered in optimal coatings.  As for process parameters, different methods place 

different emphasis on the operating requirements.  Nevertheless, attention is mainly 

paid to the temperature of the substrate and the working chamber, total and partial 

pressures in the chamber, applied energy and incidence angle of the atom flux.  Once 

the film is produced, the environment outside the working chamber must be taken into 

account to avoid any unfavourable reactions. 

 

A coating can be formed with alternating many layers of compatible materials.  The 

multi-layered structure of the film can reduced the number of pinholes, which serve as 

pathways for corrosive attacks to underlying substrates.  In a special instance of this 

practice, a thin titanium underlayer is applied on the substrate before the final TiN 

layer is coated.  The underlayer is reported to improve the adhesion between TiN 

coatings and substrates [84-87].   

 

In a PVD process, the coating material is vaporised from a solid or liquid source (the 

target), then transported to the substrate and condensed there.  To vaporise the source, 

energy is provided in the form of heat, bombarding particles, electric arc, or in some 

cases, a combination of these.  The vaporised atoms or molecules of coating materials 

are then transported from the target to a destination in either a vacuum or low pressure 

plasma environment to minimise unwanted collisions.  If a compound coating is 

desired, the environment will contain a reactive gas, giving this approach the name of 

reactive deposition.  Another way to produce compound coatings is to use either a 

corresponding compound target or a secondary target of a co-depositing material.  In 

these cases, reactive gases may also be used to compensate for the loss of the more 

volatile species; with this approach called quasi-reactive deposition. 

 

Typical thickness of the coatings deposited by PVD is from a few nanometres to a 

few micrometres.  However, it is possible to generate more demanding structures, 

such as very thick deposits, multi-layer coatings, graded composition coatings and 

even free-standing structures.  Besides, the substrates in PVD can be flexible in term 
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of size (from centimetres up to metres) and shape (from simply flat to more complex 

geometries).  Deposition rates of PVD can vary in the range of 1 to 10 nanometres per 

second [88].   

 

A variation of PVD is Ion Assisted Deposition (IAD) or Ion Vapour Deposition 

(IVD).  At the source, vaporisation can be realised by a sputtering source, a thermal 

source, an arcing condition, or a combination of them.  At the destination, the 

properties of the depositing film are controlled by bombarding ions generated from 

the coating material itself, or from extrinsically inert or reactive gases.  The 

generation of bombarding ions can be done by plasma vaporisation.  As in another 

option called Ion Beam Assisted Deposition (IBAD), the ions are provided from an 

ion gun.  This configuration is showed in Figure 2.7. 

  

 
Figure 2.7. Schematic of Ion Assisted Deposition (IAD) 

 

Sometimes, relatively high pressure is allowed in the working chamber to scatter the 

atoms.  In this way, the surface coverage and film density can be improved.  Ion 

plating is used for compound hard coatings, adherent metal coatings, high density 

optical coatings, coatings on complex surfaces, etc. 

  

2.4.2. Adhesion between coatings and substrates 

 

Without good adhesion to the substrate, the superior properties of coatings such as 

titanium nitride are not useful.  Adhesion has been explained by various theories, 

including mechanical interlocking, chemical bonding, diffusion, weak boundary layer, 

electrostatic and acid-base attraction.  These theories concern different levels of 

interaction, from macroscopic to atomic scales [89].  In practice, “practical adhesion” 
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is distinguished from “basic adhesion” to evaluate the quality of coatings [90].  While 

“basic adhesion” is the summation of all interfacial interactions and represents the 

fundamental physical aspects of the adhesion, “practical adhesion” also takes into 

account the properties of the substrate and the coating. 

 

Several methods have been used to evaluate “practical adhesion” for hard coatings.  

The common methods are scratch test, bending test, impact test, cavitations test, and 

Rockwell imprint test.  However, these methods do not always give results consistent 

with each other [91].  Among these methods, scratch testing appears to be the most 

common one [92].  The method involves a diamond stylus travelling across the 

coating surface under an increasing load.  The coating is considered failed at the 

critical load where there are observations of delaminating, cracking or plastic 

deformation [93].  The failure can usually be recognised through microscopic 

evaluation of the scratch line in connection with the corresponding plot of increasing 

normal load (Figure 2.8).   
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Figure 2.8. Microscopic evaluation of scratch line (above) [91], and matching with the 

plot of increasing load [94] 
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Chapter 3. EXPERIMENTAL METHODS 
 
 
 
3.1. Materials 
 

3.1.1. Metal samples 

 

Al metal is of practical use only because of the tenacious oxide film which protects its 

surface.  The surface composition of aluminium alloys is similarly important, 

especially with regard to the influence of minor elements on subsequent coatings and 

finishes.  Casting alloys represent a challenging system in which to examine surface 

segregation as they feature a particularly inhomogeneous phase structure.   

 

The materials used in this study are aluminium alloys LM6 (Al-12%Si) and LM25 

(Al-7%Si-0.3%Mg).  These sand casting alloys have two dominant phases: primary 

Al and eutectic Al-Si (Figure 3.1).  Inter-metallic phases of Al-Si-Fe-Mn are also 

observed.  The bulk compositions of the samples as determined by optical emission 

spectroscopy (spark analysis) are presented in Table 3.1.  The compositions are 

converted to atomic percentage for comparison purposes in Table 3.2. 

 

Table 3.1. Bulk composition of LM6 and LM25 casting alloys (weight %) 

 Al Si Mg Na Sr Fe Mn Others 

LM6 87.25 12.25 < 0.001 0.012 0.0001 0.138 0.288 0.061

LM25 92.32 7.13 0.335 0.0003 0.016 0.108 0.002 0.089

 

Table 3.2. Bulk composition of LM6 and LM25 casting alloys (atomic % 

approximately) 

 Al Si Mg Na Sr Fe Mn Others 

LM6 87.84 11.89 < 0.001 0.014 ~0 0.067 0.142 0.038

LM25 92.61 6.90 0.378 0.0004 0.005 0.052 0.001 0.056
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Figure 3.1. Inhomogeneous phase structures of LM6 (above) and LM25 casting alloys 

observed in etched surfaces under SEM. 

 

 

LM6 has very low Mg content (less than 0.001 wt. %), and the presences of Si 

modifiers, which are used to break native Si platelets into smaller round shape 

Primary Al Eutectic Al-Si
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particles, and thus improve mechanical properties of the alloy. This content means the 

surface composition responds in a complex manner to thermal treatment conditions.  

LM25, on the other hand, has very little Na (0.0003% wt.) but a significant amount of 

Mg.  Instead of Na, Sr was used as the Si modifier in the LM25 used in this study. 

 

The alloys are well suited to the study of segregation during treatment for the 

following reasons. 

 

- Both of them are widely used in aluminium casting industry for their excellent 

castability, high strength and good corrosion resistance.  More understanding 

of surface characteristics and potential surface modification of the alloys can 

promote their application.  

- The alloys have highly inhomogeneous phase structures with phase 

dimensions well matched with those accessible with the relevant surface 

analysis techniques.  The sizes of the dendritic primary Al phase vary from 

20µm to 100µm.   

 

The work also used high purity aluminium (> 99.95%) as a reference material. 

 

To accommodate subsequent treatments and analyses, all metal samples have been cut 

into pieces of approximately 10×15×2mm. 

 

3.1.2. Powder samples  

 

In ambient environments, the aluminium surface is always covered by oxides and 

hydroxides.  Changes to and interactions with that layer are essential to achieve 

satisfactory surface performance, for examples in anodising, coating, polishing, etc.  

The characterisation of such surfaces is challenging because of the very thin and 

complex nature of this surface layer. XPS has been widely used for this purpose, but 

shows limited resolution of the oxides and hydroxides in both the O 1s and Al 2p 

regions (see Table 2.1).  However it has been long observed that TOF-SIMS spectra 

of Al oxides and hydroxides show large repeating fragments, and that these are 

sensitive to surface chemistry [4, 25-27].  These fragments are thus of interest as they 
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provide an analytical method which is potential very sensitive to modifications of 

aluminium surface oxides and hydroxides.   

 

Gibbsite Al(OH)3 powder of more than 99.5% purity from an industrial alumina 

refinery is used as the base material to study the origin of these repeating fragments.   

Aluminium hydroxide has proven to be a useful material to examine the origin of the 

large secondary fragments due to its regular layered structure, and the presence of 

interlayer hydrogen bonding [3].  In this respect aluminium hydroxide resembles 

some of the clay mineral structures.  The pillaring of such clays where the layers are 

propped apart is well-known [4].  This study applies the pillaring process used 

successfully in expanding the basal spacing of sodium bentonite clays [95-97] to 

gibbsite powders, before extending those treatments to surface bayerite on metal 

samples.   

 

 

3.2. Sample preparation  
 

3.2.1. Grinding and polishing  

 

Polishing of metal samples is required to minimise artefacts instigated by surface 

roughness.  Intensity and resolution of signals in surface analysis techniques are 

generally improved with flatter surfaces.   This preparatory step also removes gross 

contamination due to contact of other materials with the sample surface. 

 

Rotary grinding and polishing machines are used to reduce surface roughness of the 

sample.  For grinding steps, emery papers of various grit sizes (300, 600 and 1200) 

are used with cooling water.  For the polishing steps, synthetic cloths bearing 

diamond pastes are used, with an alcohol-based lubricant.  The sizes of diamond 

particles in the pastes progress from 6µm for the coarsest polishing step to 3µm, and 

then 1µm at the finest step.  Between grinding and polishing steps, the specimens are 

ultrasonically cleaned to remove loose debris, which may contaminate the cloths 

when undertaking the finer steps.  The final polished samples are ultrasonically 
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cleaned in acetone and stored in vacuum desiccators to minimise surface 

contamination. 

 

3.2.2. Controlled atmosphere furnace 

 

Surface segregation under the combined effects of heating temperature and time is 

one of the main objectives of this study.  Good control of both parameters is crucial to 

reduce systematic errors.  It is also noted that the sample surface could easily be 

contaminated without proper protection during prolonged heating. 

 

An electrical horizontal furnace with temperature controllable in one degree variation 

is used.  A sealable stainless steel tube is set, with spacers, at the centre and along the 

axis of the furnace.  Nitrogen gas is used to purge the tube continuously at a flow rate 

of one cubic centimetre per second.  This flow rate is high enough to maintain a clean 

atmosphere inside the tube, but low enough to allow temperature stability and low 

levels of residual oxygen into the heating cavity.  The controlled atmosphere is 

monitored with a quadrupole mass spectrometer. 

 

Specimens are heated in various temperatures: 320, 360, 400, 440 and 480°C.  The 

heating times tested range from 5 minutes up to 20 hours.  After heating, the 

specimens are quenched as quickly as possible in liquid nitrogen and stored in 

vacuum desiccators. 

 

3.2.3. Ion Assisted Deposition (IAD) of thin films 

 

To examine the interaction of several types of coatings with the Al surface, surface 

coatings such as TiN were applied to the modified surface. Titanium nitride film can 

be grown by various techniques, each with their associated strengths and weaknesses.  

However, the focus of this study is not on the coating itself, but on the interface 

between the coating and substrate.  Through collaboration with the School of 

Chemical and Physical Sciences, Victoria University of Wellington (New Zealand), 

films were prepared using Ion Assisted Deposition (IAD) [98].  
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The deposition chamber is enclosed in two facing bell-shaped jars.  The chamber is 

pumped by a turbo molecular pump and a diffusion pump.  When reactive gases are 

needed, they can be leaked into the chamber with controllable doses.  Coating 

materials can be evaporated by heating in a tungsten crucible or by bombarding with 

an electron gun.  The deposition can be assisted by a Kaufman type ion gun to 

generate mixing in the surface and give better control of the film structure.  Substrates 

are mounted on a holder about 50cm away the evaporation source.  During deposition, 

the film growth rate is monitored using two crystal monitors positioned on the 

substrate holder.   

 

Three runs were attempted in this study using this chamber and deposition geometry.  

In each run, three types of substrate (high purity aluminium, LM6 and LM25) were 

coated simultaneously to obtain identical films.  Titanium metal is evaporated using 

the electron gun.  Titanium vapour initially acts as a getter and reacts with residual 

gases in the chamber resulting in improved vacuum and removal of reactive gases.  

Nitrogen is then leaked into the chamber as the reactive gas.  Substrate temperature 

increases during the deposition runs due to thermal radiation and molecular collisions, 

but does not exceed 40°C.  Parameters of the three runs are presented in Table 3.3. 

 

Table 3.3. Parameters of TiN deposition runs 

Run 

# 

Average vacuum (mbar) Deposition 

time 

(minute) 

Film 

thickness 

(nm) 

Notes 

With Ti 

vapour 

With N2 

leaked in 

1 6 × 10-6 9 × 10-5 37 100 10nm Ti underlayer 

2 4 × 10-7 9 × 10-5 90 200  

3 2 × 10-8 7 × 10-5 20 10 Ion gun used 

 

 

3.2.4. Intercalation of aluminium hydroxide 

 

Intercalation of ions into the gaps between the gibbsite layers is carried out with 

similar methods used for pillaring clays [95-97].  The intercalating ions chosen are 

Fe-based as they have been reported to have the largest impact on the basal spacing of 
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pillared clay (2.56nm [96] vs. maximum 1.94nm achieved by an Al-based approach 

[97]).  For the purpose of this work, more complicated intercalating compounds are 

not necessary. 

 

Industrial Bayer Process powdered gibbsite of more than 99.5% purity is used.  The 

material is first treated with NaOH to weaken hydrogen bonding between layers in a 

manner similar to that observed for sodium bentonite clays.  This is done by 

suspending the powder in a 0.5M NaOH solution where the NaOH:Al(OH)3 ratio was 

3:1.  The suspension was stirred vigorously for 24h, filtered, washed until the pH 

reaches 7, and dried at 100°C.  The method used in Reference [97] was adopted to 

prepare the base-hydrolysed solution of FeCl3.  NaOH 0.1M was added dropwise into 

vigorously stirred FeCl3 0.1M to achieve (OH):Fe molar ratio of 2.5 and pH 4.  The 

resulting clear pillaring solution was then added dropwise into the vigorously stirred 

suspension of Na-modified gibbsite 1wt.%  to reach an Fe:Al(OH)3 molar ratio of 

1.872.  The Fe-modified powder was then aged for 4 days.  The stirring, dripping and 

aging were carried out at room temperature.   The aged suspension was filtered, 

washed until pH 7 and dried for 3 days.  Because gibbsite starts decomposing at 

160°C, the Fe-modified powder was dried at 100°C.  Without calcination, the 

polycationic pillars described in literature could not be attained, but the spacing 

between the hydroxide layers was nonetheless expected to be modified. 

 

The hydroxylated surface of metal samples was also treated in a similar manner. The 

hydroxylation was done by exposing the specimens to water vapour at approximately 

80°C [3]. 

 

The modified samples were stored in desiccators after preparation. 

 

 

3.3. Analysis techniques 
 

3.3.1. X-ray Photoelectron Spectroscopy (XPS) 

 
 In XPS (also known as Electron Spectroscopy for Chemical Analysis – ESCA), X-

ray is used to irradiate atoms in the surface layer of a sample.  The energised electrons 
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are ejected from the surface, selected though an analyser and counted at the detector.  

The information obtainable from XPS is for the top few atomic layers (less than 10nm 

deep).  This information includes the presence of elements and their oxidation states 

(qualitative) and composition of the surface (quantitative).  As XPS is a surface 

sensitive technique, an Ultra High Vacuum (UHV) system is required.  Any residual 

gas molecules in the analysis chamber can collide with the particles of interests or be 

absorbed onto the sample surface, causing undue absence or presence of signals in the 

resulting spectra.  Specimens for this technique need to be handled carefully to avoid 

surface contamination. 

 

The fundamental energy balance equation of XPS is: 

 

 EB = hν – EK – Φ       (3.1) 

Where, 

  EB: binding energy of the electron at the targeted surface;  

  hν: energy of incident photons (h: Planck’s constant; ν: frequency);  

  EK: kinetic energy of ejected electrons; 

  Φ: work function of the spectrometer. 

 

In Equation 3.1 above, hν is known for the X-ray source used, EK is known by 

measuring the energy of the arriving electrons at the detector, and Φ is predetermined 

for each instrument depending on its geometry and constructing materials.  The 

balanced EB can thus be calculated.  The resulting spectrum is thus a plot of counts of 

electrons at each binding energy step in the scan range. 

 

For survey scans (wide scans), step size of 1 eV and pass energy of 160 eV are 

usually sufficient for a conventional XPS to identify which elements are present in the 

sample surface.  When chemical states of those elements are required, narrow scans 

are carried out with step size and pass energy of 0.1 eV and 20 eV respectively, or 

lower, sacrificing intensity of the signal.  The resulted narrow scan spectra can be 

deconvoluted into component peaks and checked against the extensive databases 

available from the XPS community.  
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The instrument used for this research is the Kratos Axis Ultra DLD located at the 

Research Centre for Surface and Materials Science, University of Auckland with 

monochromatic Al Kα source (hν = 1486.6eV).  Throughout this study, the power of 

the x-ray source was kept at 150W (10A × 15V).  Vacuum in the instrument is 

maintained at 2 × 10-8 Torr or better during data collection.  The analysis area of 200 

× 200µm is selected by a combination of lenses and apertures.  For survey scans, the 

detector pass energy is set at 160eV and the scanning step is 1eV; these values for 

narrow scans are 20eV and 0.1eV respectively.  A low energy electron flood gun is 

used to neutralise the charges building up as photoelectrons leave the surface.  Spectra 

are processed using the CasaXPS package [99]. 

 

XPS is used to quantitatively set up elemental distribution versus depth for the first 

objective of this study.  Because the technique can only analyse the top atomic layers 

of the surface, these layers have to be removed by sputtering to expose the subsurface 

layers.  In this study, the sputtering process is carried out with an argon ion gun using 

a 5kV accelerating voltage.  The XPS analysis area is aligned at the centre of the 

sputter crater, which is formed by rastering the ion gun over an area of 3 × 3mm.  

When argon is leaked into the analysis chamber to feed the ion gun, the vacuum is as 

high as 8 × 10-7 Torr. 

 

The typical sequence of wide and narrow scans and sputter cycles is presented in  

Table 3.4.  The first sputtering cycles are shorter to monitor the changes in 

composition of the top surface layers; the later scans are longer to get through the 

oxide layer. 

 

Common XPS practice uses narrow scans of the C 1s region to calibrate acquired 

spectra against the binding energy of adventitious carbon at 285eV.  However, this is 

not required for the first objective due to two reasons.  Firstly, adventitious carbon 

depletes after the first few sputtering cycles, taking valuable instrument time for 

background only spectra.  Secondly, identification of the chemical species is 

frequently already established.  
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Table 3.4. Typical XPS analysis sequence 

Action 
Number 

of cycles 

Number of 

sweeps 

Time of sweep 

(minute) 

Total time 

(minute) 

Survey scan 

1 

2 2 4 

Narrow O 1s 2 1 2 

Narrow Si 2p 2 1 2 

Narrow Al 2p 2 1 2 

Narrow Mg 2p 2 1 2 

Short sputter 
9 

1 1/3 3 

Scans (wide + narrow) 2 6 (=2+1+1+1+1) 108 

Medium sputter 
7 

1 1 7 

Scans (wide + narrow) 2 6 (=2+1+1+1+1) 84 

Long sputter 
5 

1 3 15 

Scans (wide + narrow) 2 6 (=2+1+1+1+1) 60 

TOTAL    289 

 

 

Quantification of surface composition based on XPS survey scan spectra is carried out 

with due attention paid to overlapping and artificially introduced peaks.  The Si 2s 

peak was used to quantify silicon content instead of Si 2p, which can overlap not only 

with a plasmon peak of Al 2p, but also the Mg 2s peak.  The plasmon peak of Al 2s 

can be subtracted from the Si 2s peak, using the ratio identified in Appendix A.  The 

Ar 2p peaks introduced to the sample by sputtering with the argon ion gun is omitted 

from the quantification. 

 

Surface compositions are calculated from raw peak areas in the XPS spectra and 

relative sensitivity factors (RSF) for the respective elements.  Because RSFs are 

instrument dependent, the default RSF values in CasaXPS could not be applied.  

Instead, a set of RSFs for the Kratos instrument was obtained from the CasaXPS 

website.  These values are checked against the RSF set used in the Kratos instrument 

software.   
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3.3.2. Scanning Electron Microscopy/ Energy Dispersive Spectroscopy (SEM/ 

EDS) 

 

In SEM, a specimen scanned by a focussed electron beam at high accelerating voltage 

scatters back primary electrons and emits secondary electrons.  Beside the electrons, 

characteristic x-ray of the constituent elements of the sample can also be analysed in 

the EDS mode.  In SEM mode imaging, heavier elements yield more back-scattered 

electrons.  This type of radiation is therefore used for mapping elements of flat 

samples or imaging surface constituted of elements with very different atomic 

numbers where the atomic number contrast is enhanced.  The intensity of secondary 

electrons depends more on topography of the surface and the position of electron 

detectors.  The analysis of characteristic x-ray photons in EDS mode is used to 

approximately quantify the presence of elements heavier than boron.  SEM/ EDS is 

not particularly surface sensitive, but it is a versatile technique with high spatial 

resolution, large depth of field and large depth of focus.  This is particularly useful in 

examining the phase segregated structure of the casting alloys.   

 

The SEM/ EDS also operates under vacuum, although the requirements are not as 

stringent as XPS because the absorption of gas molecules onto sample surface is not a 

concern.  There is no mechanism to neutralise surface charge in SEM/ EDS.  As a 

result, insulating samples can be distorted by charging effects, unless coated with a 

very thin layer of platinum or carbon to conduct the charge away. 

 

The instruments used in this study are the Philips FEG XL30 SEM and the FEI 

Quanta 200 FEG Environmental SEM, both at the Research Centre for Surface and 

Materials Science, University of Auckland. The accelerating voltages were normally 

set at 5kV and 20kV for SEM and EDS modes respectively.  EDS at a lower 

accelerating voltage of 5kV was also used to control electron penetration depth and 

increase surface sensitivity to characterise samples with surface segregation.   
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3.3.3. Secondary Ion Mass Spectrometry (SIMS) 

 

SIMS is another surface sensitive technique with similar requirements to XPS for 

operation in vacuum and careful sample preparation.  In a similar manner to the 

sputtering process in XPS, samples are bombarded by primary energetic particles to 

emit secondary particles.  The primary particles used are usually ions, for example 

O2
+, Bi+, Cs+, etc.  Secondary particles comprise of electrons, neutral atoms or 

molecules, and ionised atoms or clusters.  Although the most abundant secondary 

particles are neutral, the mass spectrometer extracts and analyses only secondary ions. 

 

The generation of secondary ions is a complex process influenced by many factors.  

The characteristics of the primary particles (mass, charge, energy, flux, incident 

angle) contribute to the sputtering rate of secondary particles from sample surface.  

The properties of the sample surface (topography, crystallinity, chemical state, etc.) 

also affect the sputter and ionisation of secondary particles.  Depending on the 

materials and choice of primary beams, cationisation may be favoured over 

anionisation, and vice versa.  Depending on the required information and sample 

conditions, selection is made of the optimal primary particles and polarity of 

secondary ions. 

 

Due to the ion beam induced erosion of the surface, the sample is always altered after 

analysis.  However, if the integrity of the surface layer is maintained over the analysis 

period, i.e. the same area is not sampled more than once, the technique is called Static 

SIMS, as opposed to Dynamic SIMS.  It is generally accepted that 1013 primary 

charged particles per square centimetre (or 1nA/ cm2) is the static dose limit for 

inorganic materials [100].  Dynamic SIMS can use primary beams with fluxes up to 

1mA/ cm2 to achieve very high depth profiling rates.  Though Dynamic SIMS is not 

strictly a surface sensitive technique, requirements for vacuum and sample handling 

are still high to ensure results without artefacts.  
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Dynamic SIMS (DSIMS) 

 

DSIMS is used for depth profiling and elemental mapping in this study.  During depth 

profiling, the primary beam creates a reactive region at the analysis area.  This 

situation imposes a further requirement for good vacuum, which makes sure that the 

rate of material removal during sputtering is greater than the rate of addition due to 

surface reaction. 

 

The measurements were carried out at the Australian Nuclear Science and 

Technology Organisation (ANSTO), Australia, on a CAMECA IMS 5f using Cs+ and 

O2
+ primary ions for negative and positive secondary ions respectively.  The primary 

beams also serve as the sputtering source for depth profiling.  The accelerating 

voltage is set at 12.5keV in most cases.  An offsetting voltage of 100eV is applied in 

the secondary extraction voltage to minimise the potential for mass interferences on 

the species of interest. 

 

For elemental mapping, a primary beam of 2nA current is rastered over an area of 256 

× 256µm.  For depth profiling, the primary beam current is increased to 250nA to 

improve the sputter rate. The raster area is also increased to 500 × 500µm to minimise 

the possibility of misalignment with the previously imaged area. To eliminate edge 

effects, field aperture and transfer lens setting of 750µm and 150µm diameter 

respectively restrict the analysis of secondary ions to an area of 60µm diameter at the 

centre of the rastered area.  

 

 

Time-Of-Flight SIMS (TOF-SIMS) 

 

TOF-SIMS is the now the main instrumental approach used in Static SIMS.  In this 

technique, secondary ions are analysed based on the time of their flight through the 

mass spectrometer after acceleration in an applied electric field.  Heavier ions take 

more time than lighter ones to travel over the same distance.  Primary particles are 

pulsed in bunches with a separation between impacts long enough for the desired 

heaviest secondary ions to reach the detector long before the arrival of the next pulse. 
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Spectra up to 3200 atomic mass units and surface images were collected at La Trobe 

University, Melbourne (Australia) on an Ion-TOF SIMS IV using Bi3+ primaries.  

Accelerating voltage for the primaries is 25keV.  Both spectra of positive and 

negative secondary ions can be collected using the same primaries.  Due to the limit 

of static dose on the primary beam, depth profiles are obtained by successive cycles of 

data collection and surface sputtering using a separate Cs+ source. 

 

For simple spectral collection, the primary beam rasters either randomly or 

sequentially over an area of 300 × 300µm.  For depth profiling, data is collected from 

the 100 × 100µm area at the centre of the 300 × 300µm sputtered crater.  In imaging 

mode, the 100 × 100µm area is matched to 128 × 128 pixels, which are bombarded 

once each in a random order.  The incident ions are Bi3
+ for spectral collection and 

imaging and Cs+ for sputtering.   

 

There are two operating modes of the Bi3
+ primary beam.  The “bunched” mode is 

used to collect spectra with high mass resolution.  For imaging, lower mass resolution 

is achieved but with much higher spatial resolution in the “burst” mode.  The typical 

currents of the primary beam used in this study are 0.7 nA and 3 pA for “bunched” 

and “burst” modes respectively. 

 

3.3.4. X-Ray Diffractometry (XRD) 

 
In XRD, an X-ray is incident on a crystal surface and produces a diffracted beam. The 

incident beam also travels further into the sample and interacts with the subsequent 

rows of atoms producing a diffraction pattern based on Bragg’s equation of 

diffraction: 

 

 2d sinθ = n λ        (3.2) 

where, 

  d: lattice spacing; 

  θ: the angle between incident beam and normal plane of target surface; 

  n: integer (condition of maximum diffraction); 

  λ: wavelength of incident photons. 
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The information provided by XRD is mainly the d spacing of the crystalline structure.  

This information, combined with a library of such information, allows the 

identification of crystalline compounds. 

 

The instruments used in this study are a Bruker D8 Advance at the Department of 

Chemical and Materials Engineering, University of Auckland, and the Powder 

Diffraction Beamline at the Australian Synchrotron, Melbourne (Australia).  Scans on 

the conventional XRD were carried out with 0.02° steps of 2θ.  The synchrotron 

offers much higher intensity and resolution. The advantages are due to the brighter 

source and the arrangement of detectors to collect all 2θ increments simultaneously.  

The synchrotron also allows the optimal selection of the wavelength of the incident 

beam.  

 

3.3.5. Nano-Indentation 

 

Nano-indentation is designed to probe mechanical properties of very small volumes of 

materials.  In this technique, an indenter with predefined shape is driven into or across 

the surface of a sample under a controlled load.  Elastic and plastic deformations of 

the sample under such indentation are measured and calculated to give information 

about thin films, coating or surface layers. 

 

The instrument used in this study is an Agilent/ MTS Nano Indenter XP at the 

Department of Chemical and Materials Engineering, University of Auckland.  Scratch 

tests were carried out to qualitatively compare adhesion between TiN coatings and 

different substrates.  A Berkovich tip is driven at the velocity of 1µm/ s over the 

length of 500µm for the tests.  The load applied increases from 0 to 10mN over the 

course of the test. 
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Chapter 4. SURFACE SEGREGATION AND 

EVAPORATION OF TRACE ELEMENTS 

IN ALUMINIUM CASTING ALLOYS 
 

 

The surface segregation of minor elements in metals is a widespread phenomena 

arising from several distinct processes.  The driving forces for the surface segregation 

of Mg and Na in Al casting alloys are understood to be different.  The migration of 

Mg is driven by the element’s higher affinity to oxygen than that of Al, and therefore, 

a steeper chemical potential gradient between Mg in the bulk and MgO at the surface 

[2].  The diffusion of Na towards surface is attributed to the release of Na atoms from 

the strain with surrounding atoms to lower the total lattice energy of the whole system 

[41].  Via either of these processes, the system attains a more thermodynamically 

stable state by altering the surface concentration of the trace elements. 

 

As more Mg and Na concentrate at the surface, their evaporation may not stay 

negligible.  Mg evaporation has only been reported at elevated temperature in vacuum 

[38], but Na loss has been observed at room temperature and atmospheric pressure 

[41].  Thus an equilibrium surface concentration may represent the balance between 

the processes of diffusion and evaporation.  The first phase of the current study has 

thus examined the segregation of these elements in the surface of the casting alloys.  

 

 

4.1. Surface segregation and evaporation of Mg and Na in alloy 

LM6 
 

The segregation effects with heating of LM6 are significant.  Even EDS, with limited 

detection range and low near surface sensitivity, can identify a change in surface 

composition in this case.  The EDS results from inter-metallic phases in LM6 before 

and after heating are shown in Figure 4.1 and Figure 4.2.  The inter-metallic phases of 

Al-Si-Fe-Mn are typical for LM6.   



48 
 

 

 
Figure 4.1. SEM/ EDS line scan across an inter-metallic phase of LM6 before heating 
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Figure 4.2. SEM/ EDS spot scan on inter-metallic phase of LM6 after heating 

 

 

After a short heating duration, the changes observed by EDS indicated that Na and 

Mg were enriched; Al and Si were depleted, whilst Fe and Mn became undetectable. 

 

Analyses by Dynamic SIMS supported the SEM/EDS findings.  Typical DSIMS 

profiles are shown in Figure 4.3. 

 

 

Analysis spot 

Element  Wt %  At % 
 C K 19.24 33.52 
 O K 4.29 5.61 
 F K 5.72 6.30 
 MgK 0.42 0.36 
 AlK 60.13 46.62 
 SiK 10.20 7.60 
Total 100.00 100.00 

Energy (keV) 
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Figure 4.3. Typical DSIMS depth profiles of LM6 after heating 

 

 

DSIMS profiles revealed that the major elements behave quite differently in response 

to heating in these samples.  Whilst Si content increases gradually across the oxide 

layer, Al is depleted in the near surface layer of the oxide film and then is constant 

through the film, rising steeply at the oxide – metal interface.  For other elements of 

interest, Mg drops slightly, plateaus through the oxide layer, and then gradually 

decreases into the metal; Na drops sharply at the top surface, and O is slowly depleted 

as sputtering proceeds through the film.  It was also observed that for longer heating 
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times, the contents of Na, Mg and O decreased more slowly, whilst the F profile 

dropped steadily across the oxide layer and crept up at the oxide – metal interface.  

The appearance of F, which is technically undetectable by EDS due to its light weight, 

was unexpected but is explained by the very wide dynamic range represented in the 

SIMS profile.  

 

XPS depth profiles of relative atomic percentages were consistent with the DSIMS 

data.  A typical depth profile by XPS is shown in Figure 4.4.   

 

 
Figure 4.4. Typical XPS depth profile of LM6 after heating 

 

 

The profiles of major elements behave as expected, with Al and Si approaching their 

bulk values after extended sputtering.  The concentration of the minor elements Na 

and Mg decreased with depth.  Interestingly, F remained quite stable across the oxide 

layer, and then peaked at the oxide-metal interface when O dropped sharply.  This 

behaviour appears to be closely related to that of Mg as discussed later.   

 

To evaluate the effects of temperature and heating time on surface composition, the 

elemental concentrations determined by XPS were averaged across the oxide layer.  

This layer extends to the depth where Al concentration is 50 at %, following previous 
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report [42].  The integrated composition across the oxide film as a function of heating 

time is shown in Figure 4.5.   

 

 
Figure 4.5. Variation in the contents of minor elements in LM6 after heating 

 

 

From the extremely low bulk content (see Table 3.2) and the initially undetectable 

surface content, the maximum surface concentrations reached 4.6 at.% and 7.2 at.% 

for Na and Mg respectively.  It was observed that the extent of Na segregation varied 

over a broader range than that of Mg with change of temperature.   
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The trends observed for Na were expected from the combined effect of surface 

segregation and evaporation of the Na species.  At the lower temperatures 320°C and 

360°C, Na surface content still increased with heating time.  With heating at 400°C, 

Na surface content reached a maximum after about 360 minutes, and then decreased 

suggesting the bulk supply has been depleted while evaporation continued.  At higher 

temperature, evaporation exhausted the supply due to faster surface segregation. 

 

Mg surface content was less temperature dependent.  Mg surface content typically 

showed a steep increase within the first 90 minutes of heating, and then a slow 

approach to an asymptotic value.  Such behaviour is explained by the limited total 

availability of Mg in the bulk, whilst MgO evaporation was almost negligible. 

 

Before heating, Mg exists in the materials primarily as discrete inclusions of Al + 

Mg2Si as prescribed in the ternary phase diagram (Figure 4.6) [101].  The number and 

size of these inclusions corresponds to the extremely low Mg content of the material.  

Under thermal treatment, Mg diffusion, as in Lea and Ball’s model (Figure 2.4) [2], 

initially depends on both the availability of Mg and the energy supplied (i.e., 

temperature).  The number of initial Mg inclusions decides the number of MgO 

islands, which are formed at the grain boundaries near the inclusions.  The MgO 

islands slowly spread out over time, their coverage limited by the original 

concentration of Mg inclusions and diffusion paths.  These factors are independent of 

temperature. 

 

 
Figure 4.6. Ternary phase diagram Al-Si-Mg [101] 
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Other evidence of location-limited surface segregation of Mg was obtained with TOF-

SIMS imaging (Figure 4.7).  The elemental map of a sample surface at an early stage 

of the 400°C heating procedure showed a bright spot identified as Mg within the 

eutectic phase boundary.  Besides, it was also observed that Na appeared more in the 

eutectic phase than in the primary aluminium phase.  This was attributed to the role of 

Na in the casting alloy as the modifier of Si phase. 

 

 
Figure 4.7. TOF-SIMS elemental map of LM6 after heating 

 

Mg segregation behaviour was correlated to the observation of changes in the Al and 

Mg DSIMS profiles.  The sharp decrease of Mg and increase of Al at the top surface 

reflects the sputtering through the coverage of MgO islands.  The plateaus of both Mg 

and Al concentration represent the accumulation of Mg in diffusion channels in the 

oxide layer.  The Mg concentration detected depends on the number of such channels, 

determined primarily by the number of original Mg inclusions in the alloy.  

Subsequent decrease of Mg and increase of Al demonstrate the depletion of Mg 

deeper in the metal. 

 

Although the concentration is significantly lower, the aforementioned F profile is 

observed to follow that of Mg in the near surface region.  F migration into the near 

surface is attributed to the chemical potential difference between F in AlF3 and MgF2.  

The transformation can occur via two routes.   

 

Route A 3Mg  + 2AlF3 = 3MgF2 + 2Al  (4.1) 

 

Route B 2Mg + O2 = 2MgO    (4.2) 

       and 3MgO + 2AlF3 = 3MgF2 + Al2O3  (4.3) 

LM6 Heated 400°C/ 60min – Filed of view 100 × 100 
2
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All of the reactions above are energetically favoured under these experimental 

conditions [102].  However, Equation 4.2 is favoured over Equation 4.1 (changes in 

Gibbs free energy ΔG’s at 400°C are -126 and -28 kcal/ mol Mg respectively [102]).   

This makes Route B more favourable.  Route A is still possible once Mg encounters 

AlF3 without oxygen.  Consequently, the formation of MgO in the near surface region 

drives F migration to the surface.  The presence of MgF2 was evidenced in an XPS 

narrow scan (Figure 4.8a). 

 

 
Figure 4.8. XPS narrow scan (a) Mg 2p; (b) C 1s 

 

 

The envelop of the Mg 2p region can be deconvoluted into three peaks: MgO at 

50.27eV, MgF2 at 50.82eV and MgCO3 at 52.10eV  [14, 15].  The presence of 

MgCO3 is attributed to the likely reaction between surface MgO and ambient CO2.  

This was confirmed by the existence of a high binding energy component (carbonate) 

at 289.35eV in the C 1s narrow scan (Figure 4.8b). 

 

 

4.2. Surface segregation in alloy LM25 
 

With significantly higher Mg content, LM25 is affected more strongly by surface 

segregation compared to LM6.  In this alloy, the Si modifier was Sr, which also has 
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surface segregation and evaporation behaviours similar to those of Na.  Trace Na is 

still detected in these samples. 

 

Typical depth profiles of LM25 from DSIMS are shown in Figure 4.9.  Mg, Na and Sr 

are all enriched at the top surface; Si is depleted as a result.  The enrichments are 

more obvious after thermal treatment.  The aggregation of F at the surface is similar to 

that observed with LM6. 

 

 
Figure 4.9. Typical DSIMS profiles of LM25 before and after heating to 440 oC. 
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4.3. Mathematical model for combined surface segregation and 

evaporation 
 

4.3.1. Surface segregation equation 

 

In addition to the thermodynamic driver for segregation, the energy barrier for 

diffusion must be overcome with the thermal energy provided.  Some previous studies 

have been done on such systems based on Fick’s second law of diffusion.  The 

solution in these studies is achieved with the application of the surface enrichment 

factor α, which is the ratio between segregant concentration on the surface and that in 

the bulk [2, 40, 49, 56-59].  The process was therefore separated into surface diffusion 

and bulk diffusion.  The bulk diffusion was simply driven by concentration gradient, 

whilst the surface diffusion was a result of surface enrichment by the factor α.  

Solution of Fick’s second law equation based on this model, with certain boundary 

conditions is widely accepted as [56]: 
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α     (4.4) 

Where, 

Cs: surface concentration [mol/m3]; 

α: surface enrichment factor [dimensionless]; 

Cb: bulk concentration [mol/m3]; 

D: diffusion coefficient [m2/s]; 

t: time [s]; 

d: lattice parameter [m]. 

 

With the assumption of constant α, Equation 4.4 can be simplified to [2, 40, 49, 55] 

 
2/12

⎟
⎠
⎞

⎜
⎝
⎛=
π

tDC
d

C bs        (4.5) 

 

However, as has been pointed out, α is not constant [56-58].  Also, the concentration 

gradient required for bulk diffusion was not observed for Na and Mg in LM6 Al alloy 

in this study (see Figure 4.3).  
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Another approach for segregation kinetics was proposed based on the chemical 

potential gradient of the species in the bulk and those on the surface [60-64].  This 

was combined with the effect of surface enrichment factor α.  Thus, the driving force 

of the chemical potential was limited to the top atomic layer only.  The limitations of 

this α approach have been discussed and a numerical alternative has been proposed 

[65].   

 

The development of a practical kinetic equation was attempted in this work, 

considering the thermodynamic driving forces and assuming a growing oxide layer.  

The variation in surface concentration is described as:  

 

x
K

dt
dC εΔ

=         (4.6) 

Where, 

C: surface concentration of the segregant [wt. %]; 

t: time [s]; 

K: coefficient of diffusion [m/ s]; 

Δε: diffusion potential difference [wt.%]; 

x: diffusion length [m]. 

 

The diffusion coefficient K can be expressed as an Arrhenius function of temperature. 

 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

TR
QKK exp0        (4.7) 

Where, 

K0: maximum coefficient at infinite temperature [m/ s]; 

Q: activation energy of the process [J/mol]; 

R: gas constant; R = 8.314 J/mol.°K; 

T: absolute temperature [°K]. 

 

The diffusion potential difference Δε represents the sum of all the driving forces 

which induce surface segregation.  This value can be taken as the difference between 
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the surface concentration at any point in time, and that would be achieved after 

heating for an infinite time.  The latter can be defined empirically as: 

 

 Δε = CS∞ – C        (4.8) 

Where, 

CS∞: asymptotic value of segregant concentration migrated to the surface 

after infinite time [wt.%]. 

 

The diffusion length x is a time dependent factor in this approach.  When the sample 

is heated for longer times, the diffusion length increases, thus reduces the driving 

gradient.  This length can be considered as the effective oxide film thickness.  From 

previous research on kinetics of metal oxidation [103, 104] it can be deduced that the 

film follows a power law growth: 

 

 ntkx=         (4.9) 

Where, 

k: temperature dependent growth coefficient [m/ sn]; 

n: film growth constant; n > 1: parabolic; n = 1: linear; n < 1: hyperbolic 

[dimensionless]. 

 

This diffusion model is illustrated in Figure 4.10. 

 

 
Figure 4.10. Diffusion model based on diffusion potential and a growing oxide layer 
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Replacing Equations (4.8) and (4.9) into Equation (4.6),  

 

( )CC
kt
K

dt
dC

Sn −= ∞        (4.10) 

 

Or 

( )CC
t
K

dt
dC

Sn
S −= ∞        (4.11) 

Where, 

KS = K/k: coefficient of surface segregation [sn-1]. 

 

The solution of the ordinary differential equation (Equation 4.11) is: 
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The constant in the above solution can be determined using the boundary condition of 

the initial time.  When t = 0, the surface concentration C = C0; where C0 is the initial 

surface concentration, assumed to be equivalent to the bulk concentration.  The 

solution becomes: 

 

 ( ) ⎟⎟
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CCCC
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S
SS 1
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That is the concentration of the segregant accumulated at the surface due to surface 

segregation, but neglecting evaporation. 

 

4.3.2. Surface evaporation equation 

 

In this study, evaporation of surface segregated species occurred in open atmosphere.  

Therefore, an evaporation rate depending on vapour pressure [2, 56] could not be 
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applied.  The concentration-dependent rate reported by other workers [38, 39] was 

adopted:  

 

 ( )∞−= EE CCK
dt
dC        (4.14) 

Where, 

KE: coefficient of evaporation [s-1]; 

CE∞: asymptotic value of segregant concentration remaining on the surface 

after infinite time [wt.%].  

  

The solution of the ordinary differential equation (Equation 4.14) is: 

 

 ( ).exp consttKCC EE +−−= ∞      (4.15) 

 

The constant is again determined by the boundary condition.  With C0 as the initial 

surface concentration, Equation 4.15 becomes: 

 

 ( ) ( )tKCCCC EEE −−+= ∞∞ exp0      (4.16) 

 

This gives the accumulated loss of segregant through evaporation, ignoring surface 

segregation. 

 

4.3.3. Combined mathematical model and fitting with experimental data 

 

Variation of surface concentration is the net effect of the transport of more segregant 

to the surface layers due to diffusion from the bulk and removal of the species due to 

evaporation:  

 

 ( ) ( )∞∞ −−−= EESn
S CCKCC

t
K

dt
dC      (4.17) 

 

A simplified solution for the above equation is (The detailed solution is shown in 

Appendix B) 
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The segregation and evaporation coefficients are considered to have an Arrhenius 

relationship with temperature.   
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All parameters of the mathematical model are determined empirically by fitting the 

experimental data and minimising the least square differences. 

 

The common parameter for both Na and Mg surface segregation and evaporation is 

the film growth constant n.  This parameter is determined using the most extensive 

data set collected for a temperature of 400°C.  The fitted models at this temperature 

are compared with experimental data in Figure 4.11.   

 

  
Figure 4.11. Fitted model for the film growth constant n at 400°C.  

 

ΣR2 = 3.68 

ΣR2 = 6.00 
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The value of n is computed at 0.116 using least square curve fitting.  This value of n is 

then used to fit data to the model for the other temperatures. 

 

It can be seen in Figure 4.11 that fitting of the model with Mg data is better if the 

evaporation of Mg species is not neglected.  The asymptotic value of Mg 

concentration after infinitive time was assigned as 7.2%, being the highest 

concentration observed for all experiments.  This maximum concentration is limited 

by the bulk availability of Mg in LM6.  The fitting of the measured data to calculate 

parameters for Mg is illustrated in Figure 4.12.  The parameters used in the model for 

Mg are shown in Table 4.1. 

 

 

 
Figure 4.12. Fitted model for Mg segregation in the temperature range between 320 

and 480 oC 
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Table 4.1. Parameters of the mathematical model for Mg segregation 

Parameter Empirical Fitted 

Initial concentration C0 [wt. %] 0.001  

Surface concentration after segregating for 

infinite time CS∞ [wt.%] 

7.200  

Surface concentration after evaporating for 

infinite time CE∞ [wt.%] 

0.000  

Film growth constant n  0.116 

Maximum coefficient of segregation KS0 [sn-1]  7.377 

Activation energy of segregation QS [J/mol]  36190 

Maximum coefficient of evaporation KE0 [s-1]  0.006 

Activation energy of evaporation QE [J/mol]  14691 

 

 

The surface concentration of Na is more temperature dependent than Mg.  Na species 

can evaporate more easily after segregating to the surface.  An illustration of the 

fitting for Na is in Figure 4.13.  Parameters of the model for Na are shown in Table 

4.2.   

 

 
Figure 4.13. Fitted model for Na segregation in the temperature range between 320 

and 480 oC 
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Table 4.2. Parameters of the mathematical model for Na segregation and evaporation 

Parameter Empirical Fitted 

Initial concentration C0 [wt. %] 0.012  

Surface concentration after segregating for 

infinite time CS∞ [wt.%] 

100  

Surface concentration after evaporating for 

infinite time CE∞ [wt.%] 

0  

Film growth constant n  0.116 

Maximum coefficient of segregation KS0 [sn-1]  0.707 

Activation energy of segregation QS [J/mol]  43770 

Maximum coefficient of evaporation KE0 [s-1]  615.970 

Activation energy of evaporation QE [J/mol]  71571 

 

 

The higher value of KS0 for Mg compared to that of Na indicates that Mg segregates 

more readily due to its larger chemical potential difference (changes in Gibbs free 

energy ΔG’s at 400°C are approximately -253 and -156kcal/ mol O2 respectively for 

Mg and Na [102]).  The higher activation energy for the segregation process of Na 

corresponds to the greater temperature dependence in comparison to Mg.  At 

sufficiently high temperatures, Na can migrate faster than Mg.  Both the KE0 and QE 

values of Na are greater than those of Mg, agreeing to the fact that Na is easier to 

evaporate and more dependent on temperature than is Mg. 

 

 

4.4. Summary and discussion 
 

LM6 and LM25 Al casting alloys were heated for up to 20 hours and to various 

temperatures ranging from 320°C to 480°C.  Analysis of surface composition and 

element distribution was carried out by XPS, DSIMS, TOF-SIMS and SEM/ EDS. 
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For LM6, Na surface concentration is a function of time and temperature, reflecting 

the relative rates of segregation and evaporation processes.  The equivalent Si 

modifier in the samples analysed here of LM25 is Sr, which does not segregate 

towards the surface, because neither its oxide nor carbonate is thermodynamically 

favoured over those of Al at the metal surface. 

 

Significant Mg segregation is observed in LM6, despite the low concentration in the 

bulk alloy.  However, this segregation is less dependent on temperature.  The higher 

concentration of Mg in LM25 inevitably results in an Mg dominant surface film, 

which depletes Si on the surface after heating.  The higher supply of Mg from the 

bulk of LM25 also masks the availability-limited surface segregation observed in 

LM6. 

 

The presence of F is not expected, but appears to be tied closely with Mg segregation.  

Again, segregation is ultimately limited by the low bulk concentration of this element.  

 

The practical equations to predict surface concentration of Mg and Na in LM6 have 

been derived as: 
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These equations can also be applied for LM25 with its own empirical coefficients.  

The equations offer a quick and practical way to estimate surface compositions of 

aluminium alloys with minimal experimental needs.  This approach can be extended 

to other materials with similar surface segregation behaviour.. 
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Chapter 5. SURFACE PROPERTIES OF LM6 

AND LM25 ALUMINIUM ALLOYS UNDER 

THERMAL TREATMENT 
 

 

LM6 (Al-12%Si) casting alloy is a challenging system in which to examine the 

surface segregation of minor elements, due to its particularly inhomogeneous phase 

structure.  The very low, but mobile Mg content (approx. 0.001% wt.), and the surface 

segregation of Si modifiers such as Na, mean the surface composition responds in a 

complex manner to thermal treatment conditions.  Similarly, LM25 (Al-7%Si-

0.3%Mg) possesses an inhomogeneous phase structure, but with significantly higher 

Mg content and Sr as the Si modifier, instead of Na. 

 

An investigation by DSIMS indicates an apparent association between the original 

bulk distribution and the lateral distribution after annealing of minor and trace 

elements which migrate during this treatment.  Further examination by TOF-SIMS, 

following surface cleaning back to the bare metal, provided insights into the influence 

of the phase structure on the evolution of the surface oxide film.  The distribution of 

minor elements and the way the oxide film develops ultimately affect the surface 

properties of these widely used casting alloys and influence the efficacy of surface 

treatments.   

 

The previous chapter focused on the overall quantification of surface segregation and 

the related thermodynamic parameters which drive this.  This chapter examines the 

influence of the initial phase structure on the distribution and mobility of Na, Mg and 

Sr segregated to the surface of LM6 and LM25 alloys.  Unlike the materials 

previously studied [2, 3, 49], these casting alloys are not homogeneous in phase 

structure.  Al-Si alloys have also been studied before [37], but the effects of their 

inhomogeneous phase structures were not discussed.  Segregation, particularly of Na 

and Mg, is expected to have significant impacts on behaviour of the alloy surface.  In 

particular, the inhomogeneous surface layer provides sites for initiation of corrosion 
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and prompts the formation of unstable oxide/ hydroxide surface layers which degrade 

the adhesion of subsequent coatings. 

 

 

5.1. Elemental distribution in LM6 resulting from thermal 

treatment 
 

A depth profile from a sample of unheated LM6 is shown in Figure 5.1.  Profilometry 

measurements (Dektak) gave an average crater depth of 324nm for a sample sputtered 

by DSIMS in 5167s, with an average primary current of 230nA.  The average 

sputtering rate was thus calculated to be 2.7×10-4nm/ (s.nA) for craters of 500 × 

500μm.  The three arrows above the graph indicate the positions where elemental 

mapping was carried out.   These maps are shown in Figure 5.2.  The primary Al 

phases are presented 3-dimensionally using the Reconstruct software package [105].  

The program is not designed for the large dynamic range of SIMS imaging, but is 

adapted to visualise the location of primary aluminium phases in relation to the 

distribution of other elements. 

 

The depth profile in Figure 5.1 shows a small surface enrichment of Mg and Na, with 

a small depletion of Fe, Mn and Si at the surface.  The top Si map in Figure 5.2 

reveals the spreading of Si, beyond the eutectic phase, even though its concentration 

is lower at the surface.  At levels beneath the surface oxide zone, Si is not detected in 

the primary aluminium phase.  Mg and Na are also widely spread over the top surface, 

but are more concentrated in locations within the eutectic phase.  In the outer surface, 

Na is largely depleted in the primary aluminium phase.  The distribution of Fe and Mn 

shows surface depletion, but then both are preferentially located within the eutectic 

phase at greater depths. 

 

The oxide, native or otherwise, on sample surfaces can enhance signals of the positive 

ions arising from metallic elements due to the matrix effects.  However, the O2
+ 

primary ions in use mixed with the deeper layers to minimise the difference compared 

to the top surface.  As a result, the depth profiles reflect the real variation in elemental 

compositions. 
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Figure 5.1. DSIMS depth profile of unheated LM6 

 
 

 
 
Figure 5.2. DSIMS elemental maps of unheated LM6 showing images at three depths 

into the sample.  

 
 
Thicknesses of the oxide films formed after heating were calculated from XPS spectra 

of Al 2p narrow scans using the method developed by Strohmeier [106].  Values of 
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electron Inelastic Mean Free Paths (IMFP) for Al and its oxide are adopted from 

Reference [107].  Since the metallic peaks are not clearly identifiable at the very top 

surface due to surface contamination and charging effects, the thickness has to be 

extrapolated from the sputtered surfaces underneath.  The thicknesses calculated and 

extrapolated are plotted in Figure 5.3.   

 

 
Figure 5.3. Oxide thicknesses calculated from Strohmeier’s formula for LM6 samples 

heated to 400°C for 60 minutes and 440°C for 360 minutes 

 
 
The extrapolation based on relatively linear and consistent sputter rates in the first 120 

seconds gives a thickness of approximately 6nm and 7nm respectively for oxide films 

on the surfaces of the heated samples.   

 

The LM6 sample heated to 400°C for 60 minutes gives the depth profile shown in 

Figure 5.4 with corresponding elemental maps in Figure 5.5.  The drop in Mg and Na 

concentrations with increasing depth is steeper than those of the unheated LM6 due to 

enhanced surface segregation of these elements.  After 500 seconds of sputtering 

(equivalent to a depth of approximately 42nm), the intensities of Mg and Na decrease 

by approximately 3 and 2 orders of magnitude respectively.   
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Figure 5.4. DSIMS depth profile of LM6 heated to 400°C for 60 minutes 

 

 
Figure 5.5. DSIMS elemental maps of LM6 heated to 400°C for 60 minutes 



72 
 

The elemental maps (Figure 5.5) also show considerable enrichment of Mg and Na 

within the oxide film at the top surface.  Below the few nm, associated with the oxide 

the two elements locate mainly within the eutectic phase.  Some Si dispersion into the 

primary aluminium phase was seen up to 25nm depth.  Fe and Mn are located together 

as intermetallic particles in the eutectic phase.  It is noted that these intermetallic 

particles coincide with bright spots in the surface Na map. 

 

Figure 5.6 shows the depth profile of LM6 heated to 440°C for 360 minutes.  

Corresponding elemental maps at various depths for this sample are shown in Figure 

5.7.  With this heating regime, the Mg concentration drops more slowly than in the 

sample heated to 400°C for 60 minutes.  Mg intensity decreases by around 3 orders of 

magnitude after sputtering to an approximate depth of 314nm, suggesting there is 

more Mg migration to the surface with the extended heating time.  However, the Na 

profile decreases at a similar rate to the previous sample.  This is attributed to Na 

evaporation limiting the element’s accumulation at the surface.  The depletion of Fe 

and Mn can be observed more clearly in this sample, due to the thicker Mg and Na 

enriched layer.  However the depth of Si depletion does not increase with extended 

heating.  F at low levels is apparent in this profile and is correlated with the 

enrichment of Mg.  This is attributed to the initial affinity of F with Al and the 

subsequent reaction between residual AlF3 and Mg/ MgO in the alloy, to form MgF2.  

This reaction path has been confirmed by XPS and is discussed in Chapter 4. 

 

 
Figure 5.6. DSIMS depth profile of LM6 heated to 440°C for 360 minutes 
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Figure 5.7. DSIMS elemental maps of LM6 heated to 440°C for 360 minutes 
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The matching distribution of Mg and Na in the eutectic phase is observed in images 

up to a depth of 54nm.  The closer to the surface, the more homogeneous are the 

elemental maps of Mg and Na.  For LM6 heated to 400°C for 60 minutes, the depth at 

which Mg dispersion into the primary aluminium phase was clearly observable is at 

most 4nm, while for LM6 heated to 440°C in 360 minutes, this is 11nm.  This 

suggests that the horizontal diffusion of these elements only occurs in the oxide layer.  

Underneath the oxide layer, the driving force for Mg and Na migration is the vertical 

gradient in chemical potential between the different species, namely oxides vs. 

metals).  In the oxide layer, concentration driven diffusion occurs and homogenises 

the surface composition.  Fe-Mn attributed to intermetallic particles is observed at 

depths greater than 31nm. The positions of the intermetallic particles are co-incident 

with the location of peak Na concentrations.  This is likely caused by the 

agglomeration of Na around Al-Si-Fe-Mn intermetallics.  

 

 
5.2. Elemental distribution in LM25 resulting from thermal 

treatment 
 

In the case of LM25, the high concentration of Mg and low concentration of Na 

change the depths at which the elements are detected.  Figure 5.8 shows the depth 

profile of unheated LM25.  The corresponding elemental maps are shown in Figure 

5.9.  Because of its low concentration, Mn is no longer significant.  Sr, as the Si 

modifier, is also enriched at the surface.  However, variation in Sr lateral distribution 

is insignificant. 

 

The surface of unheated LM25 is still enriched in Na and Mg, similarly to that of 

LM6.  The alignment of Na is seen more clearly in this case due to its lower bulk 

concentration compared to LM6.  The lower concentration of Na makes its horizontal 

diffusion less extensive.  On the contrary, the higher abundance of Mg overwhelms 

any selective location in relation to primary and eutectic phases. 
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Figure 5.8. DSIMS depth profile of LM25 unheated 

 
 
 

 
Figure 5.9. DSIMS elemental maps of LM25 unheated 
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After heating for 60 minutes at 440°C, LM25 has the depth profile and elemental 

maps shown in Figure 5.10 and Figure 5.11. Because of the supply from the high bulk 

concentration, the Mg profile does not drop as steeply as is seen in LM6.  The Mg/ Al 

intensity ratio flattens out around the value of 1/100 in comparison to 0.15/100 of 

LM6 heated to 440°C in 360 minutes.   

 

The association of Mg and Na with the eutectic phase is clearly observed in the upper 

maps of Figure 5.11.  This alignment cannot be seen with increasing depth (below 

6nm) as Na is depleted and Mg dispersed into primary aluminium phase.  This 

dispersion of Mg also affects the distribution of Si.  At the surface, the strong 

enrichment of Mg prevents Si from being seen outside of the eutectic phase.  At 

deeper levels, the homogenisation of Si is enhanced with the dispersion of Mg. 

 

 

 
 
Figure 5.10. DSIMS depth profile of LM25 heated to 440°C for 60 minutes 
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Figure 5.11. DSIMS elemental maps of LM25 heated to 440°C for 60 minutes 

 
 
Heating LM25 to the same temperature for 24 hours resulted in a stronger enrichment 

of Mg and clear depletions in the other elements.  The depth profile of this sample, 

and its corresponding elemental maps, are in Figure 5.12 and Figure 5.13.  
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Figure 5.12. DSIMS depth profile of LM25 heated to 440°C for 24 hours 

 

 
Figure 5.13. DSIMS elemental maps of LM25 heated to 440°C for 24 hours 
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5.3. Oxide evolution on the surface of alloy LM6 
 

TOF-SIMS results both support and complement the DSIMS findings.  The negative 

ion images (Figure 5.14) provide information about the distribution of oxygen which 

cannot be acquired in the DSIMS as these images have been obtained using O2
+ 

primary ions to enhance intensity.  

 

 
Figure 5.14. TOF-SIMS images of LM6 surface – sputter cleaned and re-oxidised in 

high vacuum 
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The bare metal surface after sputtering is equivalent to the depth where the primary Al 

phases are free of Si and Mg.  More oxide is detected in the eutectic phase, especially 

around Al-Si eutectic particles.  The situation can be a result of preferential sputtering 

of Al2O3 over SiO2.  Nevertheless, this effect conveniently maps the re-growth of the 

oxides.  Even in the presence of residual SiO2, Al2O3 outgrows it to form the 

homogenised oxide film. After 3 hours of oxidation in the UHV vacuum chamber, a 

homogeneous distribution of O and Al is observed.  The distinction between Si in the 

eutectic and the primary phases also fades with time due to lateral diffusion, as does 

the early association of Mg with the eutectic phase.   After 5 hours, the intensity of 

species from the oxide is more intense, but their distribution does not change. 

 

 

5.4. Summary and discussion 
 

Samples of LM6 and LM25 aluminium casting alloys were heated to 400°C and 

440°C for various durations to examine the effect of heat treatments.  DSIMS was 

used for depth profiling and elemental mapping of heated and unheated samples.  

TOF-SIMS imaging was used to examine the evolution of oxide growth in-situ on the 

unheated surface sputtered down to metal level and re-oxidised in the vacuum system 

for 3 hours and 5 hours.  The thermal treatment increases oxide thickness  from 6 nm 

to more than 10 nm.  However, the changes in concentrations of minor elements are 

much more significant.  The previous chapter provided a practical method to estimate 

these changes, regardless of their lateral distribution.  This chapter explored this 

distribution in three dimensions. 

 

Previous work has discussed segregation of minor elements to the surface and grain 

boundaries [37, 41, 43, 49, 50, 52, 54, 108]. However the spatial distribution of such 

processes has rarely been considered. The inhomogeneous phase structure of casting 

alloys used in this study enables the observation of two migration processes driven by 

different forces.  Below the oxide dominated surface layer, the migration of Mg, 

primarily perpendicular to the surface, is driven by chemical potential gradient.  

Because Mg is mostly found in the eutectic with Mg2Si intermetallic, this migration 
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results in the alignment of segregated Mg with the eutectic phase.  Closer to the 

surface, concentration driven horizontal diffusion of the element occurs.  Na behaves 

in a similar manner and also associates strongly with the eutectic phase.  The locality 

of Na is likely due to its role as the Si modifier.  Besides, Na in the bulk is attracted 

by Al-Si-Fe-Mn intermetallic particles, resulting in more concentrated Na spots when 

it segregates to the surface.   

 

The anticipated faster oxidation rate of Al compared to that of Si is observed in the 

TOF-SIMS images during the in-situ re-growth of the surface oxide film.  

 

The oxidation and associated elemental movement can affect corrosion resistance of 

the aluminium alloys.  The localisation of active elements such as Na and Mg in 

eutectic regions has practical consequences as these areas serve as initiating sites for 

corrosion.  On the other hand, uniform distribution of these elements in the surface 

layer reduces the chance of pitting corrosion.  However, uniform corrosion is 

potentially enhanced  due to the concentration of Na and Mg at the surface.  These 

segregation effects are stronger with longer and higher temperature thermal 

treatments, which result in thicker oxide, a more uniform elemental distribution and 

greater concentrations of the active elements. 
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Chapter 6. SURFACE FINISHING OF 

ALUMINIUM CASTING ALLOYS 
 
 
 
LM6 (Al-12%Si) and LM25 (Al-7%Si-0.3%Mg) casting alloys have excellent 

castability, high strength and good corrosion resistance. However their phase 

separated microstructure also generates significant problems in surface finishing these 

materials.  The lack of a suitable anodising technology is but one example of this [72].  

Their applications can thus be greatly enhanced with improved surface finishing for 

better appearance, more corrosion resistance and more wear resistance.  For example, 

coatings such as titanium nitride have been reported as an option in providing such 

improvements. 

 

Performance improvements provided by coatings are generally optimised if bonding 

with substrates is strong.  Surface segregation and the resulting changes in surface 

properties of the alloys studied in previous chapters inevitably affect this bonding.  In 

this chapter, the properties of the alloy surface are considered with regard to impacts 

on the interface between nitride coatings and substrates with an inhomogeneous 

surface phase structure. 

 
Characterisation of the coatings and the critical interfaces has been carried out with 

XPS, DSIMS and FIB/ TEM.  The characteristics are correlated to the bonding 

strength which is qualitatively assessed by nano-indentation.  It is observed that the 

bonding is stronger with mechanical interlocking between the substrates and the 

coatings.  This effect appears to be more significant than the chemical effects at this 

interface.  

 

 

6.1. Characteristics of TiN films grown by IAD 
 

TiN coatings have been deposited by IAD following the procedure outlined in 

Chapter 3 (Section 3.2.3).  This deposition method has the capability to grow very 
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thin films, which provide an accessible interface for various probes of the behaviour 

at the interface.  Apart from LM6 and LM25 substrates, reference samples on high 

purity aluminium are also produced.  Three deposition runs were undertaken with the 

conditions detailed in that chapter. 

 

Thicknesses of the films were monitored with the crystal monitor in the IAD chamber.  

Further investigation by TEM (done at the Electron Microscope Unit, University of 

New South Wales – see Figure 6.1) confirms the thickness of 200nm and 20nm for 

Runs #2 and #3 respectively.  Elemental mapping by TEM confirms the presence of 

titanium nitride and titanium oxynitride in the coatings (Figure 6.2).  A layer of Au/ Pt 

is coated on the specimens before the TEM experiments to ensure their conductivity 

in the analysis chamber.  Due to the low requirement of vacuum for the coating step, 

oxygen and nitrogen signals are also detected in the Au/ Pt film.  

 

It is worth noting that both of the oxygen images in Figure 6.2 shows a concentration 

gradient with greater concentrations near the film-substrate interface.  This suggests 

that the evaporated Ti is not surprisingly acting as a getter in the vacuum system, thus 

reducing the oxygen levels in the residual vacuum as deposition proceeds.  

Consequently, more oxygen is present near the substrate, corresponding to the early 

stages of deposition.  Nevertheless, the residual oxygen is sufficient to make the 

coating a mixture of titanium nitride with its oxide and oxynitride. 

 

 
200nm 100nm 
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Figure 6.1. TEM images of the cross sections of the coatings resulted from Runs #2 

and #3 

 

 
Figure 6.2. TEM/ EDS elemental mapping of the coating resulted from Run #2  

 

 

More information about the chemistry of the coatings is obtained with XPS, for the 

films grown on high purity aluminium substrates.  The films on LM6 and LM25 

substrates are not used for this analysis to avoid potential interferences, such as 

contribution from silicon, magnesium and sodium to the spectra, or the coating 

irregularity caused by the inhomogeneous phase structure of the alloys.  Spectra of a 

TiN coating produced in a commercial PVD rig have also been collected as a 

reference.  Narrow scans of the Ti 2p and N 1s regions (Figure 6.3) are used to 

identify the chemistry of the films.   The line shapes of the Ti 2p and N 1s peaks in 

titanium nitride compounds have been studied and reported extensively in literature 

[109].  The identification of the deconvoluted peaks in Figure 6.3 is presented in 

Table 6.1. 

Pt Au

Al Si

Ti N O

Secondary
Electron 
Image 
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`

 
 

Figure 6.3.  XPS narrow scans of the Ti 2p and N 1s regions of IAD grown TiN films. 
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Table 6.1. Identification of the deconvoluted peaks in Figure 6.3. 

Peak # 

 

Binding Energy 

Corrected (eV) 

Core Level Compound Reference 

1 465.4 ± 0.1 Ti 2p 1/2 TiO2 [109] 

2 464.3 ± 0.1 Ti 2p 1/2 Ti2O3 [109] 

3 463.0 ± 0.3 Ti 2p 1/2 TiOxNy [109] 

4 461.6 ± 0.2 Ti 2p 1/2 TiN [109] 

5 460.2 ± 0.1 Ti 2p 3/2 TiO2 [109] 

6 458.6 ± 0.1 Ti 2p 3/2 Ti2O3 [109] 

7 457.0 ± 0.3 Ti 2p 3/2 TiOxNy [109] 

8 455.7 ± 0.2 Ti 2p 3/2 TiN [109] 

9 400.3 ± 0.1 N 1s N – O [110] 

10 398.8 ± 0.3 N 1s Free N in 

interstitial sites 

[109] 

11 397.4 ± 0.1 N 1s TiN [109] 

12 396.4 ± 0.1 N 1s TiOxNy [109] 

 

 

The ratios of nitride and oxynitride species over total content of titanium or nitrogen 

are calculated from the respective narrow scan spectra.  The ratios between total 

titanium and total nitrogen are calculated from survey spectra of the films.  All these 

ratios are used to define the stoichiometry of titanium and nitrogen in the coatings as 

shown in Table 6.2 and Table 6.3.  Stoichiometry of oxygen in oxynitride is not 

calculated due to the peaks for oxynitride and oxides overlapping in the narrow scans 

of the O 1s region. 

 
Table 6.2. Calculation of Ti:N stoichiometry for TiN (excluding oxynitride) 

Run 
No. 

Ti nitride/  
Ti total 

(A) 

N nitride/  
N total 

(B) 

Ti total/  
N total 

(C) 

Ti nitride/  
N nitride 
(A*C/ B) 

Ref. 0.300 0.348 0.761 0.656 
1 0.155 0.259 1.242 0.745 
2 0.227 0.463 1.079 0.530 
3 0.296 0.348 0.910 0.773 
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Table 6.3. Calculation of Ti:N stoichiometry for TiOxNy (excluding nitride) 

Run 
No. 

Ti oxynitride/ 
Ti total 

(A) 

N oxynitride/ 
N total 

(B) 

Ti total/  
N total 

(C) 

Ti oxynitride/ 
N oxynitride 

(A*C/ B) 
Ref. 0.341 0.220 0.761 1.179 

1 0.206 0.448 1.242 0.571 
2 0.335 0.403 1.079 0.897 
3 0.321 0.466 0.910 0.627 

 

 

Vacuum conditions during deposition, and the corresponding characteristics of the 

films, are summarised in Table 6.4.  Better base vacuum, before leaking reactive 

nitrogen gas into the chamber, reduces the content of titanium oxides in the film.  Run 

#3 film has the lowest oxide content and the golden colour typical of TiN.  Run #1 

and Run #2 films have higher oxide content, resulting in darker greyish colour.  TEM/ 

EDS elemental maps of oxygen suggest that the oxide is evenly distributed across the 

film of Run #2.  Further examination of oxygen distribution in these samples has been 

carried out with DSIMS depth profiling (see Section 6.2). 

 

Table 6.4. Characteristics of the TiN coatings grown by IAD 

Run 

# 

Base vacuum 

(mbar) 

Thickness 

(nm) 

Ti oxide/  

Ti total  

Ti:N Stoichiometry 

Nitride Oxynitride 

1 6 × 10-6 110 0.639 0.745 0.571 

2 4 × 10-7 200 0.438 0.530 0.897 

3 2 × 10-8 20 0.383 0.773 0.627 

 

 

6.2. The interface between TiN films and aluminium substrates 
 

The sputtering rate in the DSIMS analysis is established by measuring the depth of the 

crater created by rastering a Cs+ beam over an area of 500 × 500µm.  The result 

obtained with the nano-indenter gives an average depth of 327nm for a crater 

resulting from an average current of 80nA over a period of 2000 seconds.  From these 

results, the sputtering rate is approximated at 2.1 × 10-3 nm/ (s.nA).  This rate is 
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higher than the rate of 2.7×10-4 nm/ (s.nA) achieved with O2
+ primary (Chapter 5), 

due to the heavier Cs+ ions used as the sputtering projectiles. 

 

DSIMS depth profiles of the TiN coatings on LM25 (Run #2) and on LM6 (Run #3) 

are shown in Figure 6.4.  The coating – substrate interface is at the point where the Al 

and Si profiles rise sharply.  Based on the DSIMS sputter rates and the time to reach 

the interface, the thicknesses of the films are estimated at approximately 200nm and 

20nm for Run #2 and Run #3 respectively.  These values are in agreement with the 

TEM measurements in the previous section. 

 

The oxygen signal is almost flat across the profile of the Run #2 coating, but there are 

two maxima in the O profile of the Run #3 coating.  The oxide content in Run # 2 

coating is high enough to cover the difference in the O profile.  In the case of Run #3, 

the oxygen absorbed at the TiN surface, and the native oxide at the substrate surface, 

are observed in the profile.  The profiles of Al, Si, Mg and Ti have higher intensities 

at those two O peaks due to the matrix effect that enhances their signals [111].  

Another factor attributing to the peaks in the Mg profile is surface segregation, which 

is stronger with the higher magnesium content of the LM25 substrate (discussed in 

Chapter 4). 

 

For LM25, there are gradual increases in the Al and Si profiles at depths from 131nm 

to 196nm (between 800s and 1200s of sputtering with 80nA current), before the sharp 

increase at the film/ metal interface.  There is no such slope for LM6, though it is 

noted that the Si profile rises faster than that of Al. 
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Figure 6.4. DSIMS depth profiles of TiN coatings on LM6 and LM25. 

 

 

The slopes in the case of LM25 are attributed to the inhomogeneous phase structure of 

the alloy.  Before the deposition of TiN, the substrate was coated with a Ti underlayer 

as a buffer layer to improve TiN bonding.  The process enriched both Ti and N at the 

interface causing the peaks in the profile.   Topography of the substrate surface also 

affects the interface.  Softer primary aluminium areas are preferentially removed in 

comparison to harder silicon particles during polishing steps.  The silicon particles left 
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on the surface maintain the height of the eutectic regions around them.  The elevated 

areas interlace with deposited TiN/ TiO2 as schematically sketched in Figure 6.5. 

 

 
Figure 6.5. Schematic of the interface between a TiN coating and a substrate of an 

aluminium casting alloy 

 

 

In LM6, there are significantly fewer primary Al dendrites and more silicon particles 

due to the higher silicon content (12.25 wt. % versus 7.13% of LM25).  As a result, 

the preferential removal of Al is not clearly observable.  The inhomogeneous phase 

structure of the alloy still contributes to the sharper rise of the Si profile compared to 

that of Al.  There was also no titanium buffer layer in Run #3, resulting in no peaks in 

the Ti and N profiles at the interface. 

 

The evidence of silicon particles exposed on the substrate surfaces is obtained by 

SEM/ EDS (Figure 6.6).  The topography in Figure 6.5 is observed by profile 

scanning with the nano-indenter for the coatings on the casting alloys (Figure 6.7).  

The coatings on high purity aluminium substrate do not have such topography.  The 

relative dimensions of the particles and their elevation do not allow a clear 

observation of these phases with the TEM. 

 

TiN/ TiO2 film 
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Al 
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Gradual slope in
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Si particle
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Figure 6.6. SEM images showing Si particles exposed on the substrate surfaces 
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Figure 6.7. Topography of the TiN coatings on different substrates. 

 

 

6.3. The adhesion between TiN films and aluminium substrates 
 

Scratch tests by nano-indentation have been used to measure critical loads, which 

cause failure in the adhesion of coatings [91, 93, 112].  However, the coatings in this 

study are too thin to cover the microscopically rough surfaces of the LM6 and LM25 

substrates.  Consequently, a high level of noise is recorded in the plots of normal 

loads applied on the samples, hindering the determination of critical loads for these 

coatings.  The adhesion is therefore only tested qualitatively.   

 

When the load is increased from 0 to 10mN over 50s and 500µm, failure is observed 

for the coating on high purity aluminium, but not for the one on LM25 (Figure 6.8).  

The stronger bonding between the coating and the alloy is attributed to the mechanical 

interlocking observed at the interface between them.  Similar tests done on LM6 give 

mixed results.  Whilst the inhomogeneous phase structure exists for LM6, the 

substrate – coating interlocking is not as strong as in the case of LM25.  This 

observation agrees with the characterisation of the interface in Section 6.2. 
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Figure 6.8. Scratch lines on the coatings (Run #3) on high purity aluminium (above), 

and on LM25 

 

 

It has been reported that the presence of magnesium in the oxide layer of aluminium 

alloys reduced the adhesion with other materials [113].  However, in this case it 

appeared that the mechanical effect outweighed the influence of surface segregated 

magnesium. 
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6.4. Summary and discussion 
 

TiN films have been grown by IAD on various substrates as a probe of the film 

substrate interface.  While the deposition conditions affect the chemistry of the 

coatings, substrate surface conditions also determine how well bonding is achieved 

between film and substrate.   

 

The composition and microstructure of the interface region in particular was 

determined by cross-sectional TEM, XPS and DSIMS.  Titanium nitride, oxynitride 

and oxides are detected in the films with various concentrations depending on the 

deposition conditions. Better base vacuum in the deposition chamber, before the 

introduction of reactive nitrogen, results in lower oxide content in the coatings.  

However, this base vacuum does not notably affect Ti:N stoichiometry, which varies 

from 0.530 to 0.773 for titanium nitride and from 0.571 to 0.897 for titanium 

oxynitride.  The slightly higher Ti ratio in oxynitride reflects the reactive nature of the 

metal, which can be partially oxidised before the nitridation. 

 

Adhesion is improved by the mechanical interlocking between the coating and its 

substrate.  The relatively harder silicon particles exposed on the surface of substrate 

makes the surface uneven after grinding and polishing.  This relatively rough 

topology due to the phase separated nature of the alloys provides improved adhesion 

to the coatings.  The influence of surface segregated Mg and its oxide in modifying 

the chemical interaction with the coating is overridden by this mechanical effect. 
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Chapter 7. SURFACE PROPERTIES AND 

COATING APPROACHES ON 

ALUMINIUM AND ALUMINIUM BASED 

CASTING ALLOYS 
 

 

Aluminium metal is an essential commodity for various industries and applications, 

and its surface behaviour is of significant practical importance. Thus such surfaces 

have been the subject of extensive studies by surface analytical techniques.  

Historically this has been dominated by X-ray photoelectron spectroscopy, but more 

recently, the use of secondary ion mass spectrometry has offered new insights.  

Studies of surface oxides and hydroxides of aluminium by TOF-SIMS have raised 

interest in the origin of large cluster ions, observed well beyond 2000 Daltons in the 

sputtering of such surfaces.  Most of the fragment ions observed, especially in the 

spectrum of negative secondary ions at higher masses, are relatively simple, being net 

singly charged (based on stoichiometry) combinations of Al, O and OH [25, 26].  

Understanding of how these fragment ions arise in the SIMS analysis can lead to new 

understanding of the nature of these surfaces and guide preparation methods for the 

very near surface region of relatively ionic systems such as metal oxides and 

hydroxides. 

 

As mentioned in Section 2.1.2, there is limited literature on the origin of large 

secondary fragment ions for inorganic materials.  All the ion formation models have 

been developed for organic materials or for small and simple inorganic fragments.  To 

address this point, aluminium hydroxide has proven useful due to its regular layered 

structure, and the presence of interlayer hydrogen bonding [114].  Indeed this 

relatively weak interlayer bonding provides a common mechanism for the failure of 

adhesion to aluminium surfaces exposed to moisture. In this respect aluminium 

hydroxide resembles some of the clay mineral structures.  The pillaring of such clays 

where the layers are propped apart, is well-known [115].  This study applies the 

pillaring process used successfully in expanding the basal spacing of sodium 
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bentonite clays [95-97] to gibbsite powder and bayerite on metal surface.  A similar 

strategy has been applied in the intercalation of layered double hydroxides (LDH) 

[116-118].   

 

The effect of hydrogen bonds on relative abundance of repeating fragment ions for 

gibbsite is similar to that of the reaction sites between Si-H and surface Si-OH on the 

spectra of poly(methyl hydrogen siloxane) as described in Reference [28].  However, 

the regularly layered structure of gibbsite also enables the examination of the 

contribution of multilayer sampling. 

 

Chemical, mophological and structural changes of the modified gibbsite have been 

studied to explain the variation of repeating fragments in the TOF-SIMS spectra.  

Results suggest that these families of secondary ions arise from cleavage of fragment 

“islands” which are quite sensitive to segregation effects in the upper layers of oxide/ 

hydroxide films on alloy surfaces.  This suggests possible routes to enhance the 

chemical bonding and mechanical interlocking when coatings are applied to these 

surfaces.  This also explains some of the interfacial properties observed with titanium 

nitride coatings of aluminium casting alloys as discussed in Chapter 6. 

 

 

7.1. Chemical, morphological and structural changes of modified 

gibbsites 
 

Gibbsite powder has been modified with NaOH and base-hydrolysed solutions of 

FeCl3; details of the modification are described in Chapter 3 (Section 3.2.4).  There 

are considerable changes in chemistry, morphology and structure of the powder after 

such modification. 

 

7.1.1. Chemical changes 

 

The XPS survey scan shows the concentration of Na in the Fe-modified gibbsite is 

lower than that in the original, even though NaOH is involved heavily during the 

modifying process (Figure 7.1).  The drop is attributed to the dissolution of surface Na 
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species, which are the dominant impurity in industrial gibbsite [119], by the pillaring 

solution.  The molar ratio of NaOH:FeCl3 of 2.5:1 prevents the precipitation of 

Fe(OH)3.  Instead, it forms a base-hydrolysed solution of polycations capable of 

dissolving the Na species. 
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Figure 7.1. XPS survey spectra of Fe-modified gibbsite (lower) and the original 

 

 

XPS narrow scans (Figure 7.2) were examined after correcting the binding energy of 

adventitious C 1s to 285eV.  Deconvolution of Al 2p peaks confirms the integrity of 

gibbsite with the dominant component Al(OH)3 observed at 74.46eV.  The peaks in 

Figure 7.2 suggest the presence of Fe2O3 at binding energies 529.97eV and 710.99eV 
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for O 1s and Fe 2p3/2 respectively [120].  In the O 1s envelop, there are probable 

overlapping peaks of Al(OH)3, of oxygen from surface contamination and of FeCO3 

at binding energy 532 eV.  The presence of FeCO3 is also evidenced at binding energy 

714.5 eV for the Fe 2p3/2 core level [121].  When the polycationic intercalates are 

oven dried, they convert to Fe2O3, but not the rigid oxide pillars achieved through 

calcination [95, 96].  The drying in air also allows the formation of carbonate from 

atmospheric carbon dioxide. 

 

 
Figure 7.2. XPS O 1s and Fe 2p narrow scans of Fe-modified gibbsite 

 

 

7.1.2. Morphological changes 

 

The original gibbsite particles are mainly in the form of intergrown aggregated blocks 

(Figure 7.3a).  This morphology changes slightly after suspension in NaOH.  The 

change is more obvious after the modification by the Fe-based pillaring solution.  

Modification with NaOH reduces the grains from approximately 100μm to between 

10 and 50μm (Figure 7.3b).  Fe-modified gibbsite has similar grain size to that Na-

modified, but the platelet form is much more dominant (Figure 7.3c).  At high 

magnification, the layered structure of the modified gibbsites is clearly observed.  

This morphology has been observed for deintercalated binary aluminium-lithium 

hydroxide [117].  Such a resemblance suggests that the modified gibbsite in this study 
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has been deintercalated during wash cycles. The deintercalation is facilitated by the 

dilution of residual base-hydrolysed solution in the crystal with excess water. 

 

 

 
Figure 7.3. SEM images of (a) original; (b) Na-modified; (c) Fe modified gibbsites 

 

 

a

b 

c 
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7.1.3. Structural changes 

 

The powder diffraction data obtained by conventional XRD (Figure 7.4a) show a 

significant increase in preferred orientation in the [001] direction after the 

modification.  This preferential orientation agrees with the SEM observation of 

morphological transformation from randomly aggregated particles to parallel stacked 

plates.  As the sample is rotated while data were being collected in the synchrotron 

powder diffraction beam line, the observed preferential orientation is reduced (Figure 

7.4b).  The high intensity diffractograms from the synchrotron powder diffraction 

beam line emphasise the higher background of modified gibbsite powder due to its 

smaller particle sizes.  The difference in 2θ positions of the peaks from Figure 7.4a to 

Figure 7.4b is caused by the different wavelengths used in each case (1.5406Ǻ and 

1.0007Ǻ respectively). 

 

Rietveld refinement of synchrotron diffraction data was carried out using the FullProf 

Suite [122] with at least 36 fitted parameters.  The refinement results are presented in 

Figure 7.5 and Table 7.1.  While unit cell parameters are essentially unchanged, the 

positions of oxygen atoms vary.  The situation can be attributed to the sequence of 

intercalation and deintercalation of iron atoms into the spacing between octahedral 

layers.  During the intercalation stage, foreign iron ions interfere with the hydrogen 

bonds between the layers.  When the structure is deintercalated, octahedral layers 

connect back to each other and packing defects are introduced into the lattice.  In each 

unit cell, the external size is largely preserved, but oxygen atoms do not precisely go 

back to their original positions due to lateral movements.  The observation of similar 

packing defects has been reported for gibbsite modified by lithium chloride salts [117, 

123]. 
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Figure 7.4. XRD spectra of original and Fe-modified gibbsites  

(a) by conventional XRD; (b) by synchrotron powder diffraction beam line 

 

a 

b 
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Figure 7.5. Rietveld refinement results of synchrotron diffraction data 
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Table 7.1. Summary of the Rietveld refinement results of gibbsites 

Parameter Original gibbsite Fe-modified gibbsite 

Unit cell parameter a (Ǻ) 8.671 8.670 

Unit cell parameter b (Ǻ) 5.070 5.070 

Unit cell parameter c (Ǻ) 9.724 9.722 

Monoclinic angle β (°) 94.554 94.537 

Atom position Al1 (x; y; z) 0.166; 0.528; 0.999 0.167; 0.530; 0.999 

Atom position Al2 (x; y; z) 0.333; 0.024; 0.998 0.333; 0.024; 0.998 

Atom position O1 (x; y; z) 0.178; 0.221; 0.888 0.180; 0.215; 0.884 

Atom position O2 (x; y; z) 0.668; 0.655; 0.899 0.669; 0.654; 0.900 

Atom position O3 (x; y; z) 0.499; 0.132; 0.896 0.500; 0.129; 0.895 

Atom position O4 (x; y; z) 0.979; 0.635; 0.894 0.981; 0.634; 0.896 

Atom position O5 (x; y; z) 0.299; 0.716; 0.892 0.296; 0.720; 0.896 

Atom position O6 (x; y; z) 0.820; 0.148; 0.902 0.820; 0.151; 0.902 

 

 

7.2. The repeating fragments in TOF-SIMS spectra 
 

The observation of very large molecular ions in the TOF-SIMS spectrum of gibbsite 

has been previously reported and discussed [24-27].  The modification to gibbsites in 

this study clearly varies the repeating pattern of those fragment ions.  The spectrum of 

the initial gibbsite (Figure 7.6) differs from that of the Na-modified, (Figure 7.7) and 

Fe-modified (Figure 7.8) gibbsites.  Simplification in the repeating patterns of ions 

from the modified gibbsites becomes obvious from masses 200 Daltons upwards.   In 

the original gibbsite, there are intermediate peaks between the two major families 

(Al2O3)xOH- and (Al2O3)xAlO2
-.  Those intermediates are significantly less apparent 

for the Na-modified gibbsite and almost disappear for the Fe-modified powder.  This 

is attributed to the impact of intercalating ions in weakening the hydrogen bonds in 

the interlayer spacing between the hydroxide layers. 

 

In the original gibbsite, hydroxide layers are aggregated with random particle 

orientation and relatively strong hydrogen bonds between hydroxide layers.  The 

transformation of favourable secondary clusters into the two major families is 
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discussed in References [25, 26].  Several families of less prominent secondaries 

register in three groups of intermediate peaks between the two repeating dominant 

families outlined above.  The higher hydrogen contents of these intermediate 

secondaries suggest they originate from the sampling of multiple octahedral layers.  

 

The layered hydroxide film is manipulated by intercalation and deintercalation of 

metal ions between the octahedral layers of the gibbsite Al(OH)3 structure.  The 

relatively strong hydrogen bonding between the sheets is affected, leading to changes 

in the mass spectrum at higher masses which can be attributed to the limiting of 

sampling of layers below the uppermost octahedral sheet. 

 

After being modified by the Fe-based pillaring solution, gibbsite particles turn into 

well ordered stacks which contain packing defects [117].   In this case, the less 

favourable secondaries from multilayer sampling are very limited.  Na-modified 

gibbsite behaves somewhat in between, though closer to the Fe-modified powder, 

presumably as hydrogen bonds have been weakened by intercalation.  Schematics for 

the origin of these repeating fragments are proposed in Figure 7.9. 
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Figure 7.6. TOF-SIMS spectrum of original gibbsite with clear intermediate peaks 

H2O(Al2O3)10AlO2
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H2O(Al2O3)11OH
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Figure 7.7. TOF-SIMS spectrum of Na-modified gibbsite showing weaker 

intermediate peaks 
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Figure 7.8. TOF-SIMS spectrum of Fe-modified gibbsite showing insignificant 

intermediate peaks 
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Figure 7.9. Schematic of proposed origins of repeating fragments in TOF-SIMS 

spectra of gibbsite  
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In the first group of the schematic, large repeating fragments (Al2O3)xOH- and 

(Al2O3)xAlO2
- are generated from single layers.  There could also be contribution 

from more than one layer, but such contributions should diminish after the 

modification, which disrupts hydrogen bonds between layers and introduces packing 

defects.  The second group of repeating fragments consists of H2O(Al2O3)xOH-.  As 

the hydrogen bonds are weakened by NaOH treatment, the probability of forming this 

group is reduced.  The insertion of Fe2O3 between the hydroxide layers and packing 

defects upon intercalation lowers the presence of this group even further.  With two 

hydrogen bonded segments included in the secondaries, the third group of 

(Al2O3)xAl2O3 and H2O(Al2O3)xAlO2
- is not significant, even for the Na-modified 

gibbsite.  Statistically, the second and third groups of repeating fragments are still 

possible in Fe-modified gibbsite, but their intensities are sufficiently weak so as not to 

be observed above the spectral noise.   

 

 

7.3. Surface modification by ion bombardment 
 

A similar modification approach was taken with the hydroxylated surfaces of high 

purity aluminium and LM6 casting alloy.  TOF-SIMS analysis of these surface shows 

significant changes in the repeating patterns.  Additional repeating peaks appear in the 

spectra while one of the primary repeating fragment families disappear. 

 

The hydroxylated surface of high purity aluminium produces TOF-SIMS spectra 

similar to those of Fe-modified gibbsite powder.  The absence of the third group of 

repeating fragments (discussed in Section 7.2) is attributed to the orderly arrangement 

of bayerite layers on the metal surface.  While gibbsite particles need to be modified 

to break their aggregated form and achieve the morphology of discrete stacked 

platelets, the metal surface can provide a flat substrate for the growth of largely 

parallel hydroxide layers.  The Fe-modification of this hydroxylated surface 

introduces peaks of iron species into the spectra.  These peaks interlace with the main 

families (Al2O3)xAlO2
- and (Al2O3)xOH- of repeating fragments (see Figure 7.10).  

Sputtering the surface with Cs+ removes the iron species introduced to the surface, 

and thus weakens the intensities of iron containing fragments.  A similar observation 
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has been reported for aluminium surface enriched with magnesium due to surface 

segregation [25].  The modification also increases the sputtering rate of surface 

bayerite.  After 40 seconds of Cs+ sputtering, the family of (Al2O3)xOH- peaks is still 

strong in the spectrum of the hydroxylated surface, but much weaker in that of the 

hydroxylated and modified surface (see Figure 7.11).  The reduction of (Al2O3)xOH- 

peaks suggests that the underlying oxide region has been exposed. 

 

The increased sputtering rate of the hydroxylated surface after modification is 

associated with the three new peaks that appear in Figure 7.10.  These peaks belong to 

a new family of repeating fragments, which are separated by 168 Daltons (see Figure 

7.13).  The separation of 168 Daltons corresponds to AlFe(OH)5, as opposed to Al2O3 

(102 Daltons) of the previous families.  This new family is indentified as 

[AlFe(OH)5]x AlFe2O2(OH)2.  There are two other groups repeating at the same 

interval – [AlFe(OH)5]x AlFeO3H4 and [AlFe(OH)5]x Fe3O4H, but they are not 

significant at masses higher than 500 Daltons.  Each member of the new families 

includes three to four peaks with the isotopic signature of iron species, based on their 

relative intensities and mass separation.  All these new families of repeating peaks are 

not observed in the spectra of the unmodified hydroxylated surfaces, or in those of 

modified gibbsite powders. 

 

The presence of fragments with mass separation of AlFe(OH)5 indicates the 

incorporation of iron hydroxide with surface bayerite.  Such incorporation suggests 

that the deintercalation discussed in Section 7.1.3 is not complete for modified surface 

bayerite.  Consequently, the bonding between octahedral layers of aluminium 

hydroxide is altered to cause the disappearance of (Al2O3)xOH- group and the increase 

in sputter rate of surface bayerite. 
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Figure 7.10. The effect of sputtering by Cs+ on repeating patterns of hydroxylated and 

modified surface of high purity aluminium 

(a) Before sputtering 

(b) After sputtering for 10s 

(c) After sputtering for 40s 

New peaks appear 
after sputtering 
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Figure 7.11. TOF-SIMS spectra of hydroxylated surface of high purity aluminium 

before and after sputtering 

 

Before sputtering 

After sputtering for 10s 

After sputtering for 40s 

 Remaining (Al2O3)xOH- 
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Figure 7.12. TOF-SIMS spectra of hydroxylated and modified surface of high purity 

aluminium before and after sputtering 

 

 

Before sputtering 

After sputtering for 10s 

After sputtering for 40s 

 Disappearing (Al2O3)xOH- 
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Figure 7.13. TOF-SIMS spectrum of hydroxylated and modified surface of high 

purity aluminium showing new families of repeating fragments 
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TOF-SIMS spectra of the hydroxylated LM6 surface resemble those of the 

unmodified gibbsite powders.  Bayerite layers grown on this surface are discontinuous 

due to the inhomogeneous phase structure and elevated number of silicon particles 

which project from the alloy surface.   The interupted bayerite layers are not as well 

ordered as those on the surface of pure aluminium, leading to the formation of all of 

the repeating peak groups discussed in Section 7.2.  However, this disorder also 

facilitates the removal of surface hydroxide through sputtering by Cs+.  As a result, 

the peaks of the (Al2O3)xOH- family disappear rapidly in the spectra of sputtered 

surfaces (Figure 7.14). 

 

The hydroxylated surface of LM6 shows similar behaviours to that of high purity 

aluminium after being modified by the base-hydrolysed solution of FeCl3.  It is 

observed that the (Al2O3)xOH- family also disappears after sputtering (Figure 7.15) 

and the new families of iron-related repeating fragments appear with higher intensities 

(Figure 7.16).  Stronger iron peaks are attributed to the discontinuity and less prefered 

orientation which enhances penetration of iron hydroxides to more areas of surface 

bayerite. 

 

The analysis of LM6 surfaces also reveals a preferential removal of aluminium 

species over those of silicon.  There is a lack of expected repeating fragments of 

silicon species [24] for an alloy with 13% weight of silicon. As aluminium species 

yield repeating peaks with higher intensities over a long range of mass under Bi3
+ 

bombardment, they are apparently sputtered at a higher rate than silicon species under 

these conditions. 
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Figure 7.14. TOF-SIMS spectra of hydroxylated surface of LM6 casting alloy before 

and after sputtering 
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Figure 7.15. TOF-SIMS spectra of hydroxylated and modified surface of LM6 casting 

alloy before and after sputtering 
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Figure 7.16. TOF-SIMS spectrum of hydroxylated and modified surface of LM6 

casting alloy showing new families of repeating fragments 
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The preferential removal of alumnium species is also evidenced in SIMS imaging of 

these surface (Figure 5.14).  When the LM6 specimen is sputtered to remove its native 

oxide, the intensity of the oxygen signal associated aluminium weakens while that 

associated with silicon remains high.  After five hours of slow re-oxidation in high 

vacuum, the oxygen signal becomes uniform across both primary aluminium and 

eutectic Al-Si phases, as the oxide film progressively homogenises over the whole 

area.  The preferential sputtering observed appears to contradict literature report and 

needs further investigation. 

 

Following surface preparation, silicon particles stand proud of the surface because 

softer aluminium is removed more during the grinding and polishing steps.  Thus in 

SIMS analysis, with the primary beam impacting at an oblique angle, the height 

difference should have favoured the removal of silicon oxides, rather than the 

aluminium oxides in the shadowed valleys.  Previous works also reported that the 

sputter rate of silicon oxide is higher than that of aluminium oxides, even though 

those of respective metals are in reverse order [124].  The preferential removal of 

aluminium found in this study is explained by the cleavage of octahedral layers of 

surface hydroxide or boehmite.  The layered structure of those aluminium compounds 

can be modified by base-hydrolysed solutions of metal salts to further improve the 

cleavage.  Once the metal layer is exposed to primary Cs+, the yield of aluminium 

metal is comparable to that of silicon oxide [124]. 

 

 

7.4. Characterisation of surface species using repeating fragments 
 

Relative abundance of repeating fragments in the (Al2O3)xAlO2
- family has been 

plotted in a similar manner to that reported earlier [26].  In this study, raw intensities 

are used and the mass range is extended to over 3000 Daltons.  The use of raw 

intensities is different from the common practice which normalise the intensities to 

that of a dominant species to mitigate the fluctuation in absolute intensities due to 

changing collection conditions between runs.  In this study, a large variation in raw 

intensities was observed, even though collection conditions were maintained as 

consistently as possible.  To analyse the slopes of relative abundance distribution, 
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trendlines are fitted for the data points following exponential law, using built-in 

Microsoft Excel functions.   

 

The plots for original and modified gibbsite powders shows a consistency in chemical 

speciation (see Figure 7.17).  The significantly different intensities collected from 

different powders suggest that the sampling regions are different.  The original 

gibbsite has the lowest intensity due to its intergrown morphology, which promotes 

sampling from multiple layers, but restrict the abundance of those fragments.  The 

powder modified by NaOH has the intensity of one order of magnitude greater as a 

result of the platelet morphology and the loosened inter layer bonding.  In the case of 

Fe-modified gibbsite, the lower intensity compared to that of NaOH-modified gibbsite 

is attributed to the deintercalation which reduces the “lift-off” from the sampled layer. 

 

 
Figure 7.17. Exponentially fitted trends of abundance of (Al2O3)xAlO2

- fragments for 

gibbsite powders 

 

 

The plot of original gibbsite powder is compared with those for metal surfaces in 

Figure 7.18.  Similar slopes are observed for all the plots, except for the hydroxylated 

and modified surfaces of high purity aluminium.  This suggests that the homogeneity 

of the aluminium surface affects the modification of bayerite, and thus increases the 

“lift-off” rates. 
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Figure 7.18. Exponentially fitted trends of abundance of (Al2O3)xAlO2

- fragments for 

gibbsite powder (unmodified) and the hydroxylated and modified surfaces of high 

purity aluminium and LM6 alloy (before sputtering) 

 

 

The plots for the hydroxylated surfaces of high purity aluminium are presented in 

Figure 7.19 and Figure 7.20, without and with modification respectively.  The 

variation of negative slopes of the trend lines for unmodified hydroxylated surface is 

relatively small in 40 seconds of sputtering.  However, a clearer trend is observed for 

the modified surface to suggest changes in composition as the surfaces were 

sputterred.  The sputtered surface has lower hydroxide content as eveidenced by the 

disappearance of the (Al2O3)xOH- repeating fragments (see Section 7.3).  However 

this composition does not agree with the reported finding (Figure 2.3), where the 

negative slope for sapphire Al2O3 is steeper than that of gibbsite Al(OH)3 [26].  The 

difference is attributed to the presence of both hydroxide and oxide species. 

 

It has been noted in Figure 7.18 that the slope corresponding to the hydroxylated and 

modified surface of pure aluminium before sputtering stands out of the group.  This is 

explained by the intercalation of iron oxide into the interlayer spacing between large 

undisrupted hydroxide layers.  Such intercalation improve the generation of higher 

mass fragments of the (Al2O3)xAlO2
- family at the expense of the lighter ones.  

Similar improvement is also observed for the (Al2O3)xOH- family.  These relative 
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intensities are observed on the surface of hydroxylated and modified pure aluminium 

(Figure 7.12), but not in any other samples.  After sputtering, the (Al2O3)xOH- family 

is reduced but the intercalation effect strengthens on the (Al2O3)xAlO2
- family.  This is 

due to the combination of the layered structure favourable for “lift-off” and the 

availability of (Al2O3)xAlO2
- fragments. 

 

A similar situation is observed on the surface of hydroxylated LM6 alloy (Figure 

7.21).  After 40 seconds of sputtering, the layered structure of bayerite is boosted by 

the availability of (Al2O3)xAlO2
- fragments to produce the less negative slope for the 

fitted trend line.  However, the Fe-modification contributes to the rapid and almost 

complete removal of bayerite on this surface.  As a result, the lines for the sputtered 

surface are slightly steeper compared to that of the surface before sputtering.  This 

relative order agrees with that reported in Reference [26].   

 

 
Figure 7.19. Exponentially fitted trends of abundance of (Al2O3)xAlO2

- fragments for 

hydroxylated surface of high purity aluminium – before and after sputtering 
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Figure 7.20. Exponentially fitted trends of abundance of (Al2O3)xAlO2

- fragments for 

hydroxylated and modified surface of high purity aluminium – before and after 

sputtering 

 

 

 
Figure 7.21. Exponentially fitted trends of abundance of (Al2O3)xAlO2

- fragments for 

hydroxylated surface of LM6 alloy – before and after sputtering 
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Figure 7.22. Exponentially fitted trends of abundance of (Al2O3)xAlO2

- fragments for 

hydroxylated and modified surface of LM6 alloy – before and after sputtering 

 

 

7.5. Summary and discussion 
 

Gibbsite has been studied unmodified and following modification by base-hydrolysed 

solution of FeCl3, with a focus on the impacts of modifying interlayer bonding on the 

origin of molecular ions observed in the TOF SIMS spectra. These higher mass 

fragments extend as repeating fragments up to 3000 Daltons are readily classified into 

two distinct series up to of (Al2O3)29OH- and (Al2O3)29AlO2
-.  While the spectra of Fe-

modified gibbsite are dominated by these two major families of (Al2O3)xOH- and 

(Al2O3)xAlO2
- fragments, those of the original unmodified material exhibit an 

additional three groups of fragments assumed to arise from the sampling of multiple 

layers.  The difference is attributed to the intercalation and deintercalation of Fe2O3, 

which disrupts hydrogen bonds between hydroxide layers and affects their spacing.  

The morphology of the modified gibbsites also enhances the cleavage of the 

outermost octahedral layers, due to the breakup of the aggregated morphology of the 

original material. 
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Such cleavage of aluminium hydroxide layers under bombardment by energetic ion 

beams can preferentially remove the primary aluminium phases in aluminium casting 

alloys. As a result, the projection of silicon particles in the eutectic phase above the 

primary aluminium phase increases.  This height difference and the inhomogeneous 

nature of the oxide/ hydroxide coverage has a number of impacts when considering 

surface preparation to achieve optimal adhesion between aluminium casting alloy and 

coatings through chemical bonding and mechanical interlocking. 

 

Different compositions of the surfaces were also observed using the plots of 

abundance of repeating fragments in the (Al2O3)xAlO2
- family.  This method has 

proven to be consistent with the findings reported earlier [26], but provides 

considerably more detail as to the origin of such fragments and the structures from 

which they originate. 

 

As discussed in the previous chapter, the adhesion between the coatings considered 

here and aluminium casting alloys is affected more by mechanical effects than 

chemical.   However, chemical effects on these surfaces do significantly affect the 

influence of the modification methods discussed in this chapter.  Thus the phase 

separated nature of the surface and the way that minor element segregation affects 

these phases, interact to produce both the chemical and physical bonding with such 

coatings.   

. 
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Chapter 8. CONCLUSIONS 
 

 

Aluminium alloys are materials of major practical importance.  Their surface oxides 

and hydroxides are critical in protecting the highly reactive underlying metal.  The 

stability and integrity of the oxides and hydroxides are also crucial in finishing and 

bonding applications which utilise the metal.  Therefore a better understanding of the 

behaviour of this surface, particularly in response to commercial metal treatments, has 

great implications in enhancing application.   

 

LM6 and LM25 aluminium – silicon casting alloys were studied in particular to better 

understand their surface properties and to look at pathways to extend their 

applications, especially with respect to improved surface finishing.  This is a 

challenging class of alloys because of their inhomogeneous phase separated structure.  

The surfaces were characterised, subject to thermal treatments and IAD coatings of 

TiN.  Various characterisation techniques, primarily based around the classical 

surface sensitive methods, were employed to examine these surfaces.  A new 

characterisation method for these surfaces was also studied based around the SIMS 

analysis of the layered structure of aluminium hydroxides. 

 

It was observed that the thermally induced surface segregation of minor elements, 

such as Mg and Na, in these alloys is availability-limited.  Surface concentrations of 

these elements are determined by the net effect of enriching via surface segregation 

and depleting through surface evaporation.  Practical equations to predict the surface 

concentration of Mg and Na in LM6 have been derived as: 
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Where, 

 C: concentration [wt. %]; 

 t: duration of thermal treatment [s]; 

 T: treating temperature [K]. 

 

 

The above equations estimate the average concentration on the surface, both laterally 

and perpendicularly, and can be applied for LM25 with different empirical 

coefficients.  However, the inhomogeneous phase structure of the casting alloys used 

in this study enables the observation of two migration processes driven by different 

forces.  Below the oxide dominated surface layer, the migration of Mg, primarily 

perpendicular to the surface, is driven by chemical potential gradient.  Because Mg is 

mostly found in the eutectic with Mg2Si intermetallics, this migration results in the 

alignment of segregated Mg with the eutectic phase.  Closer to the surface, 

concentration driven horizontal diffusion of the element occurs.  Na behaves in a 

similar manner and also associates strongly with the eutectic phase.  The location of 

Na is likely due to its role in the alloy as the Si modifier.   

 

A further critical consideration with the use of aluminium alloys in laminated and 

composite materials is the chemical nature of the surface to which bonding is 

attempted. A method has been developed in which the very near surface of hydroxide 

capped oxide on coated alloys can be examined.  The method was based upon the 

study of how repeating fragments in TOF-SIMS spectra of aluminium oxide and 

hydroxide originate.  The origin of the molecular ions observed as these repeating 

fragments affects their relative abundance, which can be applied in characterising the 

surface of aluminium and its alloys.  Studies of a gibbsite powder and a bayerite layer 

on a metal surface, before and after the intercalation into their layered structure, 

suggested that the strength of the interlayer bonding can be modified in this way and 

that cleavage of large sections of the outermost octahedral layers occurred under 

bombardment by energetic particles.   

 

When the relative abundance of repeating fragments in the (Al2O3)xAlO2
- family is 

plotted versus their masses, the slopes of their exponentially fitted trend lines can be 

correlated to the surface chemistry.  Even though absolute values of the slopes depend 
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upon specific experimental conditions, the slopes for aluminium hydroxide species 

are found to be less negative than those for oxides.  The difference is attributed to the 

readily available (Al2O3)xAlO2
- fragments at lower masses for oxides, and the easily 

cleaved intact fragments of the octahedral layers at higher masses for the hydroxides.  

Studying the aluminium surface with this approach can also eliminate the inherent 

charging problems found in most surface sensitive characterisation techniques. 

 

The layered structure of the hydroxides of aluminium also presents an interesting 

opportunity for a novel surface modification approach.  TiN films were grown by IAD 

on these casting alloys as a probe of the film substrate interface.  While the deposition 

conditions affect the chemistry of the coatings, substrate surface conditions determine 

how well bonding is achieved between the film and the substrate.  Adhesion was seen 

to be improved by the mechanical interlocking between the coating and its substrate.  

The microstructure of these casting alloys provides a microscopically rough 

topography to promote the interlocking, and thus adhesion, of the coatings.  

Furthermore the effect of ion bombardment, as is used in some PVD techniques can 

aid in surface preparation by “lifting-off” large fragments of octahedral layers from 

surface hydroxides. Such a cleavage of aluminium hydroxide layers can preferentially 

remove the primary aluminium phases in aluminium-silicon casting alloys. As a 

result, the height of silicon particles in the eutectic phase over the primary aluminium 

phase increases.  This height difference can be controlled by varying the bombarding 

dose, time and incident angle, to achieve a surface with optimal adhesion between the 

aluminium alloy and coatings through mechanical interlocking. 
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APPENDIX A – Plasmon peaks and the 

quantification of XPS data for aluminium – 

silicon alloys 
 
 
Under the irradiation of an X-ray source, electrons are emitted from material with 

characteristic energy.  On the way through the solid, they also excite other electrons, 

which in turn may do the same to other electrons.  This side effect is significant when 

the subsequently excited electrons have high mobility.  The most favourable condition 

is achieved on clean pure metal surfaces, where there is abundance of conduction 

electrons and those electrons are not restrained by contamination.  The XPS spectrum 

of such surfaces has a pattern of repetitive peaks next to the main peak.  As a result of 

the energy loss during the subsequent excitation, the repetitive peaks appear on the 

side of lower kinetic energy (higher binding energy) to the main one, with lower 

intensities, and at constant intervals (characteristic of the material).  These repetitive 

peaks are called energy loss peaks, or plasmon peaks. 

 

For materials with high metal content, the first plasmon peaks may be strong enough 

to confuse with the existence and/ or content of other elements in XPS survey scans 

with low energy resolution.  In the case of Al-Si alloys, the confusing positions of the 

plasmon peaks are listed in Table A.1.  In the table, plasmon 1 means the first 

plasmon peak next to the main peak, and so on.  It is noted that Si and Al are rather 

easily confused due to the positioning of these transitions.  Fortunately, the slight 

difference in their binding energy (BE) – approximately 2.5eV positive shift from Al 

2p plasmon 2 to Si 2p, and 2.5eV negative shift from the Al 2s plasmon 2 to Si 2s – 

can be distinguished.  Besides, whilst S 2p happens to be around the Al 2s plasmon 3, 

the alternative S 2s can overlap Ar 2p (BE 242eV) if the sample is sputtered.  In such 

a case, the peak of S 3s (BE 16eV) may need to be used as a reference.    

 

To minimise confusion in these assignments, high purity Al and Si samples were 

analysed by XPS with the settings normally used in this study.  The samples were 
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sputtered progressively using an Ar ion gun to remove the native oxide on their 

surfaces and reveal the plasmon peaks. 

 

Table A.1. Potentially confusing positions of Al and Si plasmon peaks  

Peak Approximate 

BE (eV) 

Possible peak 

overlaps 

Peak to check for 

overlapping element 

Al 2p 71.8 - - 

Al 2p plasmon 1 87.3 Au 4f, Sn 4p Au 4d, Sn 3d 

Al 2p plasmon 2 102.5 Si 2p, Mg 2s Si 2s, Mg 2p 

Al 2s 117.0 - - 

Al 2s plasmon 1 132.5  Sr 3d, P 2p Sr 3p, P 2s 

Al 2s plasmon 2 148.0 Si 2s Si 2p 

Al 2s plasmon 3 163.5 S 2p S 2s 

Si 2p 99.0 - - 

Si 2p plasmon 1 116.5 Be 1s N/A 

Si 2p plasmon 2 133.5  Sr 3d, P 2p Sr 3p, P 2s 

Si 2s 150.5 - - 

Si 2s plasmon 1 167.5 Er 4d Er 4p 

Si 2s plasmon 2 184.5 Zr 3d Zr 3p 

 

 

The XPS patterns of Al and Si with their plasmon peaks are in Figures A.1 and A.2.  

The other peaks in these survey scans are caused by Ar from the sputtering process 

and O of residual oxides.  The narrow scans of the peaks are in Figure A.3 and Figure 

A.4 for Al and Si respectively. 

 

Table A.2 shows the relative positions and peak areas among the XPS peaks of pure 

Al.  To avoid the effect of contamination, spectra of the most highly sputtered 

surfaces (assumed to be the cleanest) are taken into account and averaged.  Similar 

data for pure Si are shown in Table A.3.  Because the Si 2s plasmon 2 is out of the 

range of the typical narrow scans used, a similar comparison was done using survey 

scans.  The results of this comparison are shown in Table A.4.  It was observed that 
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positions, areas and intensities of the plasmon peaks relatively to the main core level 

peaks are quite consistent across the scans.  

 
Pure Al wide scan - sputtered 1h
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Figure A.1. XPS survey scan of pure Al with plasmon peaks 



132 
 

Pure Si wide scan - sputtered 1h
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Figure A.2. XPS survey scan of pure Si with plasmon peaks 
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Pure Al sputtered 1h - high resolution scan
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Figure A.3. XPS high resolution scan of pure Al with plasmon peaks 
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Pure Si sputtered 1h - high resolution scan
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Figure A.4. XPS narrow scan of pure Si with plasmon peaks 
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Table A.2. Relative positions and areas of Al peaks 

 
Position - 
Raw (eV) 

Separation 
from Al 2p

Separation 
from Al 2s

FWHM 
(eV) Area 

Intensity 
(CPS) 

Ratio to 
main - 
Area 

Ratio to 
main - 

Intensity
         
Sputter 2700s         
Al 2p 71.80 0.00 -45.30 0.74 2322.81 2764.00 1.00 1.00 
Al 2p plasmon 1 87.00 15.20 -30.10 1.76 964.97 406.60 0.42 0.15 
Al 2p plasmon 2 102.50 30.70 -14.60 0.95 501.05 158.70 0.22 0.06 
Al 2s 117.10 45.30 0.00 1.12 3792.20 2425.00 1.00 1.00 
Al 2s plasmon 1 132.40 60.60 15.30 1.98 1600.53 629.30 0.42 0.26 
Al 2s plasmon 2 148.30 76.50 31.20 1.96 1075.39 274.20 0.28 0.11 
Al 2s plasmon 3 163.80 92.00 46.70 1.05 367.40 152.80 0.10 0.06 
         
Sputter 3000s         
Al 2p 71.80 0.00 -45.40 0.70 2248.12 2928.00 1.00 1.00 
Al 2p plasmon 1 87.50 15.70 -29.70 1.78 1039.11 434.60 0.46 0.15 
Al 2p plasmon 2 102.90 31.10 -14.30 0.95 398.45 164.90 0.18 0.06 
Al 2s 117.20 45.40 0.00 1.02 3679.73 2511.00 1.00 1.00 
Al 2s plasmon 1 132.60 60.80 15.40 2.44 1836.74 611.30 0.50 0.24 
Al 2s plasmon 2 148.00 76.20 30.80 1.64 894.67 247.10 0.24 0.10 
Al 2s plasmon 3 163.70 91.90 46.50 0.44 341.37 160.80 0.09 0.06 
     
Sputter 3300s         
Al 2p 71.80 0.00 -45.30 0.74 2285.23 2713.00 1.00 1.00 
Al 2p plasmon 1 87.50 15.70 -29.60 1.72 1163.50 479.40 0.51 0.18 
Al 2p plasmon 2 102.40 30.60 -14.70 0.26 242.79 166.10 0.11 0.06 
Al 2s 117.10 45.30 0.00 0.98 3872.97 2626.00 1.00 1.00 
Al 2s plasmon 1 133.00 61.20 15.90 2.20 1727.59 616.10 0.45 0.23 
Al 2s plasmon 2 148.00 76.20 30.90 2.21 743.34 271.00 0.19 0.10 
Al 2s plasmon 3 163.50 91.70 46.40 0.34 384.98 151.10 0.10 0.06 
         
Sputter 3600s         
Al 2p 71.90 0.00 -45.10 0.75 2278.46 2758.00 1.00 1.00 
Al 2p plasmon 1 87.30 15.40 -29.70 1.83 1058.67 438.10 0.46 0.16 
Al 2p plasmon 2 102.70 30.80 -14.30 1.17 460.00 184.60 0.20 0.07 
Al 2s 117.00 45.10 0.00 0.99 3743.20 2720.00 1.00 1.00 
Al 2s plasmon 1 132.80 60.90 15.80 2.39 1935.28 590.10 0.52 0.22 
Al 2s plasmon 2 148.20 76.30 31.20 1.62 1023.52 238.70 0.27 0.09 
Al 2s plasmon 3 163.00 91.10 46.00 0.96 446.51 119.80 0.12 0.04 
         
Average         
Al 2p 71.83 0.00 -45.28 0.73 2283.66 2790.75 1.00 1.00 
Al 2p plasmon 1 87.33 15.50 -29.78 1.77 1056.56 439.68 0.46 0.16 
Al 2p plasmon 2 102.63 30.80 -14.48 0.83 400.57 168.58 0.18 0.06 
Al 2s 117.10 45.28 0.00 1.02 3772.03 2570.50 1.00 1.00 
Al 2s plasmon 1 132.70 60.88 15.60 2.26 1775.04 611.70 0.47 0.24 
Al 2s plasmon 2 148.13 76.30 31.03 1.86 934.23 257.75 0.25 0.10 
Al 2s plasmon 3 163.50 91.68 46.40 0.70 385.07 146.13 0.10 0.06 
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Table A.3. Relative positions and areas of Si peaks 

 
Position - 
Raw (eV) 

Separation 
from Si 2p

Separation 
from Si 2s

FWHM 
(eV) Area

Intensity 
(CPS) 

Ratio to 
main - 
Area 

Ratio to 
main - 

Intensity
         
Sputter 2700s     
Si 2p 99.00 0.00 -51.40 1.13 3011.58 2719.00 1.00 1.00 
Si 2p plasmon 1 116.40 17.40 -34.00 2.97 1078.24 269.40 0.36 0.10 
Si 2p plasmon 2 132.40 33.40 -18.00 0.46 582.18 171.50 0.19 0.06 
Si 2s 150.40 51.40 0.00 1.19 3282.85 2251.00 1.00 1.00 
Si 2s plasmon 1 167.30 68.30 16.90 3.17 1291.23 318.90 0.39 0.14 
         
Sputter 3000s         
Si 2p 99.10 0.00 -51.30 1.05 3013.24 2871.00 1.00 1.00 
Si 2p plasmon 1 116.30 17.20 -34.10 1.85 932.97 311.30 0.31 0.11 
Si 2p plasmon 2 136.30 37.20 -14.10 0.83 475.01 144.00 0.16 0.05 
Si 2s 150.40 51.30 0.00 1.27 3508.84 2168.00 1.00 1.00 
Si 2s plasmon 1 166.70 67.60 16.30 2.76 1312.29 370.00 0.37 0.17 
         
Sputter 3300s     
Si 2p 99.00 0.00 -51.40 1.06 3046.73 2845.00 1.00 1.00 
Si 2p plasmon 1 116.30 17.30 -34.10 1.44 951.80 321.20 0.31 0.11 
Si 2p plasmon 2 133.10 34.10 -17.30 0.23 675.75 137.30 0.22 0.05 
Si 2s 150.40 51.40 0.00 1.14 3858.75 2401.00 1.00 1.00 
Si 2s plasmon 1 167.60 68.60 17.20 2.38 1053.08 376.20 0.27 0.16 
         
Sputter 3600s         
Si 2p 99.10 0.00 -51.40 1.03 3037.42 2985.00 1.00 1.00 
Si 2p plasmon 1 116.40 17.30 -34.10 2.67 908.52 266.30 0.30 0.09 
Si 2p plasmon 2 134.90 35.80 -15.60 0.33 461.80 148.70 0.15 0.05 
Si 2s 150.50 51.40 0.00 1.22 3593.38 2343.00 1.00 1.00 
Si 2s plasmon 1 168.40 69.30 17.90 1.35 1266.27 342.10 0.35 0.15 
         
Average     
Si 2p 99.05 0.00 -51.38 1.07 3027.24 2855.00 1.00 1.00 
Si 2p plasmon 1 116.35 17.30 -34.08 2.23 967.88 292.05 0.32 0.10 
Si 2p plasmon 2 134.18 35.13 -16.25 0.46 548.69 150.38 0.18 0.05 
Si 2s 150.43 51.38 0.00 1.21 3560.96 2290.75 1.00 1.00 
Si 2s plasmon 1 167.50 68.45 17.08 2.41 1230.72 351.80 0.35 0.15 
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Table A.4. Relative positions and areas of Si peaks – based on survey scans 

 
Position - 
Raw (eV) 

Separation 
from Si 2p

Separation 
from Si 2s

FWHM 
(eV) Area

Intensity 
(CPS) 

Ratio to 
main - 
Area 

Ratio to 
main - 

Intensity
         
Sputter 2700s     
Si 2p 99.00 0.00 -51.00 2.35 58782 23800 1.00 1.00 
Si 2p plasmon 1 116.00 17.00 -34.00 5.40 30407 4864 0.52 0.20 
Si 2p plasmon 2 132.00 33.00 -18.00 8.43 9619 1181 0.16 0.05 
Si 2s 150.00 51.00 0.00 2.74 70081 22600 1.00 1.00 
Si 2s plasmon 1 167.00 68.00 17.00 6.00 34061 5078 0.49 0.22 
Si 2s plasmon 2 184.00 85.00 34.00 6.28 7382 1104 0.11 0.05 
         
Sputter 3000s         
Si 2p 99.00 0.00 -51.00 2.39 58707 23380 1.00 1.00 
Si 2p plasmon 1 116.00 17.00 -34.00 5.35 29920 4729 0.51 0.20 
Si 2p plasmon 2 133.00 34.00 -17.00 7.04 9252 1330 0.16 0.06 
Si 2s 150.00 51.00 0.00 2.77 68312 22420 1.00 1.00 
Si 2s plasmon 1 166.00 67.00 16.00 5.92 27778 4340 0.41 0.19 
Si 2s plasmon 2 183.00 84.00 33.00 4.34 5264 1040 0.08 0.05 
         
Sputter 3300s         
Si 2p 99.00 0.00 -51.00 2.36 59203 23660 1.00 1.00 
Si 2p plasmon 1 116.00 17.00 -34.00 5.68 33099 5003 0.56 0.21 
Si 2p plasmon 2 133.00 34.00 -17.00 7.06 8138 1118 0.14 0.05 
Si 2s 150.00 51.00 0.00 2.75 71093 22970 1.00 1.00 
Si 2s plasmon 1 167.00 68.00 17.00 5.33 34950 5499 0.49 0.24 
Si 2s plasmon 2 183.00 84.00 33.00 6.32 7277 1163 0.10 0.05 
         
Sputter 3600s         
Si 2p 99.00 0.00 -51.00 2.38 59427 23480 1.00 1.00 
Si 2p plasmon 1 116.00 17.00 -34.00 5.42 32029 4764 0.54 0.20 
Si 2p plasmon 2 133.00 34.00 -17.00 6.88 9974 1371 0.17 0.06 
Si 2s 150.00 51.00 0.00 2.71 68946 23080 1.00 1.00 
Si 2s plasmon 1 167.00 68.00 17.00 6.08 30261 4604 0.44 0.20 
Si 2s plasmon 2 185.00 86.00 35.00 6.32 5799 1030 0.08 0.04 
         
Average         
Si 2p 99.00 0.00 -51.00 2.37 59030 23580 1.00 1.00 
Si 2p plasmon 1 116.00 17.00 -34.00 5.46 31363 4840 0.53 0.21 
Si 2p plasmon 2 132.75 33.75 -17.25 7.35 9246 1250 0.16 0.05 
Si 2s 150.00 51.00 0.00 2.74 69608 22768 1.00 1.00 
Si 2s plasmon 1 171.00 72.00 21.00 5.44 26134 4055 0.38 0.18 
Si 2s plasmon 2 184.00 85.00 34.00 6.31 6819 1099 0.10 0.05 
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The relative positions, areas and intensities of the peaks obtained in this approach give 

an early indicator in identifying elements which can be difficult to resolve, 

particularly for the Al-Si casting alloys.  The values derived here can also be used in 

quantification of elements if their peaks overlap each other. 

 

In a typical quantification carried out in Chapter 4, concentrations were calculated 

based on an XPS survey scan.  The Si 2s peak was used instead of Si 2p, which 

overlaps not only the plasmon peak of Al 2p but also the Mg 2s peak.  Data from 

Table A.2 above allows the area ratio between the second plasmon peak of Al 2s and 

the main Al 2p peak to be calculated at 934.23/ 2283.66 = 0.41.  The plasmon peak 

can be subtracted from the Si 2s envelope accordingly.  For the survey scan in Figure 

A.5, a comparison between a direct calculation ignoring the plasmon peaks and the 

method in use is shown in Table A.5.  As the area calculated for the second plasmon 

peak of Al 2s is greater than the peak observed at the position of the Si 2s peak, the 

area for the latter is considered nil. 

 
Table A.5. Quantification of the survey scan in Figure A.5 

 

(a) Using Si 2p, ignoring plasmon peaks 

Element  

 Position 
- Raw 
(eV)  

 
FWHM 

(eV)  

 
Factorised 

Area  

 
Concentration 

(at. %)  
O 1s      532.00      2.95       5136.5              38.49  
F 1s      687.00      3.07       487.0              2.85
Na 1s    1069.00      3.23           52.2                0.18  
Mg 2p       52.00      1.58         27.6              0.96
Al 2p        72.00      5.15       1534.2             46.46  
Si 2p        99.00      2.39        620.6              11.06  

 
 

(b) Using Si 2s, ignoring plasmon peaks 

Element  

 Position 
- Raw 
(eV)  

 
FWHM 

(eV)  

 
Factorised 

Area  

 
Concentration 

(at. %)  
O 1s      532.00      2.95      6585.21             36.10  
F 1s      687.00      3.07        487.01               2.67  
Na 1s    1069.00      3.23          30.86               0.17  
Mg 2p       52.00      1.58      164.21             0.90
Al 2p        72.00      5.15      7949.22             43.57  
Si 2s      150.00      3.74      3026.73             16.59  
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(c) Using Si 2s, considering plasmon peaks 

Element  

 Position 
- Raw 
(eV)  

 
FWHM 

(eV)  

 
Factorised 

Area  

Adjusted 
Factorised 

Area 

 
Concentration 

(at. %)  
O 1s      532.00      2.95      6585.21     6585.21             43.28  
F 1s      687.00      3.07        487.01       487.01                3.20  
Na 1s    1069.00      3.23        30.86       30.86             0.20
Mg 2p       52.00      1.58        164.21       164.21                1.08  
Al 2p        72.00      5.15    7949.22   7949.22            52.24
Si 2s      150.00      3.74      3026.73           0.00               0.00  
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APPENDIX B – Solution to the equation for the 

combined effects of surface segregation and 

evaporation 
 

 

Surface concentration is determined by the net effect of: 

 

• Surface segregation increases the concentration: Equation (4.11) 

 

 ( )CC
t
K

dt
dC

Sn
S −= ∞

       (B.1) 

 

• Surface evaporation decreases the concentration: Equation (4.14) 

 

 
( )∞−−= EE CCK

dt
dC

       (B.2) 

 

Equation (4.17) in Section 4.3.3 was therefore established as (B.1) – (B.2): 

 

 ( ) ( )∞∞ −−−= EESn
S CCKCC

t
K

dt
dC      (B.3) 

 

 This partial differential equation can be rearranged as: 

 

∞∞ ++⎟
⎠
⎞

⎜
⎝
⎛ +−= EESn

S
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S CKC
t
K

CK
t
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dt
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Or 
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⎠
⎞

⎜
⎝
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S CKC
t
K

CK
t
K

dt
dC

    (B.5)
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If 

 

 ⎥
⎦

⎤
⎢
⎣

⎡
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⎜
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Then 
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Or 

 

 
⎟
⎠
⎞

⎜
⎝
⎛ += En
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t
K

dt
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       (B.8) 

 

Also, we have the following by solving Equation (B.6) 
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     (B.9) 

 

Where, const1 is a constant number. 

 

Multiplying both sides of Equation (B.5) by µ, we have: 
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Fitting (B.8) into Equation (B.10): 
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Or 

 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛ += ∞∞ EESn

S CKC
t
K

C
dt
d μμ

     (B.12) 

 

Integrating Equation (B.12), we have: 
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Or 
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Rearranging: 
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Fitting Equation (B.8) into Equation (B.15): 
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The integral (∫µdt) in Equation (B.17) lacks a closed-form anti-derivative.  To 

simplify the solution, Equation (B.1) and Equation (B.2) are solved separately as 

presented in Sections 4.3.1 and 4.3.2. 

 

Solution of Equation (B.1): 

 

( ) ⎟⎟
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n
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SS 1

exp
1

0
    (B.18) 

 

Solution of Equation (B.2): 

 

( ) ( )tKCCCC EEE −−+= ∞∞ exp0      (B.19) 

 

With the simplifying assumption that surface evaporation takes place after surface 

segregation, the term C0 in Equation (B.19) can be replaced by the value of C from 

Equation (B.18).  The resulting combined solution is: 
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