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CHAPTER 1.  

INTRODUCTION 

 
1.1. General introduction  
 

In practice, quite often bonds are made between metals and polymers. 

Examples of this are organic coatings that are applied onto metallic substrates 

for the purpose of corrosion protection and also structural adhesive bonds. 

When these bonds are exposed to aqueous environments, it is quite often 

observed that there is a deterioration of the bond between the metal and the 

polymer. A corrosion protective coating will then no longer be protective 

towards the underlying metallic substrate and for a structural adhesive bond 

this will result in failure of the structure.  

Despite investigations over the past decades, there is still a lack of 

knowledge of how metals bond to polymers and why this bond deteriorates in 

presence of water. Moreover, it is also not well-understood which factors of both 

the polymer and the metal substrate have an influence on bonding and the 

stability of the bond in the presence of water. A significant part of this lack of 

knowledge is because the metal-polymer interface cannot be directly and non-

destructively investigated using current measuring techniques. 

 
1.2. Research Aim 
  

The aim of this work is to obtain some basic knowledge on the type of bonds 

that are formed between typical polymers and aluminium oxide surfaces and to 

determine whether these bonds are stable in the presence of water. Moreover, 

the aim is to determine which factors of the aluminium oxide surface are of 

influence to this bonding. Ultimately, this knowledge is to be used to develop an 

aluminium-polymer system which is more durable in the presence of water. 

 
1.3. Research approach 
  

The different Chapters of this thesis are shown schematically in Fig. 1. The 

thesis can be considered to consist of two main parts.  
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In the first part, a general investigation is performed of adhesion and loss of 

adhesion in ‘model’ systems. An investigation is performed of how typical 

organic functional groups bond to the aluminium oxide surface, how this is 

influenced by the chemistry of the aluminium oxide surface and whether these 

bonds are stable in the presence of water. A set of differently pretreated 

aluminium substrates is chosen and investigated using X-ray photoelectron 

spectroscopy (XPS) to determine the amounts of hydroxyls on their surfaces 

(Chapter 3) and their localised acid-base properties (Chapter 4). The aim of 

Chapters 5 and 6 is to study the bonding of polymers with the same set of 

pretreated aluminium substrates. To allow for a detailed investigation, a model 

adhesion compound approach is being followed. A given polymers is simplified 

to a small molecule, containing the same, for bonding relevant, functional 

groups. The compounds are adsorbed on the aluminium substrates as a thin 

layer. Subsequently, bonding of the compounds is being studied using infrared 

reflection absorption spectroscopy (FTIR-RAS). The bonding of two general, 

distinct classes of organic functional groups is investigated: functional groups 

capable of chemisorption with the oxide surface and functional groups capable 

of physisorption. From a macroscopic adhesion point of view, chemisorptive 

real systems
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FIG. 1. Schematic of the structure of the thesis. The numbered boxes refer to the 
Chapter number in this thesis. 
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bonding is preferred over physisorptive bonding because the bonding energy is 

roughly an order of magnitude larger. Model compounds based on carboxylic 

acids (Chapter 5) are chosen to represent functional groups capable of 

chemisorption and model compounds based on ester groups (Chapter 6) are 

chosen to represent functional groups capable of physisorption.  

By combining the study of the bonding behaviour with the study of the 

oxide layer chemistry (Chapters 3 and 4) it can be determined how bonding of 

organic functional groups is influenced by the chemistry of the aluminium oxide 

surface.  

Freshly prepared aluminium substrates are often exposed to the ambient for 

varying periods, prior to application of an organic overlayer like an organic 

coating. In Chapter 7, the changes that occur to the oxide surface and the 

resulting ‘capacity’ of the oxide surface towards bonding with organic functional 

groups is investigated.  

In the original project plan of this PhD project, epoxy-coated aluminium is 

defined as the system to be investigated with respect to adhesion and loss of 

adhesion in presence of water. Therefore, in the second part of the thesis, 

adhesion and delamination in an epoxy-coated aluminium system is 

investigated. Epoxy-coated aluminium is a highly relevant system as it is widely 

used in the packaging, aerospace and automotive industries. In Chapter 8, 

bonding and bonding stability in the presence of water of a typical epoxy 

coating is investigated using appropriate model compounds. In Chapter 9, the 

adhesion and changes occurring at the interface for an epoxy-coated aluminium 

system exposed to water of different temperatures is investigated. Finally, in 

Chapter 10, the knowledge acquired throughout the thesis is used to give the 

same epoxy-coated aluminium system a larger initial adhesion strength and a 

better bonding stability in the presence of water. This is done by modifying the 

oxide layer or by adding a thin polymeric layer between the epoxy coating and 

the aluminium substrate. In Chapter 11, the scanning photopyroelectric 

microscope (SPPEM) measuring technique is discussed. It is a new measuring 

technique which is highly suitable for studying macroscopic delamination below 

organic coatings at a high spatial resolution. Although the technique was not 

used in this thesis further, it is discussed here as the work was also performed 

within the scope of the PhD project and it is relevant for the subject of 

adhesion and delamination between organic coatings and metallic substrates in 

general.  
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CHAPTER 2.  

BACKGROUND 

 

Synopsis 

 
2.1. Bonding between metals and polymers 
 

2.1.1. Acid-base interactions 

 

The acid-base interactions are considered to be the most important of the 

interactions that exist across the metal-polymer interface [1]. Following the 

Brönsted acid-base concept [2,3], acid-base interaction take place with the 

exchange of a proton:  

 
+− +↔ HBA   (1) 

 

where A is the Brönsted acid (proton donor), B- the conjugated base (proton 

acceptor) and H+ the proton. An example of this is +− +↔ HClHCl , with HCl 

the acid and Cl- the conjugated base. In the Lewis acid-base concept, this is 

generalised in the sense that not necessarily a proton needs to be involved in the 

interaction [4,5]. A Lewis acid is an electron acceptor, capable of accepting 

electrons in its lowest energy unoccupied molecular orbital (LUMO) and a Lewis 

base is an electron donor, capable of sharing electrons from its highest energy 

occupied molecular orbital (HOMO):  

 
B:AB:A →+   (2) 

In this chapter, some background on important topics of this thesis is given. 

A brief introduction will be given to the concept of acid-base interactions, 

which can be considered being the basis to adhesion between metals and 

polymers. Throughout this thesis, extensive use has been made of the X-ray 

photoelectron spectroscopy (XPS), infrared spectroscopy and spectroscopic 

ellipsometry. Some background on these measuring techniques is discussed.  
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with A the Lewis acid and B the Lewis base, having a pair of unshared 

electrons. The well-known hydrogen-bond is a sub-class (i.e. a special case) of 

the Lewis acid-base interactions. A hydrogen-bond can exist between two 

electronegative atoms or groups of which one has a hydrogen-atom covalently 

attached to it. A larger electronegativity of the attached atom results in more 

electronic charge withdrawn from the proton. As a result, the H is more 

positively charged and is capable of forming stronger hydrogen-bonds. Molecules 

that have a hydroxyl (OH) in it, can act both as a Lewis acid through the H 

and as a Lewis base through the O.  

A metal oxide surface can be considered to be an ‘array’ of Lewis acid-base 

and Brönsted acid-base sites [6]. The O anions can act as electron-donating 

Lewis base sites, incompletely coordinated cations as (strong) electron-accepting 

Lewis acid sites and the OH anions can act either as Lewis acids/bases, but also 

as proton-exchanging Brönsted acids/bases [6-8].  

Which of these sites are present on the surface, to which extent and their 

properties strongly depends on the type of metal oxide but also on the 

preparation conditions [1,6,9,10]. Probably the most important is the type of 

metal cation constituting the oxide lattice. Consider for example the differences 

between the SiO2 and MgO oxides. Si in SiO2 is a strong electron acceptor. As a 

result, it will comparably strongly withdraw electronic charge from the oxygen, 

leaving an O anion with a comparably low electronic charge, resulting in a 

comparably weak Lewis base site. Incompletely coordinated Si exposed on the 

oxide surface will be a comparably strong Lewis acid. For the OH on the oxide 

surface, the low negative charge on the oxygen will result in a comparably 

positively charged H. The OH will therefore be a strong Lewis acid (through H), 

a weak Lewis base (through O) and a strong Brönsted acid. For these reasons, 

the SiO2 is considered an acidic oxide. Mg in MgO is a weak electron acceptor. 

As a result, less negative charge will be withdrawn from the O as compared to 

SiO2. This results in a comparably strong Lewis base O site, an incompletely 

coordinated Mg site which is only a weak Lewis acid and an OH which is a 

comparably weak Lewis acid (through H), a comparably strong Lewis base 

(through O) and a comparably weak Brönsted acid. MgO can therefore be 

considered to be a basic oxide.  

 

2.1.2. Interactions between metals and polymers from a macroscopic point of view 

 

Bolger et al [9,10] developed a method of predicting which kinds of 

interactions can occur between a given polymer and metal oxide surface by 

considering macroscopic properties of the oxide surface and the polymer. 
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Although the theory is not further used in this thesis and in details is somewhat 

dated, it is very illustrative of metal-polymer bonding and the type of bonds 

that are typically formed. For this reason it is briefly outlined here. Four types 

of interactions are considered to be able to take place between polymers and 

oxides:  

 

=M OH R C O R
O

=M O
H

R
C O R
O

+

=M OH R C O H
O

RCO
-
O

+

=M OH R C O R
O

=M O H
R
C O RO+

=M OH R NH2 =M O
-

RNH3
+

+

type A-1

type A-2

type B-1

type B-2

=M OH2
+

 
 

In these reactions it is thus assumed that bonding exclusively occurs with 

hydroxyls on the metal oxide surface and for example not with incompletely 

coordinated metal cations. For type-A interactions, the surface provides the 

basic hydroxyl that interacts with an organic acid. For type B interactions, the 

surface provides the acidic hydroxyl that interacts with an organic base. 
Reactions A-1 and B-1 are Lewis acid-base interactions and are denoted by 

Bolger as dipole-dipole interactions. Reactions A-2 and B-2 are Brönsted acid-

base interactions and are denoted as ionic interactions. For a strong bonding 

between the oxide and the polymer, the ionic interactions are preferred as their 

bonding energy is roughly an order of magnitude larger than the A-1 and B-1 

reactions. To determine the probability of the reactions, equilibrium constants 

for type A or type B interactions are derived [9,10]:  

 

)A(A
2

AA pKIEPS
]HX][MOH[

]X][MOH[
loglog −==κ≡∆

−+

  (3) 

 

IEPSpK
]HX][MOH[

]HX][MO[
loglog )B(ABB −==κ≡∆

+−

  (4) 

 

with pKA(A) and pKA(B) being acid-base ionisation constants, which are defined as 

]HX[
]X][H[

logpK )A(A

−+

−≡  and 
]HX[

]H][X[
logpK )B(A +

+

−≡ . The IEPS is the iso-electric 
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point of the oxide surface, which is a macroscopic measure for its acid-base 

characteristics. It is defined as the pH of the solution at which the surface has 

acquired an equal number of positive and negative charges. A high IEPS value 

indicates a basic surface and a low IEPS value an acidic surface. 

Positive values for ∆A or ∆B indicate that the ionic interactions A-2 and B-2 

dominate while negative values indicate that the dipole interactions A-1 and B-

1 dominate. For very negative ∆A and ∆B, the ionic interactions are negligible 

and the dipole interactions are only weak. As an illustration, in Table 1, an 

overview is given of ∆A and ∆B
 values for typical functional groups found in 

polymers, for bonding to acidic SiO2 (IEPS ~ 2), intermediate Al2O3 (IEPS ~ 8) 

and basic MgO (IEPS ~ 12) oxide surfaces. The values in the Table show that 

on the surface of an aluminium oxide, strong ionic bonds can only be formed 

with carboxylic acid, phosphonic acid (positive ∆A, through reaction A-2) and 

amines (positive ∆B, through reaction B-2). In Fig. 1, illustrations are shown for 

bonding of selected organic functional groups to hydroxyls on both SiO2 and 

MgO, given in order of decreasing bonding strength.  

The ∆A and ∆B values for water show that it is only capable of forming 

comparably weak dipole interactions with the oxide surface. Despite this, it is 

often observed that the bonds between organic overlayers and oxide surfaces are 

not stable in presence of water. According to Bolger et al., the reason for this is 

that water additionally contains H+ and OH- ions which can cause a change in 

TABLE 1. pKA and resulting ∆A and ∆B values for different organic groups on three different 

oxides [9,10]. The pKA values depend strongly on the molecular structure and the results in 

the table should be considered as a rough indication.  

∆A ∆B 

SiO2 Al2O3 MgO SiO2 Al2O3 MgO 

IEPS IEPS 
organic acid pKA(B) pKA(B) 

2 8 12 2 8 12 

amines 20 10 -18 -12 -8 +8 +2 -2 

carboxylic 

acid 

4.5 -6 -2.5 +3.5 +7.5 -8 -14 -18 

phosphonic 

acid 

2.1  -0.1 +5.9 +9.9    

phenol 9.9 -6.7 -7.9 -1.9 +2.1 -8.7 -14.7 -18.7 

water 15.7 -1.7 -13.7 -7.7 -3.7 -3.7 -9.7 -13.7 

amide 15.1 -1 -13.1 -7.1 -3.1 -3 -9 -13 

alcohol 15.5 -4.1 -13.5 -7.5 -3.5 -6.1 -12.1 -19.2 
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the acid-base equilibrium. Virtually every polar group is displaceable by water if 

the H+ or OH- activity is sufficiently high. Stability ranges can be derived to 

which strong dipole or ionic interactions are limited for both type A and type B 

interactions [9, 10]:  

 
IEPSpHpK:Atype )A(A <<  (5) 

 
)B(ApKpHIEPS:Btype << . (6) 

 

A carboxylic acid on an aluminium oxide surface will for example show a 

stable bonding in the pH 4.5-8 range. Another characteristic of these ranges was 

also pointed out by Bolger et al. Although non-ionisable groups (alcohols, 

amides) bond less strongly than ionisable groups (carboxylic acids), they will 

show bonding stability to a higher pH. For example, an alcohol adsorbed on an 

aluminium oxide surface will show stable bonding in the pH range of 8-15.  

Following this, bonding is however not expected to be stable in water, 

having a neutral pH. These stability ranges also have implications for corrosion 

occurring beneath organic coatings. Electrochemical reactions occurring below 

the coating can lead to a strong change of the local pH. Although the adhesion 

of the coating might be stable at neutral pH, progressing delamination of the 

Si
O

-
NH2

+
R R

Si
O

H

C O
O
H

R

Si
O
H

O
HH

Si
O

H

O
H

Mg
O

+ HH

C
O

O
-

R

Mg
O

+ HH
O

-

Mg
O

H

N

R R

H
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O

H

O
H

H

aliph. amine >> carb. acid = water > phenol
5.2−=∆A 8−=∆A3−=∆B8=∆B

5.7=∆A 2=∆A 2−=∆B 3−=∆A

carb. acid >> phenol >> aliph. amine >> water

 
FIG. 1. Examples of bonds formed between typical organic groups and hydroxyls on a SiO2 

(top) or MgO (bottom) surface. 
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coating is caused due to the strong pH change, moving out of the bonding 

stability window given by Eqs. 5 and 6. An example of this is the well-known 

phenomenon of cathodic delamination, occurring on organic coated steel 

substrates. 

 
2.2. X-ray photoelectron spectroscopy (XPS)   
 

2.2.1. Introduction 

  

The XPS analysis technique has been used in this thesis to study different 

aluminium oxide layers with respect to amounts of hydroxyls on their surfaces 

and localised acid-base properties. As an introduction to this, a brief overview 

will be given of the electronic structure of aluminium oxide, the XPS technique 

and core level binding energies. 

 

2.2.2. Electronic structure of aluminium oxide 

 

Each atom with atom number Z consists of a positively charged nucleus 

carrying a total net charge of +Z, surrounded by a number of electrons carrying 

a total net charge -Z. The electronic configuration of electrons in an atom is 

often described by the nla notation with n is the shell, l the orbital and a the 

number of electrons in the specific orbital. Using this notation, the Al atom 

with 13 electrons can be described by 1s22s22p33s23p1 and the O atom with 8 

electrons by 1s22s22p4. The shells of an atom that are completely filled with 

electrons are called the core shells while the partially filled outer shells are 

called the valence shells. Furthermore, within one core shell, the different 

orbitals are called the core levels. The Al atom thus contains 2 core shells, 1s2 

and 2s22p3 respectively. The first core shell contains one core level (1s2) and the 

second core shell contains two core levels (2s2 and 2p3). The third level of Al is 

not completely filled and is thus called the valence shell, in this case containing 

3 valence electrons.  

When two atoms are brought to within bonding distance of eachother, their 

valence electrons start to interact and their valence levels start to overlap, 

resulting in the formation of bonding and anti-bonding orbitals with associated 

discrete energy levels. If now an 'infinitely large' amount of atoms are brought 

together, these bonding and anti-bonding energy levels become infinitely small 

spaced and energy bands are formed, which consist of a large number of energy 

levels from the separate atoms. These energy bands are called the valence bands 
and conduction bands. The valence band that is formed in an aluminium oxide 
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(Al2O3) consists of an upper valence band and a lower valence band (lower in 

energy). The valence bands in Al2O3 are fully occupied and the abovelying 

conduction band is empty and separated from the valence bands by a so-called 

interband gap Eg, which makes the solid an insulator. The Fermi-level Ef lies 

within this interband gap. In contrast to the valence bands, the core levels are 

not involved in bonding and therefore remain discrete energy levels. 

 

2.2.3. Theory of XPS  

 

In XPS analysis, the sample to be investigated is locally irradiated with 

photons of monoenergetic energy hν, originating from an X-ray source. Due to 

the irradiation, electrons are ejected from the sample with a kinetic energy Ek, 

which is given by [11]: 

 

sBkin EhE φ−−ν=  (5) 

 

EB is the binding energy of the ejected electron and Φs the sample work 

function, which is a potential barrier the electron has to pass when leaving the 

sample surface. The binding energies of the electrons are defined with respect to 

a reference level. In the investigation of solid samples, the Fermi level is mostly 

used as a reference. This is being provided by making electrical contact between 

the sample and the spectrometer. For metallic samples this will result in the 

Fermi-levels of the sample and spectrometer being aligned. As a result of this, 

the electrons feel an additional potential barrier equal to the difference between 

the sample Φs and spectrometer work functions Φspec (which has to be added on 

the right-hand side of Eq. 1). For non- or improperly conducting samples, this 

Fermi-edge level coupling does not properly occur. As a result, the sample 

surface will show the build-up of positive charges, due to the extraction of 

electrons in the XPS process, which are not replenished. This results in an 

additional potential barrier for the ejected electrons to pass. Due to this, the 

electrons will loose part of their kinetic energy, resulting in a higher binding 

energy to be measured, see Eq. 1, which is often denoted a charging shift. A 

correction for a charging shift is most often made by shifting all binding 

energies with respect to a known binding energy. Most often, the C-C/C-H core 

level peak is used for this purpose [12,13]. The C-C/C-H peak is considered to 

have a constant binding energy and is most often found on samples as a result 

of adventitious contamination.  

After leaving the sample surface with a given kinetic energy, the electrons 

are detected by an electron energy analyser, coupled to an electron counter. The 
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XPS spectrum that ultimately results from this, is a plot of the measured 

intensity (i.e. number of electrons counted) versus their binding energy. This 

spectrum can be considered a direct measure of the density of electrons 

occupying the various bands (e.g. core and valence bands) in a material. 

As it directly probes the electronic structure, XPS is highly suitable for and 

is also often used to study the chemical state of molecules and atoms (like type 

of bonding, ionicity and acid-base properties) [12,14]. From theory one would 

expect that it are mainly the valence bands that can provide the most valuable 

information in this respect, as they are directly involved in bonding between the 

constituents of the solid. This is indeed the case, but interpretation of these 

bands is difficult due to their complex nature. Siegbahn et al [15] demonstrated 

that the core levels are also influenced by a change in electronic environment, 

for example due to changes in ionicity of the oxide. As a result of this, the XPS 

core level peaks often show a so-called chemical shift. The core level peaks are 

easier to investigate than the valence bands as they are intense, sharp and well-

defined and consequently can be measured with a high accuracy. According to 

the simple electrostatic potential model introduced by Siegbahn et al., the core 

level binding energy EB(A) of a core level electron in an atom A which is part of 

a system X is equal to:  

 
RVkqconst)A(E MAB −++=   (6) 

 

In this relation, qA is the "effective charge" of A in the X system and the k term 

is related to interactions experienced by the core level due to changes in the 

valence band  - the latter being actually involved in the bonding. The VM term 

is the Madelung potential, which describes the interaction between all other 

atoms in the system X and the single A atom. This term is described by: 

 

∑
≠ −

=
AB BA

B
M r

q
V   (7) 

 

in which it is assumed that the B atoms (all the atoms except A) can be 

represented as point charges and neglecting possible polarisation effects of the 

ions. In Eq. 7, qB is the effective charge on the B atoms and rA-B the interatomic 

distance between the various B atoms and the A atom. The final term of Eq. 6, 

R, is the relaxation energy. When a core electron is removed from a solid in the 

XPS photoionisation process, it will leave behind a core hole. The remaining 

electrons and atoms, surrounding the core hole will respond to this by locally 

rearranging. If this process occurs within the same timeframe as the core 
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electron removal, part of this relaxation energy is transferred to the outgoing 

electron, hence giving the term R.  Now, for the binding energy shift ∆EB(A) of 

an atom A in two different materials: 

 
ea

MAB RVqk)A(E ∆−∆+∆=∆   (8) 

 

With k∆qA the change in atomic charge, ∆VM the change in Madelung 

potential and ∆Rea the extra-atomic relaxation energy. This latter term differs 

from R in Eq. 1 by the intra-atomic relaxation energy, which corresponds to the 

internal relaxation of electrons within the A atom due to the core hole. As this 

term is approximately the same for A in both materials, it cancels out. The 

influence of the various components to the core level binding energies and how 

it influences interpretation is further considered in the chapter on the acid-base 

properties of aluminium oxides.  

 
2.3. Optical spectroscopical techniques 
 
2.3.1. Introduction 

  

Throughout this thesis, extensive use is made of infrared spectroscopy and 

spectroscopic ellipsometry. A brief introduction is given to the interaction of 

light with matter, reflection of light on surfaces and finally some background on 

the different techniques is given. 

 

2.3.2. Absorption of light 

 

Molecules consist of atoms which have a certain mass and which can be 

considered to be connected by elastic bonds. As a result, they have vibrational 

degrees of freedom. Infrared light of a given angular frequency ω can interact 

with these vibrations. If absorption occurs, the vibration goes from its initial 

state n into an excited state m, having a higher energy. The molecule then 

absorbs a photon from the incident light of the given frequency and the light 

attenuates in intensity. By varying the frequency of the incident light, different 

vibrations are being excited and an infrared spectrum of the molecule can be 

obtained. Macroscopically, the interaction between the incident light and the 

molecule can be described by the optical constants of the absorbing medium. 
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The complex refractive index spectrum n(ω) is defined as: 

 
)(ik)(n)( ω+ω=ωn  (9) 

 

with n(ω) being the real refractive index spectrum and k(ω) being the extinction 

coefficient spectrum. The absorption of light by a given molecular vibration can 

be visualized as an oscillator with a force constant, dampening constant and 

resonance frequency. For such an oscillator, an absorption index k(ω) and a 

refractive index n(ω) can be calculated. In Fig. 2, this is demonstrated for the 

ν(C=O) carbonyl stretching vibration of the ester group in poly(methyl 

methacrylate) (PMMA). The refractive index spectrum n(ω) appears like a 

derivative-like peak. The relevant information on the molecular absorptions is 

contained in the k(ω) spectrum, which is normally measured in infrared 

transmission spectroscopy.  

 

2.3.3. Reflection and refraction of light 

 

When light incidents on a perfectly flat interface between two media, it will 

be partially reflected and partially refracted (i.e. propagation with a different 

direction in the second medium). The angle of refraction is described by the 

well-known Snell’s law of refraction [17]. Unpolarised incident light can be 

considered to consist of a p-component and an s-component, this is shown 

schematically in Fig. 3, where s stands for light polarised perpendicular to the 

 
FIG. 2. Simulated k and n spectra for a carbonyl (C=O) carbonyl vibration in a PMMA 

polymer. Figure taken from Ref. [16]. 
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plane of incidence and p for parallel to it. Both of the components interact 

independently with the surface. 

The refracted and reflected light can be determined using the Fresnel 

equations [17-19]. As an example, in Fig. 4, calculated reflection data is shown 

for the reflection of light incident from a medium with a lower refractive index 

n1 (vacuum) onto a medium having a high refractive index n2 (aluminium). The 

left plot show the phase shift that occurs between the incident and reflected 

light for each of the polarisation states. The right plot shows the amplitude of 

the reflection coefficients rp and rs which are the ratios of the incident and 

i
sE r

sE
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pEi

pE

θ1 θ1

θ2
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sE
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pE
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FIG 3. Reflection and refraction of light E

r
 at the interface between two media of different 

refractive index with n2 > n1. 
iE

r
is the incident light, rE

r
 is the reflected light and tE

r
the 

refracted light. The light can be considered to consist of two polarisation states: an s-part 

(parallel to the plane of incidence) and a p-part (perpendicular to the plane of incidence). 
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FIG 4. Reflection of p and s components of light on the interface vacuum/aluminium as a 
function of angle of incidence (with respect to the normal of the surface). Left plot shows 
the phase shift upon reflection and the right plot shows the reflection coefficient, which is 
the ratio of the incident and reflected amplitudes. (Plots are calculated with the Fresnel 
equations, using  n1 = 1.0, k1 = 0.0 (vacuum), n2 = 8.67, k2= 48.6 (aluminium), ω = 2000 
cm-1). 
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reflected light. It can be seen that the p- and the s-components of the incident 

light have different reflection behaviour. The s-component shows an almost 

constant phase shift of about —π up until 88 degrees, as compared to the 

incident light, while the p-component shows no phase shift. At higher angles of 

incidence, the phase shift for both the p and s components rapidly increases to 

+π. At the point of reflection on the surface, the incident and reflected light 

combines. In Fig. 5, the amplitudes of the reflection coefficients rp and rs after 

interference are plotted for the same situation as shown in Fig. 4. The 

amplitude of the s-component of light is practically zero, which is due to 

destructive interference as a result of the —π phase difference between incident 

and reflected light (cf. Fig. 4). The p-component on the other hand shows 

constructive interference and the amplitude of the reflected light is enhanced as 

compared to the incident light. 

This enhancement increases as a function of angle of incidence up to around 

85 degrees and rapidly drops after this. The maximum enhancement is obtained 

for angles of incidence in the 80-85 degrees range.  

For light travelling through a medium of high refractive index n1 and 

incidenting on a medium with a lower refractive index n2 (i.e. n1 > n2), the 

results are different. It can be derived using Snell’s equation and the Fresnel 

equations that above a critical angle of incidence θc, so-called total internal 
reflection occurs and no component of the incident light is refracted into the 

second medium. This is shown in Fig. 6, where the amplitudes of the reflection 

coefficients rp and rs are plotted as a function of the angle of incidence for n1 > 

n2. However, at the point of reflection, a so-called evanescent electric field is 

generated, which extends a fraction of a wavelength into medium 2, having an 

intensity that decreases as a function of the distance from medium 1 [18]. The 

principle is shown schematically in Fig. 7. The penetration depth of the evanes- 
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FIG 5. The p and s components of light, after interference at the vacuum/aluminium 

interface, as a function of angle of incidence (with respect to the normal of the surface).  



  Background 

  17 

cent wave depends on the wavenumber of the light and on the optical properties 

of both medium 1 and 2. If medium 2 absorbs, the reflection is no longer 

without loss: the evanescent wave is weakened and the reflected wave cannot be 

reconstructed with full amplitude. As a consequence, the reflectance spectrum is 

modulated with an absorption spectrum of medium 2.  

 

2.3.4. FTIR-RAS  

  

In the infrared reflection absorption spectroscopy (FTIR-RAS) technique, 

infrared light is incident at an almost grazing angle (e.g. > 75 degrees with 

respect to the surface normal) on a reflective substrate, having a high refractive 

index [18,19]. As shown in Fig. 5, this causes enhancement of the p-component 

while the s-component is almost completely cancelled out due to destructive 

interference. The enhancement of the p-component makes it a very sensitive 

measuring technique.  
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FIG. 6. Reflection coefficients for light reflection from a medium having a high refractive 

index n1 onto a medium having a lower refractive index (n1 > n2). (Plots are calculated with 

the Fresnel equations using  n1 = 2.5, k1 = 0, n2 = 1.0, k2= 0). 
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FIG. 7. Evanescent electric field generated into medium 2 as a result of total reflectance at 

the medium 1/medium 2 interface. 
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Further advantages of having a high angle of incidence is an enhancement of 

the investigated area and a longer pathway of the infrared light through an 

absorbing overlayer on the reflecting metallic substrates. These advantages 

make the technique highly suitable for studying very thin layers applied on 

reflective substrates, for example monolayers of organic molecules adsorbed on 

metallic substrates. This was first demonstrated by Francis and Ellison [20] and 

Greenler [21] in the late 1950’s, early 1960’s. 

As only the p component of the incident infrared light interacts with the 

metallic substrate, only vibrations perpendicular to the surface contribute to the 

resulting infrared spectrum. This phenomenon is being used to study orientation 

of adsorbed organic molecules [22,23].  

A potential pitfall of FTIR-RAS is that the infrared spectrum may contain a 

contribution due to the refractive index part n(ω) of the absorption, causing 

distortion of infrared bands and shifts in their position. This effect is stronger 

for thicker layers, stronger absorptions and weakly reflecting surfaces. In Fig. 8, 

an illustration of the phenomenon is shown for different layer thicknesses of 

PMMA on glassy carbon. With an increasing layer thickness of the PMMA, a 

shoulder develops on the lower wavenumber side of the main PMMA band. 

Glassy carbon is a weakly reflecting surface and for this reason the effect is 

rather strong. For the highly reflective aluminium, studied in this thesis, a more 

limited effect is expected.  

 

2.3.5. FTIR-ATR  

 

The principle of total reflectance (cf. Fig. 6) is used as the basis for the 

FTIR attenuated total reflectance (ATR) measuring technique [19]. A 

 
FIG. 8. Infrared reflection spectra showing the carbonyl band as obtained for different layer 

thicknesses of PMMA adsorbed on glassy carbon for p-polarised light. Solid lines show 

measured spectra and dotted lines show simulated spectra. Spectra taken from Ref. [16]. 
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transparent optical element with a high refractive index (n > 2.5), like for 

example Ge, ZnSe or diamond is used as the incident medium. The sample — 

having a lower refractive index — is brought in direct contact with the surface of 

the optical element. The evanescent wave that is generated in the sample 

interacts with it and interferes with the reflected light. An infrared spectrum is 

obtained of the sample by detecting the reflected light. Advantages of the 

technique are that the investigated sample does not need to have good reflective 

properties, that the technique is also suitable for liquids and polymers and that 

only the surface region of the sample is being investigated.  

 

2.3.6. Spectroscopic ellipsometry 

 

Ellipsometry is widely used to accurately measure thicknesses of thin films in 

multilayered samples. With ellipsometry, the change in polarisation state after 

interaction of light with the sample is measured. The ratio ρ of the complex 

reflection coefficients rp and rs of the p and s polarised light after reflection is 

given by [24-27]: 

 

[ ] )iexp()tan()(iexp sp
s

p

s

p ∆ψ=δ−δ==ρ
r

r

r

r
  (10) 

 

with |rp| and |rs| the amplitude change and δp and δs the phase change of the p 

and s components after reflection. This ratio is expressed as a function of the 

ellipsometric angles Ψ and ∆ (in degrees). The azimuth Ψ is related to the ratio 

of amplitudes of reflection for the p and s components and the phase change ∆ 

is the difference in phase between the components after reflection. Because the 

technique measures ratio’s instead of absolute values, it is less sensitive to 

fluctuations in the optical set-up.  

The Ψ and ∆ versus wavelength spectra that result from a measurement are 

difficult to interpret directly. For this purpose, the generated Ψ and ∆ of an 

optical model need to be fitted onto the measurement results. Consider for 

example a measurement performed to determine the oxide layer thickness on a 

metallic substrate, both having known optical properties. The optical model 

then consists of a thin layer with optical properties of the oxide layer on top of 

an infinitely thick substrate with optical properties of the metallic substrate. 

The optical model is then fitted onto the measurement data by variation of the 

oxide layer thickness until the best possible fit is obtained.  
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CHAPTER 3.  

DETERMINATION OF THE AMOUNT OF HYDROXYLS ON ALUMINIUM 

OXIDE SURFACES 1 

 

 

 

 

 

 

                                                 
1  This chapter was published as a scientific paper in a slightly different form: 
J. van den Brand, W.G. Sloof, H. Terryn, J.H.W. de Wit,  
Surface and Interface Analysis, 36(1), 81-88, 2004 
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Synopsis 

 
3.1. Introduction 

 

It is widely recognized that the presence of hydroxyls on the surfaces of 

oxide layers plays an important role in the formation of chemical bonds with 

polymeric coatings and adhesives [1-3]. X-ray photoelectron spectroscopy (XPS) 

has been employed to obtain quantitative information on the amount of 

hydroxyls in oxide layers [2, 4-9].  The amount of hydroxyls is usually 

determined as a hydroxyl fraction by curve-fitting of the O 1s peak into single 

OH-, O2- and possibly H2O components [5, 9], but sometimes more types of OH- 

components are being used [7, 8]. However, curve-fitting of the O 1s peak can be 

unreliable. It is commonly found that OH- and O2- components show a binding 

energy separation of only 1.2 - 1.4 eV and the peak does not show clear features 

to guide the fitting procedure. For these reasons, multiple solutions to the 

curve-fit can be obtained. To limit the number of possibilities, restrictions can 

be imposed on the used fitting procedure [5].  

Confirmation of the curve-fitting procedure and results can be found by 

determining the O/Al atomic ratio of the oxide layer using the O 1s and oxidic 

Al 2p primary zero loss (PZL) photoelectron intensities. The hydroxyl fraction 

The hydroxyls on the oxide surface play an important role in bonding with a 

subsequently applied organic overlayer, as will be shown furtheron in this 

thesis. For this reason, correct  and accurate knowledge of the amount of 

hydroxyls on the oxide surface is important. The X-ray photoelectron 

spectroscopy (XPS) measurement technique is highly suitable for providing 

this knowledge. In this chapter, XPS is used to determine the amount of 

hydroxyls on the surfaces of the oxide layers of a set of five differently 

prepared aluminium substrates. This same set of substrates is used 

throughout this thesis. Commonly, curve-fitting of the O 1s core level peak 

is employed to determine the amount of hydroxyls. This is also being done 

here. It is however not known whether this method gives accurate results. 

For this reason, in this chapter, an additional method is followed to obtain 

knowledge on the amount of hydroxyls and so to be able to validate the 

curve-fitting results. Both methods are found to give well-comparable results 

for the different substrates, giving confidence in the use of the curve-fitting 

method. The studied aluminium oxide layers are found to show significant 

variations in amount of hydroxyls on their surfaces and most layers are 

enriched in hydroxyls towards the surface region. 
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is expected to be related to the O/Al atomic ratio. For a completely anhydrous 

amorphous oxide layer (Al2O3 with hydroxyl fraction is zero) the value for the 

O/Al atomic ratio corresponds to 1.5, while for crystalline AlOOH (with 

hydroxyl fraction is 0.5) this is 2.0. However, an accurate determination of the 

composition is complicated when contamination overlayers are present [10]. The 

magnitude of attenuation of the photoelectron signals, originating from below 

the contamination overlayer, depends exponentially on the inelastic mean free 

path (IMFP) of the photoelectrons in the overlayer. A method is presented to 

account for the attenuation of the photoelectron intensities by contamination 

overlayers. A set of coupled equations are given and used in which a correction 

for the contamination overlayer is incorporated. The relations allow a 

simultaneous determination of the composition of the oxide layer as well as the 

thicknesses of both the oxide and contamination overlayers.  

The approach followed is similar to that followed by Evans et al. [10]. They 

derived equations and validated these using experiments for a two-layer system, 

consisting of a contamination overlayer on homogeneous samples with a well-

defined composition. Here, this is extended to a three-layer system by the 

derivation of equations for a system consisting of a contamination overlayer on 

a thin aluminium oxide layer on a metallic substrate. This complements 

previous work, where a comparable approach was followed and equations were 

derived to determine the composition and thickness of thin aluminium oxide 

layers but without a contamination overlayer being present [11].  

The correlation between the hydroxyl fraction as obtained by curve-fitting of 

the O 1s peak and the O/Al atomic ratio as determined from the O 1s, Al 2p 
and C 1s photoelectron intensities is verified for a set of five different aluminium 

oxide layers. The oxide layers were made by oxidising aluminium in vacuum, 

with an alkaline and acidic pretreatment and in boiling water. In addition, 

angle-resolved XPS measurements have been performed on the studied oxide 

layers to resolve the distribution of hydroxyls through the layer.  

 
3.2. Experimental 
 
3.2.1. Oxide layers 

 
In this work, a set of five different types of aluminium oxides were 

investigated. All oxide layers were studied as freshly prepared and the time 

between preparation and introduction into the XPS apparatus was no more 

than 10 minutes.  

 



Chapter 3  

24 

Anhydrous, amorphous aluminium oxide 

 

A disc-shaped specimen with a diameter of 10 mm of recrystallised 

aluminium was polished down to 0.05 µm. Then, the sample was chemically 

polished for 1.5 minutes in a solution consisting of 70 ml H3PO4, 25 ml H2SO4 

and 5 ml HNO3 at a temperature of 85 oC. Finally, the samples were rinsed 

using deionised water and blown dry using compressed nitrogen. The sample 

was subsequently mounted in the UHV preparation chamber (base pressure < 

2·10-8 Pa) which is directly coupled to the XPS instrument. First, the native 

oxide layer was sputtered away using a focussed Ar+ beam. Next, the sample 

and sample holder were outgassed by repeated annealing for 4 hours at 773 K 

and subsequent cleaning with a focussed Ar + beam scanning the specimen 

surface area at room temperature. The procedure is discussed elsewhere in more 

detail [11, 12]. As a final step, the sample was oxidised by admitting pure 

oxygen (99.9998 vol.%) at room temperature to a pressure of 1.33·10-4 Pa for 1 

hour. Next, the sample was transferred into the XPS system for analysis 

without exposure to the ambient. Although the anhydrous amorphous 

aluminium oxide does not contain a contamination overlayer, it is included here 

as a reference oxide layer, free of hydroxyls and without a contamination 

overlayer. 

 

Evaporated and oxidised aluminium 

 

First, an approximately 100 nm thick aluminium layer was deposited onto a 

cleaned 12 x 12 x 1 mm glass slide (Agar Scientific) by evaporation of 99.998 

wt.% pure aluminium at a base pressure of 3·10-5 Pa, using a vacuum 

evaporation unit (Balzers BAE 250). Pure oxygen (99.998 vol.%) was 

subsequently admitted to a pressure of about 1·10-2   Pa for 1 hour and finally 

the vacuum chamber was filled with pure oxygen to ambient pressure.  

 

Acid pretreated aluminium 

      

For this and the subsequent oxide types, an AA1050 aluminium alloy was 

used (99.5 wt.% Al, 0.04 wt.% Fe and 0.25 wt.% Si). First, the 12 x 12 x 1 mm 

samples were polished down in several subsequent steps. The final polishing step 

of 0.025 µm was done with a neutral aluminium oxide based polishing slurry 

(Struers). The samples were cleaned in hot chloroform (99+ vol.% pure). 

Thereafter, the substrates were immersed in a 30 vol.% HNO3 solution 
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(chemically pure) in deionised water for 30 seconds. Finally, the substrates were 

thoroughly rinsed for at least 3 minutes using deionised water and blown dry 

using compressed clean air. 

 

Alkaline pretreated aluminium 

 

After polishing and cleaning, the samples were mildly etched in a pH = 12.5 

solution made using NaOH (97+ vol.% pure) in deionised water for a period of 

30 seconds. The substrates were then thoroughly rinsed for at least 3 minutes 

using deionised water and blown dry using compressed clean air. 

 

Pseudoboehmite oxide 

   

After polishing and cleaning, the samples were immersed in boiling deionised 

water for a period of 60 seconds which results in the formation of a thick 

pseudoboehmite (AlOOH) layer [13, 14]. The samples were then allowed to dry 

for a few minutes in an upright position. 

 

3.2.2. Experimental details 

 

XPS spectra of the Al 2p, O 1s and C 1s photoelectron lines were recorded 

with a step size of 0.1 eV using a PHI 5400 ESCA instrument (base pressure < 

1·10-8 Pa), set at a constant analyser pass energy of 35.75 eV and using 

unmonochromatised incident Mg X-ray radiation (Mg Kα1,2 = 1253.6 eV). The 

energy scale of the Spherical Capacitor Analyser (SCA) spectrometer was 

calibrated according to the procedure described in [15]. The samples were 

electrically grounded by mounting them in a stainless steel holder. For each 

oxide, 2 samples were investigated and for each sample, measurements were 

performed at take-off angles of 45 and 15 degrees with respect to the sample 

surface to study a possible enrichment of hydroxyls towards the outer most 

surface. The obtained spectra were corrected for the presence of X-ray satellites 

and also for the electron kinetic energy dependent transmission of the 

spectrometer by multiplying each spectral intensity with its corresponding 

kinetic energy [16]. For all samples studied, XPS survey spectra showed Al, O 

and C to be the main elements with other elements only appearing at trace 

levels. To correct for sample charging, the spectra were shifted to set the C-

C/C-H components of the C 1s peak at a binding energy of 284.8 eV [17]. Only 

for the anhydrous, amorphous oxide this was not possible due to absence of a 

contamination overlayer and the same charging shift was applied as for the 
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evaporated and oxidised aluminium. Both types of oxidised aluminium samples 

showed the same initial Al 2p metal-Al 2p oxide shift of 2.8 eV which 

demonstrates that these oxides are comparable [18-20]. 

 

3.2.3. Data evaluation  

 

Determination of the O/Al atomic ratio of the oxide layer     

 

The measured photoelectron intensity IA of photoelectrons, ejected with 

kinetic energy E from the nth core level of an atom (or ion) A, situated in a solid 

at depth z below the surface of the solid can be written as [16]: 

 

∫ ∫
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in which K is an instrumental factor depending on the area analysed, incident 

X-ray energy and intensity etc., σA the cross section for photoionisation, λA(z’) 

the depth z dependent inelastic mean free path (IMFP) of the photoelectrons 

with kinetic energy E in the solid s and θ the angle between the sample surface 

and the optical axes of the analyser input lenses.  

Consider the layer/substrate system shown in Fig. 1, which consists of a 

metallic substrate of semi-infinite thickness (as compared to the IMFP of the 

photoelectrons) covered by an oxide layer of thickness dox and a contamination 

layer of thickness dcont. It is assumed that the contamination and oxide layers 

are homogeneous in thickness and composition across the XPS analysis area, the 

surfaces are flat and that the effects of elastic electron scattering can be 

neglected. This latter assumption is allowed for the low atom number (and low 

elastic electron scattering) aluminium oxides and carbon layers for the 

measurements performed at a take-off angle of 45 degrees [21]. At the almost-

grazing take-off angle of 15 degrees, the effect of elastic electron scattering 

becomes more important [16, 22-24] and also then the effects of surface 

roughness is likely to play a role for the samples studied here [25, 26]. To aid 

the analysis, the concentration of atoms CA in the solid in Eq. 1 is rewritten as 
a molar fraction nA. Then, it holds that, ∑ = 1ni  considering all elements that 

are present at significant concentrations. To compensate, the right side of Eq. 1 
must then be multiplied by ∑ρ iiS An/ , with ρS the density of the solid, ni the 

molar fractions and Ai the relative atomic masses of all elements present in the 

solid at significant concentrations. 
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In order to determine the O/Al atomic ratio of the oxide layer, the oxide 

and contamination layer thicknesses from the measured PZL photoelectron 

intensities for the considered system, the following set of equations has been 

derived using Eq. 1: 
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FIG. 1.  Schematic representation of the sample system adopted for the simultaneous 

determination of the oxide composition and thicknesses of the contamination and oxide 

layers (see text for details). 
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In these Eqs., IAl2p,met is the PZL photoelectron intensity originating from Al 

ions in the metal substrate, IAl2p,ox from Al ions in the oxide layer, IO1s,ox from 

oxygen ions in the oxide layer and IC1s from carbon in the contamination 

overlayer (cf. Fig. 1). And, AAl , AO and AC indicate respectively the relative 

atomic masses (units mass per mole) of aluminium, oxygen and carbon, and ρAl, 

ρox  and ρc the densities (units mass per volume) of respectively the aluminium 

substrate, oxide layer and contamination overlayer. Further, σAl2p and σC1s are 

the cross sections for photoionisation (units surface area) for respectively the Al 

2p and C 1s electron emissions, nAl is the molar fraction of aluminium in the 

oxide layer, with nO = (1-nAl), assuming no other elements present at significant 

concentrations. And, dcont and dox are the thickness of the contamination and 
oxide layers (cf. Fig. 1) respectively, whereas B

Aλ  denotes the IMFP of the 

photoelectrons A which are travelling through B. The term F is obtained from 

of a clean α-Al2O3 reference (Goodfellow) of known composition, by using: 
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with ref

ox,p2AlI and ref
ox,s1OI  the photoelectron intensities obtained from the reference 

sample, measured under the same experimental conditions as for the oxide layer 

samples. An iterative procedure is used to solve Eqs. 2-4. First, an initial 

estimate of the contamination overlayer thickness dcont is made and an oxide 

layer thickness dox is calculated using the measured (IAl2p,met / IC1s) PZL intensity 

ratio (Eq. 2). Next, a value for the molar fraction nAl is calculated, using the 

measured (IAl2p,ox / IO1s) ratio (Eq. 3). Finally, the (IAl2p,met / IO1s,ox) PZL intensity 

ratio is calculated using Eq. 4. If this calculated ratio deviates from the 

measured (IAl2p,met /IO1s,ox) PZL intensity ratio, the value for dcont is adapted. This 

procedure is repeated till the measured and calculated (IAl2p,met /IO1s,ox) ratios are 

the same within a predefined error. Then, values for nAl, dcont and dox are 

obtained that satisfy all three relations to within this error. 
For thick oxide layers, (i.e. dox >> ox

met,p2Alλ ) as evidenced by the absence of 

an Al 2p metal peak, the set of Eqs. 2-4 cannot be used. In this case, Eq. 3 

reduces to:  
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and the PZL intensity ratio between IAl2p,ox and IC1s is now considered. Then, it 

follows that: 
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Also here a similar iterative procedure is followed to obtain a solution (see 

above).  

 

Determination of the hydroxyl fraction using curve-fitting     

 

Curve-fitting of the O 1s photoelectron peak to determine the fraction of 

hydroxyls was performed using a constrained fitting procedure in which the 

widths and shapes (mixed Gauss-Lorentz) for the different fit components in the 

peak were allowed to change but the change was restricted to be the same for 

the different components. No restrictions were imposed on the peak positions of 

the different components. The fitting of the O 1s photoelectron peak was 

performed in the 526-538 eV binding energy region, after subtraction of a simple 

Shirley-type background.  

 

Calculation procedure details  

 

For the determination of the composition (cf. Eqs. 2-7), the Al 2p peak was 

resolved into an oxidic and a metallic component in the 68-78 eV binding 

energy region, using a procedure in which the metallic peak (obtained from a 

clean aluminium sample without an oxide layer) plus its associated Tougaard 

background and including the tail towards higher binding energies (constructed 

using a Doniach-Sunjic lineshape) is reconstructed in the measured spectrum of 

the oxidised sample. The details of this procedure are discussed elsewhere [27, 

28]. As an example, the Al 2p spectrum of the evaporated and oxidised 
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aluminium type of oxide with the resolved oxidic and metallic components is 

shown in Fig. 2. The total metallic Al 2p PZL (primary zero loss) intensity was 

determined by integration of the intensity of this reconstructed metallic peak in 

the binding energy range from 68 — 78 eV and the total oxidic Al 2p (PZL) peak 

intensity was determined by integration in the 68 — 78 eV binding energy region 

of the oxidic rest spectrum, remaining after subtraction of the reconstructed 

metallic main peak and a universal Tougaard background. For the O 1s and C 

1s peaks, the (PZL) peak intensities were determined by integration, after 

subtraction of a simple Shirley-type background. Since the O 1s and C 1s 
spectra only contain a small contribution of inelastically scattered electrons, 

they were found to be insensitive to the type of background subtraction [27].  

For the composition determination, the contamination overlayer was assumed to 

consist of graphite [10]. For the cross sections σi, the theoretical values of 

Scofield were used [29] and for the IMFP's, the TPP-2M algorithm was used [30, 

31]. The IMFP's and densities are summarized in Table 1. The calculations were 

started with an (arbitrary low) value of 0.01 nm for the contamination overlayer 

thickness and the iteration was stopped when the calculated intensity ratios 

(Eqs. 4 and 7) differed from the experimental by less than 1·10-8.   
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FIG. 2. Al 2p spectrum, resolved into a metallic and oxidic component for the evaporated 

and oxidised aluminium. In the spectrum of the oxidised sample, the metallic main peak 

(measured from a clean reference) is reconstructed plus its associated background and high 

binding energy tail (constructed using a Doniach-Sunjic lineshape) (see also [27, 28]). 
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Oyxgen-functionalised contamination correction  

 

The contamination overlayer on top of the oxide layer often also contains 

oxygen and hydroxyl-functionalized carbon molecules (e.g. alcohols, carboxyls, 

esters and carbonates). These species will also give a contribution to the O 1s 
peak intensity. Neglecting this contribution may lead to significant errors when 

determining the oxide layer composition and its fraction of hydroxyls. The C 1s 
peak was resolved into three components, characteristic of C-O, O-C=O and C-

C/C-H species [4, 16, 32]. In Fig. 3, an example of a C 1s peak and the resolved 

components is shown. The intensity contribution to the O 1s peak of these 

resolved C-O and O-C=O components was then determined using the intensity 

yield ratio between carbon and oxygen which is 2.5 [4, 32]. For the curve-fitting 
of the O 1s peak, the contributing intensity was subtracted from the resolved 

OH- component, which approximately has the same binding energy as the 

oxygen and hydroxyl-functionalized carbon molecules [2, 4, 16, 32]. For the 

O/Al atomic ratio determination, the contributing intensity was subtracted 

from the integrated O 1s photoelectron intensity. The maximum correction that 

had to be applied to the O 1s peak intensity for the (freshly prepared) oxide 

layers studied was low and around 5%.  

TABLE 1. Densities and inelastic mean free paths (IMFP’s) used in the determination of the 

oxide composition and thicknesses of the oxide and contamination layers. Densities have 

been taken from [37] and IMFP have been calculated using the TPP-2M algorithm [30, 31] 

density IMFP 
material 

(g/cm3) symbol value (nm) 

contamination 2.23 
cont

s1Cλ  2.30 

  
cont

met,p2Alλ  2.69 

  
cont

ox,p2Alλ  2.69 

aluminium oxide 3.50 
cont

ox,s1Oλ  1.83 

  
ox

met,p2Alλ  2.76 

  ox,p2Alλ  2.75 

aluminium 2.70 
ox

ox,s1Oλ  1.91 

  met,p2Alλ  2.22 
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3.3. Results 
 

3.3.1. O/Al atomic ratio of the oxide layers as determined from photoelectron 

intensities 

 

The composition, oxide and contamination layer thicknesses of the individual 

oxide layers were determined using the procedure discussed in Section 2. The 

results are summarized in Table 2. The composition of the oxide layers are 

given in terms of an O/Al atomic ratio, obtained from O/Al = (1-nAl)/nAl.  

For the evaporated, acid and alkaline pretreated aluminium type of oxide 

layers, the calculations were performed using Eqs. 2, 3 and 4. The 

pseudoboehmite oxide has a relatively thick oxide layer and thus no detectable 

Al 2p metal component was observed. To determine the O/Al atomic ratio for 

this oxide, Eqs. 6 and 7 were used. For the anhydrous amorphous aluminium 

oxide, which does not contain a contamination overlayer, the O/Al atomic ratio 

was determined using only Eqs. 3 and 4, while setting dcont to zero.  

All types of oxides, except the anhydrous aluminium oxide, showed oxidic 

rest spectra (i.e. spectrum obtained after subtraction of the reconstructed 

metallic peak) with a single symmetrical Al 2p oxidic peak. Also the FWHM’s 
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FIG. 3.  C 1s photoelectron peak as measured on a vacuum evaporated and oxidised type of 

aluminium at a detection angle of 15 degrees. The constituting components in the peak 

were resolved by curve-fitting. 
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(full widths at half maxima) which were in the 1.70-1.90 eV range does not 

suggest the presence of several components [33, 34]. Only for the 

pseudoboehmite oxide a larger peak width was observed, probably due to 

charging effects. For the anhydrous amorphous oxide, an additional component 

was however present, which is due to a minor amount of an aluminium-enriched 

surface oxide. This is discussed in detail in another work [11, 12]. Both oxidic 

components were included in the determination of the O/Al atomic ratio for 

this oxide. 

 

3.3.2. Oxide layer hydroxyl fraction as determined by curve-fitting of the O 1s peak 

 

The fraction of hydroxyls for the individual oxide layers as determined by 

curve-fitting of the O 1s peak using the constrained procedure (cf. Section 2) are 

summarized in Table 3. The O 1s peak of the anhydrous, amorphous aluminium 

oxide could be described accurately using only one component, corresponding to 

O2- . The O 1s peaks of all ambient-exposed oxide layers could be described 

accurately using two components, corresponding to OH- and O2- respectively. 

Only for the pseudoboehmite oxide, a small third peak was required, which 

corresponds to H2O. An example of the resolved OH- and O2- contributions to 

the measured O 1s peak is shown in Fig. 4, for an evaporated and oxidised 

TABLE 2. O/Al atomic ratio, contamination layer and oxide layer thickness of the studied 

oxide layers as determined from the resolved Al 2p, O 1s and C 1s photoelectron intensities. 

The results are obtained from spectra measured at the 45 degrees take-off angle with 

respect to the sample surface.  

contamination layer 

thickness 

 

oxide layer 

thickness 

 

O/Al 

atomic 

ratio 
type of oxide 

 (nm)  (nm) (-) 

anhydrous am. 

aluminium oxide 
- 0.72 1.53 

evaporated and oxidised 

aluminium 
0.14 1.60 1.62 

acid pretreated 

aluminium 
0.34 2.39 1.70 

alkaline pretreated 

aluminium 
0.41 5.03 1.77 

pseudoboehmite 0.22 > 9 2.27 

estimated error ± 0.02 ± 0.02 ± 0.02 
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aluminium type of oxide at both take-off angles. The Gauss-Lorentz ratio of the 

fitted components was in the 0.85 - 0.95 range and the FWHM’s in the 2.0 - 2.3 

eV range with the pseudoboehmite oxide showing the largest values, which is 

probably due to charging effects. The spread in the determined hydroxyl 

fractions for different samples of a certain type of oxide was determined to be 

around 0.02. All ambient-exposed oxide layers contain hydroxyls to different 

extents with the surface regions being more enriched with hydroxyls than the 

bulk, as evidenced from the angle-resolved measurements; see Table 3. 

At the 15 degrees take-off angle, more of the surface region of the oxide layer 

is being probed as compared to the 45 degrees take-off angle. This agrees well 

with results found by others using other measuring techniques [35]. For 

pseudoboehmite such an enrichment is not observed, because this oxide is 

known to have a homogenous AlOOH composition throughout the thickness [13, 

14].  The binding energies corresponding to the resolved O2-, OH- and H2O 

components are also listed in Table 3. The binding energies of the O2- 

component are found within a narrow range of 530.9 — 531.1 eV and for the OH- 

TABLE 3. Hydroxyl fraction and binding energies corresponding to O2- and OH- 

components of the aluminium oxide layers as obtained from curve-fitting of the O 1s 

peaks (see text for details). 

take-off 

angle 

OH- 

fraction 

O2- 

BE 

OH- 

BE type of oxide 

(deg) (-) (eV) (eV) 

anhydrous am. aluminium oxide 45 0.00 530.9 - 

evaporated and oxidised 45 0.10 531.0 532.4 

 15 0.21 531.1 532.4 

acid pretreated aluminium 45 0.21 531.0 532.4 

 15 0.35 531.0 532.4 

alkaline pretreated aluminium 45 0.30 531.0 532.4 

 15 0.43 530.9 532.3 

pseudoboehmite 45 0.49 530.5 532.0 

  0.01 H2O  533.5 

 15 0.47 530.4 531.8 

  0.04 H2O  533.7 

estimated error  ± 0.01 ± 0.05 ± 0.05 
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within a narrow range of  532.3 — 532.4 eV. However, only the binding energies 

of the O2- and OH- components for the pseudoboehmite type of oxide are lower: 

530.5 and 531.9 eV respectively. The difference between the OH- and O2- 

components binding energies lies for all oxides within a small range of 1.3-1.4 

eV. The values for the peak component separations and positions are well in 
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FIG. 4. Resolving the O 1s peaks into an O2- and OH- component by linear least square 

(LLS) curve-fitting using Gauss-Lorentz shape functions after subtraction of a Shirley-type 

background. Spectra were obtained for the acid pretreated aluminium at 15 degrees (left) 

and 45 degrees (right) take-off angles with respect to the sample surface. 
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FIG. 5. O 1s peakwidth (FWHM) plotted versus the hydroxyl fraction as determined from 

curve-fitting of the O 1s spectra, measured for the different types of aluminium oxides. 
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agreement with the results found by others [2, 5, 6, 36]. For the oxides studied, 

the trend of the hydroxyl fraction determined from curve-fitting was found to 

correlate with the O 1s peakwidth. 

This is shown in Fig. 5, in which the FWHM of the O 1s peak is plotted 

versus the hydroxyl fraction as determined from curve-fitting of the O 1s peak, 

for all oxides at both take-off angles. An alternate explanation for the observed 

peak broadening can also be charging [16, 17], but the applied charging shifts 

were comparable for the different oxides and only the pseudoboehmite oxide 

required a larger value. These results suggest that the O 1s peakwidth can serve 

as a first assessment of the amount of hydroxyls.  

 
3.4. Discussion 

 

The composition of the various aluminium oxide layers has been determined 

in terms of an O/Al atomic ratio and a hydroxyl fraction. The O/Al atomic 

ratio is determined from the resolved photoelectron intensities using Eqs. 2-7 

while the hydroxyl fraction is determined from curve-fitting; see Tables 2 and 3 

respectively.  

Although the O/Al atomic ratio and hydroxyl fraction are related to 

eachother, their values have been obtained from independent methods. A linear 

relation however exists between the hydroxyl fraction and the O/Al atomic 

ratio. The hydroxyl fraction of an anhydrous aluminium oxide (Al2O3) is zero 

and it has an O/Al atomic ratio of 1.5 while the hydroxyl fraction of crystalline 

boehmite (AlOOH) is 0.5 and it has an O/Al atomic ratio of 2.0. This linear 

relationship allows a direct comparison between the results as obtained in this 

study. In Fig. 6, the experimentally determined O/Al atomic ratio is plotted 

versus hydroxyl fraction for the different studied oxide layers, together with a 

line corresponding to the linear relationship between the two parameters. An 

excellent correlation is evident between the O/Al atomic ratio and hydroxyl 

fraction as obtained with the two different methods. Only for the 

pseudoboehmite oxide the determined O/Al atomic ratio and the hydroxyl 

fraction do not match (cf. Fig. 6). This discrepancy can be explained from the 

fact that the pseudoboehmite oxide is porous and the surface of the layer is 

rough [13, 14], which is not the case for the other types of oxides studied. Due 

to this, the pseudoboehmite oxide does not satisfy the conditions for 

determining the O/Al atomic ratio using Eqs. 2-7, (i.e. a flat and homogeneous 

oxide layer). This likely results in an incorrectly determined O/Al atomic ratio.  
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3.5. Conclusions 
 

The O/Al atomic ratios, oxide and contamination film thicknesses were 

determined simultaneously from measured PZL photoelectron intensities for the 

differently prepared aluminium oxide layers. The composition of the oxide layer 

prepared and analysed in vacuum corresponds to stoechiometric aluminium 

oxide, i.e. the O/Al atomic ratio equals about 1.5. The O/Al atomic ratio is 

higher for ambient exposed aluminium and those pretreated in acidic or alkaline 

solutions. The highest O/Al atomic ratio (about 2.3) is observed for a 

pseudoboehmite oxide layer, produced by immersion of aluminium in boiling 

water. The values for the O/Al atomic ratio are consistent with the hydroxyl 

fractions as determined from curve-fitting of the O 1s peak. A linear relation 

exists between O/Al ratio and the hydroxyl fractions of the studied oxide 

layers. Also, a linear relation is observed between the hydroxyl fraction and the 

OH fraction
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FIG. 6. Comparison between O/Al atomic ratios as determined from photoelectron 

intensities and hydroxyl fractions from curve fitting of the photoelectron spectra as 

measured for the different types of aluminium oxide layers. The solid line represents the 

relation predicted between the O/Al atomic ratio and hydroxyl fraction for different samples 

of the same oxide. The error margin, corresponding to the spread of the values as 

determined for different samples of the same type of oxide, is for most oxides smaller than 

the symbol size.  
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O 1s peakwidth. The O 1s binding energies of the O2- and OH- components in 

the O 1s peak for the oxide layer prepared by oxidising aluminium in vacuum, 

acid or alkaline solutions are found in the relatively narrow ranges of 530.9 — 

531.1 eV and  532.3 — 532.4 eV respectively. Compared with these values, the 

pseudoboehmite type of oxide shows about 0.5 eV lower binding energies. From 

angle-resolved measurements it could be derived that most of the oxides are 

more enriched in hydroxyls towards the surface region. 
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CHAPTER 4.  

ACID-BASE CHARACTERISATION OF ALUMINIUM OXIDE SURFACES 

USING XPS 1 

 

 

 

 

 

                                                 
1  This chapter was published as a scientific paper: 
J. van den Brand, P.C. Snijders, W.G. Sloof, H. Terryn, J.H.W. de Wit,  
Journal of Physical Chemistry B, 108(22), 6017-6024, 2004 
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Synopsis 

 
4.1. Introduction 

  

The acid-base properties of an oxide surface play a major role in interfacial 

reactions and are therefore important in fields like catalysis, adhesion, corrosion 

and wetting [1-4]. This macroscopic property is on the atomic scale determined 

by a large number of different reactive sites, which each have their own acid-

base properties. The oxide surface can be considered to consist of three different 

types of sites. The O anions can act as electron-donating Lewis base sites, 

incompletely coordinated cations as electron-accepting Lewis acid sites and the 

OH anion can act either as a Lewis acid or base, but also as proton-exchanging 

Brönsted acid-base sites [4]. For a localised description of the acid-base events 

that can occur on the oxide surface, an understanding of the acid-base 

properties of these separate sites is required. The X-ray photoelectron 

spectroscopy (XPS) analysis technique enables the study of these acid-base 

properties. It probes the electronic structure of a material and specifically 

enables to distinguish separate sites related to the elemental constituents. XPS 

The localised acid-base properties of the aluminium oxide surface play an 

important role in determining which types of interactions can occur with 

functional groups of the organic overlayer. As the X-ray photoelectron 

spectroscopy (XPS) technique directly probes the electronic structure of a 

material, it is highly suitable for studying the localised acid-base properties 

of the oxide layer. In this chapter, the localised acid-base properties of the 

O, OH and Al sites on the surfaces of the oxide layers of 5 differently 

prepared aluminium substrates are studied using XPS. This same set of 

substrates is used throughout this thesis and was in Chapter 3 studied with 

respect to the amount of hydroxyls. To determine the localised acid-base 

properties, Al 2p and O 1s electron core-level binding energy shifts are 

evaluated while taking into consideration the factors that contribute to 

these shifts. It is found that for structurally comparable oxides, the core 

level binding energy shifts can be directly evaluated to study changes in 

acid-base properties. Although different methods are followed to prepare the 

substrates, their oxide layers in fact have the same localised acid-base 

properties. Only the pseudoboehmite layer, made by boiling of aluminium in 

water, shows more basic OH, O and Al sites. This can be ascribed to a 

fundamentally different structure for this oxide as compared to the other 

oxides.  
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is widely used to determine valence state of ions [5], nature of bonding (e.g. 

ionicity/covalency) [6-8] and acid-base properties of oxides [3, 9-10].  

In this work, the localised acid-base properties are investigated of the oxide 

layers on a set of five differently pretreated aluminium substrates. These layers 

were also investigated in Chapter 3 and represent typical layers that can 

develop on aluminium surfaces. They are frequently encountered in fields like 

adhesion, lithographic plates [11-13] and as models to investigate alumina-based 

catalysts [14]. The oxide layers studied were produced by oxidising of 

aluminium in vacuum, with an alkaline and acidic pretreatment, and in boiling 

water. To evaluate the localised acid-base properties of their Al, O and OH 

sites, the Al 2p and O 1s electron core-level binding energies are evaluated, 

while taking into consideration the initial and final state effects in the 

photoelectron emission process and the O 1s peak is resolved into the 

constituting OH and O components. To study the oxide layer and chemistry at 

the surface and the interior of the layers, angle-resolved XPS was performed. To 

our knowledge, such a detailed analysis of the correctness of the use of binding 

energies for evaluating the acid-base properties of the Al, O and OH sites has 

not been performed before. 

 
4.2. Interpretation of XPS core level binding energies 
  

According to the simple electrostatic potential model introduced by 

Siegbahn et al [15], the binding energy shift ∆EB(A), observed for the core level 

of an atom A in two different materials can be described with [5, 15-16]: 

 
ea

MB RVqk)A(E ∆−∆+∆=∆   (1) 

 

In this equation, ∆q is the change in effective electronic charge on the A 

atom with k being a constant. The ∆VM term is the change in the Madelung 

potential, which describes the electrostatic interaction between the single atom 

A and charges on the other atoms grouped in the lattice around A. The term 

∆Rea arises from the extra-atomic charge rearrangement or relaxation that 

occurs in response to the core hole created in the photoelectron process. Eq. 1 

can be divided into two parts. The first part (k∆q + ∆VM) represents the initial 
state chemistry of the photoionised atoms/ions and is the important parameter 

for the localised acid-base properties considered here. The second part, ∆Rea, 

represents the final state contribution to the binding energy due to the 

photoionisation process in the measuring technique. The final state and 

Madelung potential contributions to the binding energies are often neglected 
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and k is assumed to be constant in XPS analysis of oxides [5, 9]. A direct 

relation between the change in electronic charge on the ions or atoms and 

measured binding energy shift is then obtained, i.e. ∆EB(A)= k∆q. For a cation 

(q > 0) a more positive charge will then result in an higher binding energy, 

while for an anion (q < 0), a more negative charge will result in a lower binding 

energy. This approach often leads to correct results [17, 18], but in some cases it 

was found that either the Madelung potential or extra-atomic relaxation showed 

a dominant contribution to the binding energy shifts [16, 19-20].  

Using the Auger-parameter concept introduced by Wagner [21], the 

contribution of the final state effects to the binding energy can be evaluated. 
The Auger-parameter is defined as )C(E)CCC(E B

,,,,,,
k

, +=α  [16, 22] with 

)CCC(E ,,,,,,
k  being the kinetic energy of an Auger transition involving the ,C , ,,C  

and ,,,C   core electron levels. For a shift in this Auger-parameter ∆α’ [23]: 

 
ea', R2∆=α∆   (2) 

 

which can therefore be used to evaluate the effect of changes in extra-atomic 

relaxation. The Auger-parameter is insensitive to charging effects and Fermi 

level changes because the effects cancel out in the calculation [16]. The Auger-

parameter is considered to be a sensitive indicator to study changes in local 

environment of the core ionised atom [22, 24-27]. In addition to the Auger-

parameter, also a parameter can be derived which corresponds to the initial 

state part of the binding energy (cf. Eq. 1). This initial state parameter, 

denoted as β, is defined as [Ek(C′C′′C′′)+3EB(C)] and a shift in this parameter 

corresponds to [16]: 

 
[ ]kqV2 M +∆=β∆  (3) 

 

and can therefore be used to evaluate the effect of changes in the initial state 

chemistry. In contrast with the Auger-parameter, this initial state parameter is 

sensitive to errors in charging corrections and work function changes and an 

error in one of these will result in a twice as large error in the calculated values. 

The Madelung potential contribution to the initial state parameter can be 

calculated if detailed structural knowledge of the atomic arrangement of the 

considered oxide is available [10, 16, 20, 24]. A direct separation of the 

contributing terms to the initial state parameter is then possible. For most 

amorphous aluminium oxides — as studied in this work — such detailed 

structural information is not available. However, an alternative approach can be 

followed which allows a direct evaluation of the electronic charge q on the O 
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anion in the oxide. Using an electrostatic model, Ascarelli et al. [28] 

demonstrated that the Auger peak separation Ek(O KL23L23) — Ek(O KL1L23)  is a 

direct measure of this electronic charge, independent of Madelung potential and 

relaxation effects. Increases in this peak separation indicate an increasing 

electronic charge on the O anion. For a large set of different aluminium oxides 

it was found that this peak distance indeed correctly described trends in 

ionicities [29]. Similar approaches were followed by others [30,31]. Since the 

Fermi-level is used as a reference for the energy of the emitted photoelectrons in 

XPS, a change of the Fermi-level will cause a homogeneous binding energy shift 

of the core electron peaks [5, 32-33]. This Fermi-level shift is not included in Eq. 

1. Such a Fermi-level shift can be caused by impurities, defects or a non-

stoiciometric composition in non-conductive materials; which all introduce 

states in the band gap. 

 
4.3. Experimental details and data evaluation 
 

4.3.1. Oxide layers and experimental details 

  

In this work, the same set of five differently prepared aluminium substrates 

were investigated as in Chapter 3. The preparation procedure for the substrates 

is given in paragraph 3.2.1, page 23. The experimental details of the XPS 

measurements are given paragraph 3.2.2, page 25.  

 

4.3.2. XPS Analysis and data evaluation 

 

Data evaluation 

  
For the determination of the oxidic Al 2p core level binding energies and Al 

KL23L23 kinetic energies, the measured spectra were resolved into an oxidic and 

a metallic component in their respective binding energy regions. A procedure 

was used in which the metallic peak (obtained from a clean aluminium sample 

without an oxide layer) plus its associated Tougaard background and including 

the tail towards higher binding energies is reconstructed in the measured 

spectrum of the oxidised sample. This procedure is discussed in detail in 

paragraph 3.2.3 and also elsewhere [34, 35]. For the O 1s, O KLL and C 1s 
peaks, the binding energy positions were determined after subtraction of a 

simple Shirley-type background. Since the spectra only contain a small 

contribution of inelastically scattered electrons as compared to the intensity of 

the main peak, the result was found to be insensitive to the choice of type of 
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background subtraction [34]. The various binding and kinetic energy positions 

were determined accurately by fitting of a third degree polynomial function 

through the top of the respective peaks. Curve-fitting of the O 1s photoelectron 

peak to determine the fraction of hydroxyls was performed in the 526-538 eV 

binding energy region, using a constrained fitting procedure in which the widths 

and shapes (mixed Gauss-Lorentz function) for the different fit components in 

the peak were allowed to change. However, the change was restricted to be the 

same for all components. No restrictions were imposed on the binding energy 

positions of the components. The procedure is discussed in detail in the previous 

chapter. In the previous chapter, an analysis was performed of the layer 

thicknesses of the studied oxides. All thicknesses were found to be close to or 

much larger than 1 nm. For this reason, a contribution to the binding energies 

due to polarization of the underlying metal is not expected [28].  For both Al 
and O, Auger-parameters '

Alα  and '
Oα  have been calculated where '

Alα  has been 

calculated as [Ek(Al KL23L23) + EB(Al 2p)] and '
Oα  as [Ek(O KL23L23) + EB(O 

1s)]. The initial state parameters βAl and βO have been respectively calculated as 

[Ek(Al KL23L23) + 3 EB(Al 2p)] and [Ek(O KL23L23) + 3 EB(O 1s)].  
 
4.4. Results 
 
4.4.1. Measured core level binding energies and Auger kinetic energies 

  

The measured O 1s, Al 2p binding energies and O KL23L23, Al KL23L23 kinetic 

energies of the 5 different types of studied oxides at the two different take-off 

angles are summarized in Table 1. The binding energy positions of both the O 

1s and Al 2p peaks correspond well to values reported for comparable types of 

amorphous aluminium oxides [36-41]. A typical example of the Al KLL and O 

KLL Auger electron transition spectra is shown in Fig. 1 with the associated 

peak designations. In Table 1 also the full-width at half maxima (FWHM) of 

the O 1s and Al 2p peaks are listed. The different oxides clearly show variations 

in FWHM of the O 1s peak, but not in the Al 2p peak. The higher Al 2p 
peakwidth for the anhydrous amorphous oxide is due to a surface oxide 

component at a lower binding energy, as discussed in detail elsewhere [26]. For 

the pseudoboehmite oxide, the increase in Al 2p binding energy is likely due to 

charging effects. The increase in O 1s peakwidth can be ascribed entirely to the 

increase of the hydroxyl concentrations in the oxides, see the previous chapter. 

The different components constituting the O 1s peak, corresponding to O, OH 

and for pseudoboehmite also H2O, were resolved by curve-fitting.  
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TABLE 1. Measured O 1s, Al 2p core level binding energies and O KL23L23 and Al KL23L23 
kinetic energies of the various aluminium oxides 
type of oxide 

layer 
angle O 1s BE 

(FWHM) 
 

Al 2p BE 
(FWHM) 

 

E(Al-O) 
 

OKL23L23 
KE 

Al 
KL23L23 

KE 
 (deg) (eV) (eV) (eV) (eV) (eV) 

anhydrous 
amorphous 

oxide 

45 531.0 
(2.2) 

74.3 
(2.1) 

456.7 509.0 
(6.5) 

1387.6 
(2.2) 

evaporated and 
oxidised 

45 531.2 
(2.3) 

74.4 
(1.8) 

456.8 508.5 
(6.8) 

1387.6 
(2.1) 

 15 531.1 
(2.5) 

74.3 
(1.8) 

456.8 508.5 
(7.0) 

1387.6 
(2.2) 

acid pretreated 45 531.4 
(2.5) 

74.6 
(1.9) 

456.9 508.3 
(6.9) 

1387.2 
(2.3) 

 15 531.4 
(2.9) 

74.4 
(1.9) 

457.0 508.5 
(8.0) 

1387.3 
(2.2) 

alkaline 
pretreated 

45 531.5 
(2.9) 

74.7 
(1.9) 

456.8 508.3 
(7.4) 

1386.9 
(2.2) 

 15 531.6 
(3.1) 

74.6 
(1.9) 

457.1 508.3 
(8.4) 

1387.0 
(2.1) 

pseudoboemite 
(boiled) 

45 531.2 
(3.0) 

73.9 
(2.2) 

457.3 508.0 
(8.5) 

1387.6 
(2.6) 

 15 531.2 
(3.1) 

73.9 
(2.2) 

457.3 507.9 
(9.0) 

1387.5 
(2.6) 

estimated error ± 0.05 0.05 0.1 0.1 0.1 

Kinetic Energy (eV)
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FIG. 1. Al KLL and O KLL Auger-electron spectra and designations for a pseudoboehmite 

oxide (Shirley-type background subtracted). 
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The results of this were already discussed in Chapter 3 but for completeness are 

repeated here. The values of the binding energies of these components and their 

relative fractions are reported in Table 2.  

It was observed that with changing hydroxyl concentration, the intensity of 

a shoulder on the high kinetic energy side of the O KL23L23 transition in the O 

KLL spectrum also changed. This is illustrated in Fig. 2, where the O KLL 

spectra are shown for the anhydrous amorphous aluminium, alkaline pretreated 

aluminium and pseudoboehmite types of oxides. Such a shoulder is more often 

reported in the literature and has been ascribed to a KL23m transition [42, 43], 

in which a L23 hole on the central O anion is filled by an electron from a metal-

like orbital. Other authors, however, associate this phenomenon with hydroxyls 

in a hydroxide [44], or hydrogen bonding between different hydroxyls [45]. The 

shoulder has the effect of broadening of the O KL23L23 peak. In Fig. 3, the O 

KL23L23 FWHM's are plotted versus the corresponding hydroxyl fractions. The 

relation between the O KL23L23 FWHM and the OH fraction was confirmed by 

an additional experiment in which a pseudoboehmite oxide was dehydrated in-

situ in vacuum at a temperature of 300 oC. The removal of the hydroxyls from 

the oxide (as evidenced by a decreasing OH component in the O 1s core level 

peak) resulted in a significant reduction of the shoulder.  

TABLE 2. Resolved components in the O 1s core level peak by curve-fitting of the 

various aluminium oxides. 

type of oxide layer angle OH 

fraction 

O  

BE 

OH  

BE 

 (deg) (-) (eV) (eV) 

anhydrous amorphous 

oxide 

45 0.00 530.9 - 

evaporated and oxidised 45 0.11 531.0 532.4 

 15 0.21 531.1 532.4 

acid pretreated 45 0.25 531.1 532.4 

 15 0.35 531.0 532.4 

alkaline pretreated 45 0.30 531.0 532.4 

 15 0.43 530.9 532.3 

pseudoboehmite 

(boiled) 

45 0.49 

0.01 H2O 

530.5 532.0 

533.5 

 15 0.47 

0.04 H2O 

530.4 531.8 

533.7 

estimated error  ± 0.05 0.05 0.05 
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As a clear correlation is observed between the hydroxyl fractions and the O 

KL23L23 peakwidth, the major part of this shoulder is not associated with a 

KL23m transition, but is related to the hydroxyls in the oxide layer. 
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FIG. 2. Measured OKLL spectra for anhydrous, alkaline pretreated and 

pseudoboehmite oxides after subtraction of a Shirley-type background. (Spectra are 

shifted to give the same O KL23 L23 kinetic energy). 

hydroxyl fraction

0.0 0.1 0.2 0.3 0.4 0.5 0.6

O
 K

L 2
3L

23
 F

W
H

M
 p

ea
kw

id
th

 (e
V)

5.0

6.0

7.0

8.0

9.0

10.0

evaporated and oxidised 
acid pretreated aluminium
alkaline pretreated aluminium
pseudoboehmite
anhydrous amorphous oxide 

15 45 take-off angle

 
FIG. 3. Full-width at half maximum (FWHM) of O KL23L23 peak versus hydroxyl 

fraction as determined from curve-fitting of the O 1s core level for the various 

aluminium oxides, at 15 and 45 degrees take-off angle. 
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4.4.2. Auger parameters 

  
The Auger-parameters '

Oα  and '
Alα  are considered to evaluate the 

contribution of the extra-atomic relaxation to the measured core level binding 

energies (cf. Eq. 2). The Auger-parameters as determined for all oxides at both 

take-off angles are summarized in Table 3.  The various oxides exhibit an 
almost constant '

Oα  in the narrow 1039.7-1039.9 eV range. The pseudoboehmite 

oxide shows a significantly lower value of 1039.1-1039.2 eV. These '
Oα  values 

also do not change significantly when going from the bulk of the oxide layer (45 

degrees take-off angle) to more towards the surface region (15 degrees take-off 
angle). The '

Oα  values must be considered as an average of the chemical 

environments of the OH and O ions in the oxide layers, because it was not 

possible to resolve the contribution of these constituents to the O KLL peak, see 
also Ref. [43]. The '

Oα  values for the amorphous oxides studied here are not 

comparable to literature values given for crystalline oxides with a similar 

composition [22]. This is at least in part due to structural differences between 

the amorphous and crystalline oxides: a gradual transition from amorphous 
Al2O3 to crystalline γ-Al2O3 results in a gradual change in the '

Oα  from 1039.9 

to 1038.9 eV [27].  
The '

Alα  values of the studied oxides are in the range of 1461.4 - 1461.9 eV. 

These values also do not change significantly when going from the bulk towards 
the surface region of the oxide layer. The '

Alα  value of pseudoboehmite (1461.5 

eV) is lower than the value given by Wagner for crystalline boehmite (1461.8 

TABLE 3. Al and O Auger-parameters for the various aluminium oxides. The correspo-

nding core level binding energies are listed in Table 1.   

type of oxide layer angle 
'
Alα  '

Oα  

 (deg) (eV) (eV) 

anhydrous amorphous oxide 45 1461.9 1039.9 

evaporated and oxidised 45 1461.9 1039.7 

 15 1461.9 1039.7 

acid pretreated 45 1461.8 1039.7 

 15 1461.7 1039.9 

alkaline pretreated 45 1461.5 1039.7 

 15 1461.4 1039.8 

pseudoboehmite (boiled) 45 1461.5 1039.2 

 15 1461.4 1039.1 

estimated error ± 0.1 0.1 
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eV) [22] and the values for the other oxides are higher than the value for 
crystalline γ-Al2O3. (1461.8 eV). The '

Alα  values, however, do correspond well to 

structurally more comparable amorphous oxide layers. For anhydrous 

amorphous aluminium oxides, values of 1461.9 eV have recently been obtained 

[27, 46] and about 0.4 eV lower values have been found for hydroxyl containing 

oxide layers obtained by oxidation in H2O/O2 gas mixtures [42] and ambient-

exposed native oxide layers, likely also containing hydroxyls [47]. It appears 
that there is a trend in which the '

Alα  values decrease with an increase in 

hydroxyl concentration in the oxide layers. This can have the effect of lowering 
the '

Alα  directly, due to the lower polarisability of the OH as compared to the O 

anion [48]. However, this conclusion does not appear to be fully justified. Upon 

removal of hydroxyls from a pseudoboehmite oxide through dehydroxylation by 

heating at 300 oC in vacuum, see above, the Auger-parameter did not show a 
significant increase again. Shifts of the '

Alα  are often explained as changes in 

coordination number of the Al cations [22]. The presence of different 

coordination states is expected to show up as a broadening of the Al KL23L23 

and Al 2p  peaks [10, 17, 49]. Sometimes curve-fitting of the Al KL23L23 peak or 

Al 2p peak is performed to distinguish states with a different coordination [10, 

17, 49]. However, such an effect was not observed and all oxides showed an Al 

KL23L23 FWHM in the 2.1-2.3 eV and the Al 2p peak in the 1.8-1.9 eV range, 

with only the pseudoboehmite oxide showing significantly higher values due to 

charging. The presence of different aluminium coordination states in the oxides 
can therefore be excluded as a possible explanation for the '

Alα  shifts. The 

absence of different coordination states also suggests that the hydroxyls in the 

alkaline pretreated, acid pretreated and evaporated and oxidised types of oxides 

are not present in separate Al(OH)3 or AlOOH units in an ‘Al2O3 matrix’ [40, 

50] but rather obtain isolated positions [41] as otherwise mixtures of different 

coordination states are expected to show up in the Al 2p and Al KLL peaks.  
The much lower value of the '

Oα  for the pseudoboehmite oxide, see Table 3, 

indicates that the local environment around the O anion deviates significantly 

from the other oxides. In the crystalline boehmite, the Al cations reside in 

distorted octahedra of O ions. These octahedra are joined to form an 

interlocking double layer in which the oxygen anions are in a cubic-closed 

packing but the whole structure is not close-packed  [13, 51]. The double layers 

are linked by hydrogen bonds between hydroxyl ions in neighbouring planes. As 

compared to the crystalline boehmite, the pseudoboehmite is structurally less 

well defined and further it has interlamellar water in its structure. As shown in 

Ref. [27], in the anhydrous amorphous oxide, the short range ordering around 
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the Al ions is the same as that in crystalline γ-Al2O3; i.e. both tetrahedrally and 

octahedrally coordinated Al ions exist in the same ratio as in the well defined 

crystalline γ-Al2O3. These tetrahedral and octahedral units are stacked without 

long range order with some excess free volume located in between the units. The 

local order in the other oxides studied here, most likely resembles that from the 
anhydrous oxide as indicated by the similar '

Oα . Therefore, the deviating 

pseudoboehmite Auger-parameters are likely caused by the fundamentally 

different local structure of pseudoboehmite as compared to the other oxides in 

this study. For this reason, the results of pseudoboehmite will in the following 

be considered separately from the other oxides. 

 

4.4.3. Initial state parameters 

 

The shifts observed in the measured O 1s binding energies of the various 

oxides are fully dominated by initial state effects, because the practically 
constant O Auger-parameter '

Oα   (Table 3) implies that the contribution of 

final state effects (∆Rea, Table 3 and Eq. 2) is negligible.  The total Al 2p 

binding energy shift observed is 0.5 eV (Table 1), while the extra-atomic 

relaxation changes over 0.25 eV but in the opposite direction (Table 3 and Eqs. 

1 and 2). This then implies that the shifts observed in the Al 2p core level 

binding energies will to some extent also be influenced by final state effects. 

The initial state parameters βAl and βO for respectively Al and O have been 

determined using the measured electron core level binding energies and Auger 

electron transition kinetic energies (cf. Eq. 3 and Table 1). In Fig. 4, the 

measured electron core level binding energies are plotted versus initial state 

parameters. For both Al and O, the initial state parameter increases with 

increasing core level binding energies and a linear relationship is observed for 

both βO vs. O 1s and  βAl vs. Al 2p. The initial state parameters of Al and O are 

composed of a contribution due to the charge q and Madelung potential, cf. Eq. 

3. For the O anion, a direct evaluation can be made of the charge q present by 

considering the Ek(O KL23L23) — Ek(O KL1L23) peak separation [28]. This peak 

separation increases linearly with the O 1s core level binding energy for the 

studied oxides, see Fig. 5. Thus, the O 1s binding energies are directly related 

with the surface-averaged charge q present on the anions. According to the 

work of Ascarelli et al [28], the peak separation range  Ek(O KL23L23) — Ek(O 

KL1L23) of 19.7 — 21.0 eV (see Fig. 5) corresponds to a surface-averaged charge q 

on the anions between about -1.2e for the alkaline pretreated to about -1.7e for 

the anhydrous amorphous aluminium oxide.  
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In this context, it is noted that the binding energy shifts are not due to 

changes in Fermi level, as then a change in binding energy would not be 

reflected in a change in Ek(O KL23L23) — Ek(O KL1L23)  peak separation and 

thereby in q. Moreover, the E(Al 2p — O 1s) peak separations, often used to 
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FIG 4. The initial state parameters versus their corresponding core level binding energies for 

oxygen (top) and aluminium (bottom) for the various aluminium oxides. 



Chapter 4  

54 

separate Fermi-level shifts from chemical shifts [32, 33], does not show a 

constant value for the studied oxides, see Table 2. The pseudoboehmite oxide, 

being structurally different, shows deviating behaviour from the other oxides. It 
has a much lower '

Oα  and therefore a lower extra-atomic relaxation 

contribution to the O 1s binding energy, cf. Eq. 2. Also the initial state 

parameter βO of the pseudoboehmite oxide is significantly lower than those of 

the other types of oxides; see Fig. 4. However, the Ek(O KL23L23) — Ek(O KL1L23) 

versus O 1s binding energy values of all oxides, including pseudoboehmite, fall 

on a straight line, see Fig. 5. Thus, the O 1s binding energy also for 

pseudoboehmite represents the charge q on the oxygen-containing anions (see 

above). Then, as compared to the other oxides (according to Eq. 1), the lower 

extra-atomic relaxation contribution must be compensated for by a lower 

Madelung potential contribution ∆VM to the O 1s binding energy for pseudo-

boehmite.  

 
4.5. Discussion 
 

Evaluation of the measured core level binding energies (O 1s and Al 2p) and 

Auger-electron kinetic energies (O KLL and Al KLL) for various aluminium 
oxides in terms of their initial state (βAl and βO) and final state ( '

Alα  and '
Oα ) 
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FIG. 5. The distance between the O KL23L23 and the O KL1L23 lines versus the O 1s core 

level binding energy for various aluminium oxide layers. 
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parameters was performed. This analysis showed that for the structurally 
comparable oxides as evidenced from the similar value of their Auger-parameter, 

see Table 3, the O 1s core level binding shifts directly represent changes in the 

initial state chemistry of the system and do not suffer from final state effects, cf. 

Fig. 3 and Table 3. Moreover, it was shown that the O 1s core level binding 

energy shifts directly represent changes of the surface-averaged charge q present 

on the O anions and do not suffer from changes of the Madelung potential. The 

minor Al 2p core level binding energy shifts also corresponds with changes in 

the initial state chemistry, cf. Fig. 4, but these binding energy shifts do have a 

contribution from final state effects, cf. Table 3. It has been demonstrated that 

the core level binding energy shifts are not due to differences in the Fermi-level 

of these oxides.  

The O 1s binding energy increases in the order anhydrous oxide < 

evaporated and oxidised < acid pretreated < alkaline pretreated aluminium, for 

both take-off angles, see Table 2. This implies that the surface-averaged 

electronic charge on the anions increases in the same order. The observed 

increases in O 1s binding energy can, however, be attributed solely to the 

increase of the OH component to O 1s peak, which is present at a 1.3-1.4 eV 

higher binding energy, see paragraph 4.4.1 and Table 3. The binding energies of 

the separate components do not vary significantly for the oxides, see Table 2. 

Further, there are no differences observed in binding energy of the resolved 

components for the surface region (15 degrees take-off angle) and for the more 

bulk region of the oxide layer (45 degrees take-off angle). This indicates the 

absence of a surface oxide with a different chemistry for the ambient-exposed 

oxides. The chemical behaviour of the separate hydroxyls (when present, see 

Table 2) and also oxygens is thus constant among the oxides. Therefore, the 

OH’s will all have the same Brönsted/Lewis acid-base properties and the O’s all 

the same Lewis base properties for all these oxides.  

The Al 2p binding energy increases in the order anhydrous oxide < 

evaporated and oxidised < acid pretreated < alkaline pretreated aluminium, see 

Table 1. The increase of the Al 2p binding energy is small as compared to the 

shift observed for the O 1s peak, see Table 1. It has been demonstrated that 

there is a significant contribution of changes in extra-atomic relaxation to Al 2p 

core level binding energy shifts. This implies that there are only minor changes 

in chemical behaviour for the Al cations for these oxides. There are no clear 

differences observed in binding energy for the surface region and for the more 

bulk region of the oxide layer, which indicates the absence of surface oxide, 

having a different chemistry. Thus, the Al sites for the different oxides are 

expected to have very similar Lewis acid properties. 
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The pseudoboehmite oxide shows significantly lower binding energies for its 

constituents as compared to the other oxides studied, see Table 2. However, the 

shift in binding energy can not be used to directly ascribe this to changes in its 

initial state chemistry, see Fig. 4, as the pseudoboehmite oxide is structurally 

different from the other oxides as evidenced from the Auger-parameters, see 

Table 3. As discussed above, this results in different contributions to the core 

level binding energy as compared to the other oxides, see Fig. 4. This signifies 

that a direct comparison of binding energy shifts to compare acid-base 

properties is only possible for structurally similar oxides. The position of 

pseudoboehmite in the initial state plots, see Fig. 4, and Ek(O KL23L23) — Ek(O 

KL1L23) versus O 1s plot, Fig. 5, indicates that this oxide has OH, O and also Al 

sites on its surface that are considerably more basic as compared to the other 

studied oxides.  

It can be concluded that the oxides have very similar acid-base properties of 

their O, OH and Al sites, with only the pseudoboehmite oxide showing a more 

basic sites. However, the different oxides do show differences with respect to the 

number of hydroxyls present on their surfaces, cf. Table 2. These hydroxyls are 

for most organic functional groups directly involved in chemical bonding 

mechanism [1, 2]. Thus, an increase in the amount of hydroxyls will lead to a 

larger number of sites being available for interactions with organic molecules.  

 
4.6. Conclusions 
  

Structurally similar oxide layers are formed when producing oxide layers 

with an alkaline or acidic pretreatment and by oxidising of aluminium in 

vacuum, despite the different preparation procedures. The oxides exhibit OH 

sites with the same Brönsted/Lewis acid-base properties, O sites with the same 

Lewis base properties and Al sites with very similar Lewis acid properties. 

Moreover, the oxides do not show a different chemistry on their surfaces as 

compared to the interior of the layers. The oxides do however differ in the 

amounts of hydroxyls that are present on their surfaces. After boiling of 

aluminium in water, a pseudoboehmite oxide is formed, which is structurally 

different from the other oxides. This oxide has more basic O, OH and Al sites.  

XPS analysis evidenced that the values of the O 1s binding energies for the 

structurally similar oxides directly reflect the initial state chemistry of the 

anions. The oxides show shifts in their O 1s binding energy, but these are 

entirely due to changes in the amounts of hydroxyls in the oxide layer. The 

structurally different pseudoboehmite oxide has a lower extra-atomic relaxation 

and Madelung potential contribution to the binding energies. The O 1s binding 
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energy is directly related to the surface-averaged charge present on the O-

anions. This charge varies between about -1.2e for the oxide formed after an 

alkaline pretreatment to about -1.7e for the anhydrous amorphous aluminium 

oxide. A correlation between the Al 2p core level binding energy shift and the 

changes of the initial state chemistry of the oxides exists, but this Al 2p binding 

energy shift is also partially caused by changes in extra-atomic relaxation. 
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CHAPTER 5.  

INTERACTION OF ANHYDRIDE AND CARBOXYLIC ACID  

FUNCTIONAL GROUPS WITH ALUMINIUM OXIDE SURFACES STUDIED 

USING INFRARED REFLECTION ABSORPTION SPECTROSCOPY 1 

 

 

 

 

                                                 
1  This chapter was published as a scientific paper: 
J. van den Brand, O. Blajiev, P.C.J. Beentjes, H. Terryn, J.H.W. de Wit  
Langmuir, 20(15), 6308-6317, 2004 
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Synopsis 
 

 
5.1. Introduction 

 

5.1.1. Introduction 

 

Carboxylic acid and anhydride functional groups are present in many 

commonly used adhesives and organic coatings [1-3] and carboxylic acid end 

groups are also found in many self-assembling monolayers (SAM) [4,5]. The 

Carboxylic acid and anhydride functional groups are present in many 

commonly used adhesives and organic coatings and carboxylic acid end-

groups are also used in many self-assembling monolayers (SAM’s). A good 

understanding of how these groups interact with the oxide surface and how 

this is influenced by the composition and chemistry of the oxide layer is 

important. Moreover, it is also important to know their bonding stability in 

the presence of water. For polymeric coatings, a study of bonding with the 

metal substrate is not possible due to the buried interface. To allow for such 

an investigation anyhow, a model compound approach is followed in this 

Chapter. The polymer is simplified to a small molecule — a model compound 

— that is adsorbed as a thin layer on the aluminium oxide surface.  The 

bonding with the oxide surface is subsequently studied using infrared 

reflection absorption spectroscopy. Two of the model compounds are chosen 

to represent a maleic anhydride grafted or co-polymerised polyolefin 

polymer. The third model compound is an aliphatic monofunctional 

carboxylic acid. The bonding of the model compounds is studied to the 

same set of five differently pretreated aluminium substrates as were studied 

in Chapters 3 and 4 using XPS. This allows determining the relation 

between composition and chemistry of the oxide layer and the subsequent 

interaction of the carboxylic acid and anhydride based compounds. It is 

found that on all oxide surfaces, the anhydride hydrolyses, thereby forming 

two carboxylic acid groups. Subequently, the carboxylic acid groups interact 

with the oxide surface to form a chemisorbed (i.e. strongly bonded) 

carboxylate species. This reaction proceeds through the hydroxyls on the 

oxide surface. The substrates with more hydroxyls on their surfaces are 

found to be capable of bonding more carboxylic acid groups. The bonding 

stability in the presence of water is found to be not very good for a 

monocarboxylic acid but very good for a bicarboxylic acid. 
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groups have the capability of coordinative bonding to the aluminium oxide 

surface [4-6]. An aluminium substrate is often given a surface treatment prior to 

applying a self-assembling monolayer or a polymeric overlayer. The surface 

treatment changes the chemistry and composition of the oxide layer, which is 

thereby expected to also influence the bonding behaviour of the organic 

overlayer that is subsequently applied [7]. Because of the widespread usage of 

polymer and SAM coated aluminium, knowledge of the interaction of anhydride 

and carboxylic acid functional groups with the aluminium oxide surface is 

important. Moreover, it is important to understand how this is influenced by 

the oxide layer chemistry and composition and to know the stability of bonding 

in an aqueous environment. Such knowledge would ultimately allow tailoring of 

the aluminium oxide surface to obtain a specific bonding with an organic 

overlayer.  

For polymeric overlayers, such a study is however experimentally difficult, 

because of the buried interface. The polymeric overlayer can then be simplified 

to model compounds that model the bonding functionality of the polymer. The 

compounds are applied as a very thin layer on the oxide surface and the 

interaction is studied using for example X-ray photoelectron spectroscopy (XPS) 

[8-10], infrared reflection absorption spectroscopy (FTIR-RAS) [11,12], or time-

of-flight secondary ion mass spectroscopy (TOF-SIMS) [13].  

In this work, the interaction of three different carboxylic acid and anhydride 

based model compounds with a set of five differently prepared aluminium 

substrates has been investigated using FTIR-RAS. Two of the model 

compounds were chosen to represent a maleic anhydride grafted or co-

polymerised polyolefin polymer. Maleic anhydride is added into the polyolefin 

backbone of an apolar polyolefin polymer to improve its adhesion [1,2]. As the 

third compound, an aliphatic monofunctional carboxylic acid, often used for 

SAM’s was investigated [4,5]. Additionally, the bonding stability of the 

compounds with the oxide surface in the presence of water is investigated. 

The various oxide layers to which the bonding was investigated were made 

by giving different, relatively simple, but typical surface treatments to the 

aluminium substrate. These surface treatments were an alkaline and an acidic 

pretreatment, oxidising of aluminium in vacuum, dehydroxylation of aluminium 

in air at 275 oC and boiling in water, resulting in the formation of a 

pseudoboehmite oxyhydroxide layer. The same set of differently prepared 

aluminium substrates was investigated in Chapters 3 and 4, to determine their 

composition and localised acid-base properties. The results are summarised and 

used in this Chapter because they are important to determine the relation 
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between composition and chemistry of the oxide layer and the subsequent 

interaction of the carboxylic acid and anhydride based compounds. 

 
5.2. Experimental 

 

5.2.1. Materials 

 

To model an anhydride grafted or copolymerised polyolefin polymer, two 

model compounds, namely succinic anhydride and succinic acid are used. Their 

molecular structure is shown in Fig. 1. The third model compound is myristic 

acid, an aliphatic monofunctional carboxylic acid; CH3(CH2)12COOH, and is also 

shown in Fig. 1. Succinic anhydride, acid and myristic acid were obtained from 

Sigma-Aldrich as 99.5+% purity and were used without further purification. 

The deutereated equivalent of succinic acid (d4, (CD2)COOH)2) was obtained 

from Cambridge Isotopes Labs as >97% purity.  

The differently prepared aluminium substrates were the same as studied in 

Chapters 3 and 4. The samples in this Chapter however had a deviating size of 

80 x 25 mm. The preparation procedure was discussed in paragraph 3.2.1, page 

23. Instead of the anhydrous, amorphous oxide layer, a dehydroxylated 

aluminium was studied. The aluminium substrate was first polished and 

cleaned, following the procedure also used for the other substrates. Then, the 

myristic acid

O O O

MA-copolymerised
polyolefin polymer

succinic anhydride

O O O
O

O

OH

OH
H2O

succinic acid

CH3

OH

O

 
FIG. 1. Molecular structure of the studied model compounds. 
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sample was heated in air for 24 hrs at a temperature of 275 oC. This procedure 

causes removal of hydroxyls through condensation and the subsequent 

desorption of water molecules 

 

5.2.2. Application method 

  

The used glassware was cleaned by first rinsing using hot HNO3 (35 vol.%), 

then a hot NaOH solution (20 mass%), then in deionised water and finally 

rinsed dry using hot chloroform (99.9% purity). The model compounds were 

dissolved in a solvent at a concentration of 0.02 g/l. For myristic acid, 

chloroform (99.9% purity) was used. Succinic acid and succinic anhydride were 

found not to be well-dissolvable in chloroform and for this reason THF 

(tetrahydrofuran, 99.9% purity) was used.  

After preparation of the substrates, a background infrared spectrum was 

recorded and immediately after this the substrates were immersed in the 

solvent/model compound mixture and allowed to react for a period of 30 

minutes. Longer immersion times (as tested up until 3 hours) were found not to 

have a significant effect on the results. The substrates were then withdrawn 

from the solvent mixture and rinsed using clean solvent. The samples were then 

directly transferred into the infrared apparatus. 

 

5.2.3. Infrared analysis 

  

A Thermo-Nicolet Nexus FTIR apparatus was used, which was equipped 

with a liquid-nitrogen cooled MCT-A (mercury-cadmium-tellurium) detector 

and a nitrogen-purged measurement chamber. The measurements were 

performed using a Specac variable angle reflection accessory set at a near-

grazing incident angle of 82 degrees with respect to the normal of the surface. 

The infrared radiation was p-polarized by employing a Specac grid-wire 

polarizer. For the spectra of the adsorbed molecules, an infrared background 

was obtained of the freshly prepared aluminium substrate prior to application of 

the molecules. The final measurements were ratioed versus this background. 

The spectra of the oxide layers were ratioed against a clean gold substrate. 

Approximately 128 scans with a resolution of 2 cm-1 were co-added to obtain the 

final spectrum.  
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5.2.4. Surface area determination 

 

The specific surface area of the oxide layers was determined with the 

Brunauer Emmett and Teller (BET) method, see also Ref. [14]. Krypton was 

used as the adsorption gas, because of the low surface area of the samples. 

Aluminium substrates were polished on both sides and then given the surface 

treatment, described above. A minimum of 150 cm2 of geometric area was 

prepared for a single measurement to obtain accurate results. The set-up was 

tested and calibrated using material with a known surface area in this regime. 

After drying in vacuum, the krypton adsorption isotherm was measured at 77K 

on a Micrometrics ASAP 2010.  

 
5.3. Results  

 

5.3.1. XPS, FTIR and BET investigation of oxide surfaces 

 

The composition, acid-base properties, amounts of adventitious 

contamination and effective surface areas of the oxide layers on the differently 

prepared substrates have been investigated using FTIR-RAS, XPS and BET. 

The XPS measurements were performed at a detection angle of 15 degrees with 

respect to the sample surface to obtain maximum surface sensitivity. The results 

and the experimental procedure are discussed in detail in Chapters 3 and 4 and 

a summary of them is given in Table 1.  

The oxide layers on the different prepared aluminium substrates show 

differences in the amounts of hydroxyls on their surfaces, as determined from 

curve-fitting of the XPS O 1s core level peak. The obtained values are reported 

in column 2 of Table 1, as a fraction of the total O 1s core level peak intensity. 

For pseudoboehmite, an additional component due to water was found to be 

present in the O 1s peak, which is due to interlamellar water that is present 

inside the oxide layer [15].   

The acid-base properties of the Al cations and O and OH anions are 

important as they determine the reactions that are subsequently possible with 

organic functional groups [16,17]. The core level binding energies can be used to 

directly evaluate the acid-base properties for structurally comparable oxides. 

The obtained values are reported in columns 3-5 of Table 1. Despite that quite 

different methods are used to prepare the oxide layers, significant differences in 

the core level binding energies are not observed and therefore the respective Al, 

O and OH sites have the same acid-base properties on the different oxide 

surfaces. 
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The structurally different pseudoboehmite oxide deviates, having more basic Al, 

O and OH sites, see also furtheron. 

The so-called Auger-parameter 'α  is a sensitive measure for the electronic 

polarisability of the environment around the considered anion or cation in 

presence of a core hole that is generated in the photoelectron process [18-20]. It 

is calculated from a XPS core level binding energy and the XPS kinetic energy 
of an Auger transition [19,20]. The Auger-parameters '

Alα  for the Al cations in 

the different oxide layers, calculated from the Al 2p and Al KLL energies, show 

that there are clear differences [19] in the electronic polarisability of the 

environment of the Al ions in the different oxide layers, see column 6 of Table 

1.  

Ambient-exposed oxide layers are inevitably contaminated by an 

adventitious carbon overlayer. The amount of contamination for the studied 

oxide layers is reported in column 7 of Table 1, as an equivalent carbon layer 

thickness. The layer thickness is determined from the intensity of the XPS C 1s 
core level peak, see Chapter 3, for details on the used procedure. The obtained 

values indicate that the contamination levels are comparably low [21,22]. 

Resolving the XPS C 1s peak into its constituting components showed that the 

contamination layers are composed almost exclusively of unreactive C-C/C-H 

components (>95%), see Chapter 3. The contamination overlayers are therefore 

Table 1. Chemistry and composition of the different oxide layers as determined from XPS 

measurements. See Chapters 3 and 4 for more details. 

type of oxide 
layer 

OH 
fraction

Al 
BE 

O 
BE 

OH 
BE 

α’Al 
Auger- 

parameter 
 

cont. layer 
thickness 

 (-) (eV) (eV) (eV) (eV) (nm) 

pseudoboehmite 0.47 73.9 530.4 531.8 1461.4 0.2 

 0.04 
H2O 

  533.7 
H2O 

  

alkaline pretreated 
aluminium 0.43 74.5 530.9 532.3 1461.4 0.4 

acid pretreated 
aluminium 0.35 74.4 531.0 532.4 1461.7 0.3 

evaporated and 
oxidised 

aluminium 
0.21 74.3 531.1 532.4 1461.9 0.1 

dehydroxylated 
aluminium 0.09 74.3 531.1 532.4 1461.6 0.1 

estimated error ± 0.01 0.05 0.05 0.05 0.1 0.02 
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only loosely bound and can be readily displaced by more reactive functional 

groups (i.e. the solvent or the model compounds).  

In Fig. 2, the infrared spectra are shown for the different types of oxide 

layers in the 1300-900 cm-1 and 3700-1400 cm-1 regions. In the 1300-900 cm-1 

region, pseudoboehmite shows its the main bands at 1080 and 860 cm-1, which 

are respectively the δ(OH) hydroxyl bending and the ν(Al-O) stretching 

vibrations [23]. The other four oxide layers show the main band at around 950 

cm-1, which is due to the ν(Al-O) stretching vibration. For crystalline, well-

defined aluminium oxides, free, terminal hydroxyls are often observed as a set of 

well-resolved sharp bands in the 3800-3700 cm-1 region, due to the ν(OH) 

hydroxyl stretching vibrations [16,24-27]. Bridging hydroxyls and hydroxyls 

experiencing hydrogen-bonding are observed at lower wavenumber [26-29]. The 

3800-2600 cm-1 region for pseudoboehmite consists of a broad band with a 
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FIG. 2. FTIR-RAS spectra of the differently prepared aluminium substrates, obtained with 

respect to a clean gold substrate. For clarity, some spectra are shown with a different 

vertical scaling above 1400 and below 1300 cm-1 which is indicated by the multiplication 

factors.  
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maximum at 3452 cm-1 and a shoulder at 3219 cm-1, see Fig 2. The band at 3452 

cm-1 is due to stretching vibrations of interlamellar water in the oxide structure, 

as also found from the XPS measurements, see Table 1. The shoulder at 3219 

cm-1 is due to the ν(OH) vibration of hydroxyls in the pseudoboehmite layer 

[15]. The other four oxides show a similar, asymmetrically shaped band, having 

its maximum in the 3500-3425 cm-1 region, see Fig. 2. The stretching vibration 

of water molecules at around 3450 cm-1 have an associated bending vibration 

δ(H2O) at around 1650 cm-1 [30], with a fixed and known integrated peak 

intensity ratio of 1:6 [31,32]. This is observed for pseudoboehmite, while the 

other oxides show only minor and not well-resolved H2O-related bands. From 

the XPS measurements water was not detected for the other four oxides, see 

Table 1, but physisorbed water is likely to become desorbed in the ultra-high 

vacuum environment. This indicates that for the other four oxides, the largest 

part of the asymmetrically shaped band in the 3500-3425 cm-1 region is due to 

the ν(OH) of the hydroxyls, while for pseudoboehmite this band is found at 

3219 cm-1, see above.  

Pseudoboehmite thus deviates from the other four oxides, having both a 

lower ν(OH) wavenumber and lower XPS OH binding energies. This indicates 

differences in the hydroxyl chemistry as compared to the other oxides. As 

discussed in Chapter 4, this is due to a different local environment around the 

O and OH anions in pseudoboehmite. 

The comparably low wavenumber position of the hydroxyl stretching 

vibrations of 3219 cm-1 for pseudoboehmite and 3500-3425 cm-1 for the other 

oxides indicates significant hydrogen-bonding of the hydroxyls in the oxide 

layers, for example between neighbouring hydroxyls. Moreover, the broadness of 

the bands indicates inhomogeniety and the presence of a broad distribution of 

different hydroxyls.  

The specific surface areas of the different oxide layers, as determined using 

the BET method are given in Table 2. The values are reported as a 

multiplication factor with respect to the geometric area put in the sample cell. 

For practical reasons, BET measurements were not performed on the 

evaporated and oxidised aluminium. The surfaces show on average an about 1.5 

times increase as compared to the geometric surface area. The alkaline and 

acidic etching pretreatments do not give significantly higher surface areas. 

Although these surface treatments are known to cause enhancement of surface 

area [33], the pretreatment times were deliberately kept short, see the 

Experimental section, to limit the effect of this. The BET measurements thus 

show that the surfaces are well-comparable with respect to their surface areas.  
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Only pseudoboehmite shows a significant increase in surface area, which is 

due to the rough and porous nature of this layer [15,31,39].  

 

5.3.2. Succinic anhydride adsorption on the different aluminium substrates 

 

Succinic anhydride was adsorbed to study the interaction with the 

differently prepared aluminium substrates. In Fig. 3 an infrared spectrum is 

shown of a multilayer of succinic anhydride, applied on the alkaline pretreated 

aluminium, using dip-coating from a 0.05 g/l chloroform solution. In Table 3, 

the relevant peak assignments for succinic anhydride are reported, obtained 

from a transmission measurement of the solid. The strongest band in the 

spectrum is observed at 1790 cm-1, and can be ascribed to the symmetric 

carbonyl stretching vibration ν(C=O)s of the anhydride ring. The corresponding 

asymmetric stretching ν(C=O)a vibration is observed as a comparably minor 

band at 1861 cm-1. The other infrared bands are also from succinic anhydride, 

except for the small bands at 1724 cm-1 and 1598 cm-1. The nature of the band 

at 1598 cm-1 will be discussed furtheron. The band at 1724 cm-1 can be ascribed 

to the ν(C=O) carbonyl stretching vibration of a carboxylic acid (COOH) group 

[35], indicating hydrolysis (resulting in ring opening) has occurred. Hydrolysis 

was found not to occur in the chloroform solvent from which the layer was 

applied. Layers of different thickness were applied by varying the concentration 

in solution. The amount of hydrolysed succinic anhydride, as evidenced from the 

ν(C=O) carbonyl stretching vibration peak intensity at 1724 cm-1, was found to 

be independent on the adsorbed amount. Therefore, hydrolysis likely does not 

occur throughout the layer, but close to the oxide surface. 

TABLE 2. Increase in surface area as compared to the geometric area 

put in the sample cell as determined using the BET technique for 

the different oxides 

pretreatment 
geometric area 

increase factor 

pseudoboehmite 14.6 

alkaline pretreated aluminium 1.6 

acid pretreated aluminium 1.4 

dehydroxylated aluminium 1.3 

estimated error ± 0.1 



 Interaction of carboxylic acid and anhydride groups with aluminium oxide surfaces 

  69 

 

TABLE 3. FTIR peak positions (cm-1) as measured from infrared transmission measurements of 

the solids and their corresponding peak assignments for succinic anhydride [34,35], succinic acid 

[36], succinic acid-d4 [36] and myristic acid [4,5,35,37,38]. 

succinic 

anhydride 
succinic acid 

succinic 

acid-d4 
myristic acid assignment 

   2953 (m) νas(CH3) [asym stretch]

   2914 (s) νas(CH2) [asym stretch]

   2871 (m) νs(CH3) [sym stretch] 

 2930  2848 (s) νs(CH2) [sym stretch] 

 2500-3100(b) 2500-3100 

(b) 

2500-3100 νOH [OH stretch] 

 2536 / 

2631(m) 

2570 / 2679 

(m)  

 overtones C-O 

1861 (w)    νas(C=O) [asym 

stretch anhydride ring]

1790 (s)    νs(C=O) [sym stretch 

anhydride ring] 

 1681(s) 1680(s) 1697 (s) ν(C=O) [C=O 

stretching] 

1420 (m)   δ(CH2) [CH2 deform] 

   

1471 (m) 

1463 (m)  

 1410(s) 1406(s) 1430 (m) δOH...O [OH bend, 

coupled] 

 1306(s) 1279(s) 1306 (m) ν(C-O) [CO stretch, 

coupled] 

1299 (m)   
 

ν(C-O) [CO stretch, 

ring]? 

1279 / 1240 

(m) 

1197(s)  ω(CH2) [CH2 wagging] 

1212 (m) 1176(s)  

1350-

1190(m) 
γ(CH2) [CH2 twisting] 

1064 (s)    vs(COC) [ring stretch] 

  1055(s)  s(CD2) [CD2 scissoring]

  1012(s)  ω(CD2) [CD2 wagging] 

  947(s)  t(CD2) [CD2 twisting] 

921 (s)    ring vibration? 

 908 (m) 899 (m) 939 (m) πOH — OH out of 

plane bending 
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The hydrolysis reaction can proceed with either physisorbed water or 

hydroxyls on the oxide surface [11,12,40]. The ν(C=O) carbonyl stretching 

vibration at 1724 cm-1 showed up as a comparably intense bands for all oxides 

and its intensity did not show a relation with the amount of hydroxyls present 

on the oxide surface. It is therefore concluded that hydrolysis primarily proceeds 

through physisorbed water, which is in agreement with results found by others 

[11,40]. The hydrolysis of succinic anhydride due to water then results in the 

formation of succinic acid, having two carboxylic acid groups, see Fig. 1. 

 

5.3.3. Succinic acid adsorption on the different aluminium substrates 

 

The carboxylic acid groups which are formed by hydrolysis of the anhydride 

group, see Fig. 1, are capable of subsequent bonding with the oxide surface 

through physisorption with hydroxyls or chemisorption with the formation of a 

coordinatively bonded carboxylate. To study this, the succinic acid model 

compound was adsorbed on the differently prepared aluminium substrates. In 

Fig. 4, the infrared spectra are shown for succinic acid on the differently 

prepared aluminium substrates. The infrared bands and their assignment for 

bulk succinic acid are given in Table 3, obtained from a transmission 

measurement of the solid. The main bands in the spectra are a broad band 

around 1600 cm-1 and an asymmetrically shaped band in the 1500-1400 cm-

1 region. The band at around 1600 cm-1 is not due to succinic acid, see Table 3. 
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FIG. 3. FTIR-RAS spectrum obtained from a multilayer of succinic anhydride, applied from 

a 0.05 g/l solution in chloroform on the alkaline pretreated aluminium. 
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It indicates that the carboxylic acid groups have been deprotonated to form a 

coordinatively bonded carboxylate species. The band is then assigned to the 

asymmetric carboxylate stretching vibration νas(COO-). [4,34,41,42]. A band at 

this position is also observed in the spectrum of adsorbed succinic anhydride, 
see Fig. 3, indicating that also there eventually a chemisorbed carboxylate is 

formed after hydrolysis. 

The asymmetrically shaped band in the 1500-1400 cm-1 region can be the 

corresponding symmetric carboxylate stretching vibration νs(COO-). There is 

however some discussion in the literature [41,43,44] regarding the detailed 

assignment of bands in the 1500-1400 cm-1 region for coordinatively bonded 

aliphatic carboxylic acids, as the region also contains CH2 and CH3 deformation 

bands and a coupled δOH...O bending band due to hydrogen-bonded carboxylic 

acid groups [35]. A significant contribution to the band of the coupled δOH...O 

bend at 1410 cm-1 (see Table 3) is not expected, because of the relatively low 
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FIG. 4. FTIR-RAS spectra of succinic acid on the differently prepared aluminium substrates. 
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number of unreacted carboxylic acid groups, see Fig. 4. For succinic acid, the 

νs(COO-) band can contain a contribution due to the CH2 deformation vibration 

δ(CH2), which is located around this position [36], see Table 3. To evaluate this, 

the deutereated succinic acid-d4 (CD2COOH)2) was adsorbed on the differently 

prepared aluminium substrates. In Fig. 5, the obtained infrared spectra are 

shown.  

The spectra resemble those of succinic acid on the different prepared 

aluminium substrates, having a broad band located at around 1600 cm-1 and an 

asymmetrically shaped band in the 1500-1400 cm-1 region. The similarity 

between the results for succinic acid and succinic acid-d4 implies that the 

asymmetrically shaped band in the 1500-1400 cm-1 region can be assigned fully 

to the symmetric carboxylate stretching vibration νs(COO-).  The νas(COO-) and 

νs(COO-) peak positions for both adsorbed succinic acid and succinic acid-d4, as 
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FIG. 5. FTIR-RAS spectra of succinic acid d4 on the differently prepared aluminium 

substrates.  
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obtained for the differently prepared aluminium substrates, are summarized in 

Table 4. 

In the spectra of adsorbed succinic acid and succinic acid-d4, a minor band 

due to a carbonyl stretching vibration ν(C=O) is observed, having a position 

around 1720 cm-1 for succinic acid, and about 10 cm-1 lower values for succinic 

acid-d4. It indicates the presence of a minor amount of undissociated carboxylic 

acid groups. As the band remains present after the solvent-rinse, it originates 

from species that are strongly bonded to the oxide surface. The peak position is 

too low to be due to a non-hydrogen bonded carboxylic acid group [45,46], but 

much higher than acid groups in the succinic acid bulk layer, see Table 3, 

implying involvement in not very strong hydrogen bonding [47]. It is tentatively 

assumed that the bands are due to a minor amount of succinic acid molecules, 

having one end chemisorbed as a coordinatively bonded carboxylate, while the 

other group is undissociated, but involved in hydrogen-bonding.  

In the 3000-2800 cm-1 region, minor negative bands were observed after 

TABLE 4. νas(COO-) and νs(COO-) carboxylate stretching vibration peak position for the 

different compounds on the differently prepared aluminium substrates For the νs(COO-), 

two components are observed, (m) indicates the peak position of the minor component, 

which is in some cases not well-resolved. 

pseudoboeh-

mite 

alkaline 

pretreated 

aluminium 

acid 

pretreated 

aluminium

evaporated 

and 

oxidised 

aluminium

dehydroxy-

lated 

aluminium 

assignment

succinic acid 

1595 1599 1611 1630 1598 νas(COO-) 

1414 

1466(m) 

1419 

1466(m) 

1475 

1420(m) 

1478 

1420(m) 

1465 

1420(m) 
νs(COO-) 

181 180 136 152 133 νas-νs 

succinic acid — d4 

1589 1587 1597 1601 1588 νas(COO-) 

1404 

1441(m) 

1408 

1460(m) 

1472 

1417(m) 

1475 

1420(m) 

1473 

1420(m) 
νs(COO-) 

185 179 125 126 115 νas-νs 

myristic acid 

1574 1591 1587 1588 1569 νas(COO-) 

1411 

1468(m) 

1417 

1463(m) 

1470 

1417(m) 

1474 

1417(m) 

1466 

1415(m) 
νs(COO-) 

163 174 117 114 103 νas-νs 
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adsorption of the compounds (not shown). Succinic acid and succinic acid-d4 do 

not have infrared vibrations with a significant intensity in this region, see Table 

3. The negative bands therefore indicate the displacement of the adventitious 

carbon overlayer, see Table 1, from the oxide surface upon adsorption of the 

compounds. In the 1350-1100 cm-1 region, only for pseudoboehmite well-

resolved, succinic acid related, bands are observed, while the other oxides only 

show weak and unresolved bands, see Figs. 4 and 5.  

 

5.3.4. Myristic acid adsorption on the different aluminium substrates 

 

The third model compound is myristic acid. The infrared spectra obtained 

for adsorption of myristic acid on the differently prepared aluminium substrates 

are shown in Fig. 6. In Table 3, infrared peak assignments are given for bulk 

myristic acid are given, as obtained from a transmission measurement of the 
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FIG. 6. FTIR-RAS spectra of myristic acid on the differently prepared aluminium substrates. 
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solid. The spectra show a broad band at around 1600 cm-1 and an 

asymmetrically shaped band in the 1500-1400 cm-1 region. Given the similarity 

with the results obtained for succinic acid, see above, the bands can be ascribed 

to respectively the asymmetric carboxylate stretching vibration νas(COO-) and 

the symmetric carboxylate stretching vibration νs(COO-). The peak positions as 

obtained for the differently prepared aluminium substrates are summarized in 

Table 4. The shape of the νs(COO-) band for adsorbed myristic acid is slightly 

different than for succinic acid, compare Figs. 4 and 6, which is due to a 

contribution of the CH2 deformation vibration δ(CH2) of the aliphatic chain, 

appearing around this wavenumber, see Table 3.  

In the 3000-2800 cm-1 region, myristic acid shows well-resolved CH2 and CH3 

stretching vibrations. As an example, in Fig. 7, the 3000-2600 cm-1 region for 

myristic acid, on the alkaline pretreated aluminium is shown. In the lower 

wavenumber region (Fig. 7), a broad band around 1320-1310 cm-1 is observed 

for all oxide layers. Following Tao [5], this band is ascribed to the CH2 wagging 

and twisting series of vibrations.  
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FIG. 7. FTIR-RAS spectrum of hydroxyl stretching region for myristic acid on the alkaline 

pretreated aluminium. Bottom spectrum shows the infrared transmission spectrum obtained 

for bulk, solid myristic acid. The bands observed at  3728 cm-1 and 3637 cm-1 are an 

experimental artefact and are due to water in the beam path in the infrared compartment 

[48].  
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5.3.5. Aqueous stability 

 

To evaluate the bonding stability of chemisorbed myristic and succinic acid, 

immersion of the substrates was performed in room temperature triple deionised 

water for a period of up to 60 minutes. No differences in bonding stability were 

observed among the differently prepared aluminium substrates. In Fig. 8, 

infrared spectra obtained initially and after 15 and 60 minutes of immersion are 

shown for both myristic and succinic acid on the alkaline pretreated aluminium.  

Succinic acid was found to remain adsorbed for a period of 60 minutes, 

showing only small modifications, see Fig. 8. In contrast, myristic acid was 

found to become rapidly and completely desorbed from the oxide surface. The 

CH2/CH3 stretching vibrations of the aliphatic chain of myristic acid (not 

shown) and the νas(COO-) stretching vibration band at 1598 cm-1 are absent 

after immersion. The bands are replaced by broad bands at 1555 cm-1 and 1416 

cm-1, see Fig. 8, corresponding to water molecules, adsorbed on the oxide surface 

[30]. The growth of the 950 cm-1 band and the upward bending of the infrared 

spectrum is observed, after the displacement of myristic acid. This is due to the 

development of broad shoulders around the main Al-O band at 950 cm-1 band, 

corresponding to hydroxyl bending vibrations [23,31,32]. It indicates that 

growth and through-film hydroxylation of the oxide layer occurs, due to a direct 

contact of the oxide surface with water. As it does not occur for succinic acid, it 

apparently only occurs after displacement of the chemisorbed molecules from 

the aluminium substrate. 

 
5.4. Discussion 

 

5.4.1. Hydrolysis of anhydride functionality and bonding mode with oxide surfaces 

 

The anhydride functional group in succinic anhydride is hydrolysed upon 

adsorption, see Fig. 3. This occurs for all the differently prepared aluminium 

substrates. The reaction proceeds through physisorbed water on the oxide 

surface. As a result, succinic acid, having two carboxylic acid functional groups, 

is formed, see Fig. 1. Both of the carboxylic acid groups are subsequently 

deprotonated on the oxide surface to form a coordinatively bonded carboxylate. 

More anhydride groups are being hydrolysed than are subsequently being 

chemisorbed as a carboxylate on the oxide surface, as evidenced from the clear 

presence of a remaining ν(C=O) carbonyl stretching vibration at 1724 cm-1, see 

Fig. 3. For myristic acid, deprotonation of the carboxylic acid group also occurs 

upon adsorption on the differently prepared aluminium substrates. 



 Interaction of carboxylic acid and anhydride groups with aluminium oxide surfaces 

  77 

The spectra of both chemisorbed succinic acid and myristic acid on the 

differently prepared aluminium substrates consist of two main infrared bands. A 

broad band in the 1600 cm-1 region is assigned to the asymmetric carboxylate 

stretching vibration νas(COO-) and an asymmetrically shaped band in the 1500-

1400 cm-1 region to the symmetric carboxylate stretching vibration νs(COO-). 

The peak separation ∆ = νa(COO-)- νs(COO-) can be used to determine the 

coordination type of the carboxylate [49-53]. Three different main types of 

coordination are distinguished: bridging bidentate, chelating bidentate and 

unidentate, which each give a characteristic peak separation [49-53]. Values 

ranging from 114 to 185 cm-1 are obtained, see Table 4. Myristic acid, adsorbed 
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FIG. 8. FTIR-RAS spectra for succinic acid (top) and myristic acid (bottom) on the alkaline 

pretreated aluminium after immersion in triple deionised water for the indicated period. 
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on the dehydroxylated aluminium is slightly outside of this range, but this is 

likely due to the comparably low spectral quality. The values indicate a 

bridging bidentate coordination for the compounds and oxide layers studied. 

The two C-O bonds of the carboxylate COO- become equivalent (the double 

bond is lost) and the carboxylate is coordinated to two aluminium cations on 

the oxide layer surface [49-53]. This assignment is in agreement with that of 

others, studying the chemisorption of carboxylic acids on aluminium oxide 

surfaces [4,5,41,42,54].  

The symmetric carboxylate stretching vibration band shows clear 

asymmetry, see Figs. 4-6. The band appears to consist of two bands, located 

roughly at positions of around 1420 cm-1 and 1470 cm-1. The contributing 

intensity of these two bands changes across the oxides. Berada et al. [34] and 

Allara et al. [4] have also observed spectra with a main νs(COO-) band at 

around 1470 cm-1 and a shoulder at around 1420 cm-1 for n-alkanoic acids 

adsorbed on an aluminium oxide. Their substrates were very similar to the 

evaporated and oxidised aluminium. The shoulder was ascribed to a second type 

of coordinatively bonded carboxylate, showing differences in the coordination to 

the oxide surface [4,34]. The presence of a second type of coordinatively bonded 

carboxylate is expected to also result in a second asymmetric νas(COO-) band 

[53,55,56]. This is not observed, see Fig. 4-6, but the νas(COO-) band has a 

relatively large peakwidth, with FWHM’s (full width at half maximum) values 

of around 100 cm-1. For solid sodium succinate, a much lower value of 50 cm-1 

was obtained, corresponding to values reported in the literature for ordered 

systems [57]. The broad band can therefore hide the unresolved presence of 

different types of coordinatively bonded carboxylates.  

The infrared band positions, resulting from the coordinatively bonded 

carboxylates are known to dependent on many factors like the type of cation, 

CO bond lengths, angle etc. [47,49,52,53,56]. Tao [5] observed a relation 

between the acidity/basicity of the cations and the carboxylate peak positions 

for n-alkanoic carboxylic acids, adsorbed on different types of metal oxides. This 

is not observed here, compare Table 2 and Figs. 4-6. Pseudoboehmite has 

considerably more basic cations and anions than the other oxide layers, but the 

spectra for the adsorbed compounds are similar. Instead, we note a relation 
between the shape of the νas(COO-) band and the Auger-parameter '

Alα , being a 

measure for polarisability of the local electronic environment around Al cation, 

see Tables 1 and 4. The relative contribution of the 1420 cm-1 band − indicating 

a change in bonding of the carboxylate species − is observed to increase in the 

order evaporated and oxidised < dehydroxylated ≈ acid pretreated < alkaline 

pretreated ≈ pseudoboehmite. In the same order, there is an increase in the 
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Auger-parameter, indicating a change in the electronic polarisability of the 

environment around the Al cations. It is noted that in the same order also the 

peak maximum of the asymmetric carboxylate stretching vibration shifts to 

lower wavenumber. It is therefore suggested that the positions of the 

carboxylate stretching vibrations and thus coordination mode are strongly 

influenced by the electronic polarisability of the local environment around the 

Al cation and not by the acidity/basicity of the Al cations. Although the 

infrared results indicate two discrete types of coordinatively bonded 

carboxylates, from the XPS analysis, no discrete types of environment around 

aluminium cations could be resolved, see also Chapter 4.  

 
5.4.2. Orientation of groups 

 

Infrared reflection absorption spectroscopy can be used to determine the 

orientation of molecules with respect to the metallic surface plane. Infrared 

vibrations with a dipole component perpendicular to the surface plane will be 

observed while vibrations with a dipole component parallel to the surface plane 

will not be observed [4,54]. For flat surfaces, this allows determining the 

orientation of molecules with respect to the surface plane. For this reason, for 

pseudoboehmite, information on the orientation cannot be derived, because of 

its macroscopic roughness. The orientation information is then lost because the 

infrared spectrum is a statistical average of the different orientations of the 

molecules with respect to the metallic surface plane. 

The CH2/CH3 stretching vibrations can be used to determine the orientation 

of the aliphatic chain of n-alkanoic carboxylic acids with respect to the metallic 

surface plane [4-6,38,45,46,58]. The CH2 transition dipole moment is 

perpendicular to the molecular axis. Therefore, with an increasing net 

orientation of the chains perpendicular to the metallic surface plane, the 

νa(CH2)/νa(CH3) intensity ratio decreases [59]. In Fig. 7, the CH2/CH3 stretching 

vibration region is shown for myristic acid, adsorbed on the alkaline pretreated 

aluminium, together with the infrared transmission spectrum for the bulk 

myristic acid. A νa(CH2)/νa(CH3) intensity ratio of 2.5 was obtained for myristic 

acid adsorbed on the differently prepared substrates, while a ratio of 5 was 

obtained for the bulk spectrum. This suggests some perpendicular orientation of 

myristic acid on the differently prepared substrates, but the value is comparably 

low as compared to literature values given for highly organised SAM-layers [59]. 

Additionally, the νa(CH2) peak position can be used to evaluate the organisation 

of the layer, with lower values indicating more ordering [60]. All the different 

oxide layers gave a νa(CH2) peak position of 2927 cm-1, which also indicates that 
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a well-organised, ordered layer is not formed. As shown by Allara et al. [60] 

better organised layers are expected to be formed only for molecules have a 

longer aliphatic chain than myristic acid.  

The carboxylate species is generally considered to have C2v point group 

symmetry [4,5]. The νas(COO-) vibration then has its dipole moment 

perpendicular and the νs(COO-) vibration parallel to the molecular axis. The 

spectra obtained, see Figs. 4-6, show the presence of both symmetric and 

asymmetric carboxylate stretching modes, having roughly an equal intensity. 

Therefore, for both myristic and succinic acid, the carboxylate has a tipped 

geometry in which the oxygens are at an unequal distance from the oxide 

surface [4,5].  

 
5.4.3. Reactivity of the different oxide layers 

 

The oxide layers exhibited clear differences in the infrared peak intensities of 

the chemisorbed molecules, see Figs. 4-6. For the oxide layers with a constant 

surface area, see Table 2, and comparing the same molecules, this indicates 

differences in chemisorptive capacity, because an increase in the molecular 

coverage results in more intense bands [61-63]. To evaluate the chemisorptive 

capacity of the differently prepared aluminium substrates, the total integrated 

infrared peak intensities in the 3000-2800 cm-1 (CH2/CH3 stretching vibrations) 

were determined for adsorbed myristic acid. The bands were chosen because 

they show the same shape for the different oxide layers and because of their 

comparably strong intensity, see Fig. 7. Absolute quantitative information, in 

terms of the amount of molecules per unit of surface area was not obtained. 

Despite this, a comparison among the different oxides is possible, which is 

considered to be the most important for the current work. Because of its large 

surface area and macroscopic roughness, the pseudoboehmite oxide is not 

included in this analysis.  

 The chemisorptive capacity of the oxide layers was found to be not 

determined by the contamination levels. The alkaline pretreated aluminium has 

the largest amount of contamination, but showed the most intense bands after 

adsorption, indicating the largest amount of chemisorbed molecules. This is 

because the non-functional contamination present on the oxides can be readily 

displaced, see Chapter 3.  

A clear correlation was however found with the amount of hydroxyls on the 

oxide surfaces. This is shown in Fig. 9 in which the total integrated CH2/CH3 

intensity is plotted versus the amount of hydroxyls, as found from the XPS 

measurements, see Table 1. It can be seen that with a larger amount of 
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hydroxyls on the oxide surface, also more carboxylic acid molecules are being 

chemisorbed. In an additional experiment, this correlation was further 

confirmed. A freshly evaporated and oxidised aluminium was heated in air at a 

temperature of 275 oC for 24 hours, resulting in the removal of hydroxyls 

[24,25,64]. The amount of subsequently chemisorbed myristic acid molecules 

dropped to that for the dehydroxylated aluminium. 

It has been suggested before in the literature that the deprotonation of 

carboxylic acid groups proceeds through hydroxyls on the oxide surface, see 

Refs. [41,42,65-67] but as far as known, a direct relation has not been observed 

yet. It should be noted that multiple other factors however likely also play a 

role in determining the amount of chemisorbed molecules, like steric hindrance 

of the organic molecules and also intramolecular interactions [5]. Further, at an 

XPS detection angle of 15 degrees, still around five Al-O layers are being 

investigated [68] and so not all hydroxyls being detected, necessarily have to be 

accessible to the adsorbed molecules. In this context, it is also noted that the 

slope of the linear relation between the amount of hydroxyls and the peak 

intensity is smaller than unity. 

In Fig. 7, the hydroxyl stretching region is shown for the alkaline pretreated 

aluminium, after the adsorption of myristic acid. The consumption of hydroxyls 

through deprotonation showed up in the hydroxyl stretching region as a broad 

negative band, centred at around 3420 cm-1. This indicates consumption of 
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FIG. 9. Total integrated infrared peak area in the 3000-2800 cm-1 region (ν(CH2/ CH3) 

vibrations) for myristic acid adsorbed on the differently prepared aluminium substrates as a 

function of the OH fraction on their surfaces.



Chapter 5  

82 

hydroxyls and also displacement of water from the oxide surface. The intensity 

of this band was observed to scale with the intensity of the CH2/CH3 stretching 

vibrations. The negative band was the most clearly visible for the hydroxyl-rich 

alkaline pretreated aluminium and pseudoboehmite. In Fig. 10, an illustration is 

shown of how a succinic acid molecule can become chemisorbed as a carboxylate 

with both of its ends through consumption of hydroxyls and displacement of 

water from the oxide surface [37,66,69,70]. The water molecule, generated in the 

process, is generally considered to become desorbed from the surface. See also 

Refs. [69,70] for a more detailed discussion. 

  

5.4.4. Aqueous stability 

 

Bolger et al. [17] suggested that the coordinative bonding between an 

aluminium oxide surface and a carboxylate is thermodynamically stable in 

aqueous environments. This is however not observed: an adsorbed layer of the 

monofunctional myristic acid becomes rapidly and fully displaced from the oxide 
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FIG. 10. Illustration of chemisorption of succinic acid on an aluminium oxide surface through 

the consumption of hydroxyls on the oxide surface. 
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surface when immersed in water, see Fig. 8. Allara et al. demonstrated that 

exchange with other species is still possible for coordinatively bonded n-alkanoic 

carboxylates. Moreover, Schneider et al [69,70] used cluster model and 

thermodynamics calculations to demonstrate that a chemisorbed carboxylate 

can be replaced by water. In contrast, the bifunctional succinic acid molecules 

remains chemisorbed to the surface for a prolonged period upon exposure to 

water. Similar differences for monofunctional and bifunctional carboxylic acids 

were also found by Dobson et al [71]. The difference in stability between the 

two compounds is likely a kinetic effect, due to the number of carboxylic acid 

groups per molecule. For succinic acid, two bonds need to be replaced by water 

simultaneously, before the whole molecule can be displaced from the surface and 

dissolved in water.  

 
5.5. Conclusions 

 

The chemical bonding of three different anhydride and carboxylic acid based 

model compounds with a set of differently prepared aluminium substrates has 

been investigated using infrared reflection absorption spectroscopy. All oxide 

layers are capable of hydrolysis of the anhydride group in succinic anhydride 

through physisorbed water on the oxide surface, resulting in the formation of 

succinic acid, having two carboxylic acid groups. Both of the carboxylic acid 

groups are deprotonated to form a coordinatively bonded carboxylate. The 

monofunctional myristic acid is also deprotonated on the oxide surface. The 

carboxylate species are found to coordinate to two aluminium cations in the 

oxide layer in a bridging bidentate conformation. The different oxide layers 

show minor differences in the bonding of the carboxylate, as evidenced from 

changes in carboxylate infrared peak positions. The differences are due to 

coordination to aluminium cations having a different electronic polarisability of 

their environment. The oxides show clear differences in the amount of 

chemisorbed molecules and a relation is established with the amounts of 

hydroxyls on the oxide surfaces. The coordinative bonding of a monofunctional 

carboxylic acid group on the oxide surface is not stable in an aqueous 

environment, while a bifunctional carboxylic acid group can resist water for a 

prolonged period of time. 
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CHAPTER 6.  

INTERACTION OF ESTER FUNCTIONAL GROUPS WITH ALUMINIUM 

OXIDE SURFACES STUDIED USING INFRARED REFLECTION 

ABSORPTION SPECTROSCOPY 1 

 

 

 

 

                                                 
1  This chapter was published as a scientific paper: 
J. van den Brand, O. Blajiev, P.C.J. Beentjes, H. Terryn, J.H.W. de Wit  
Langmuir, 20(15), 6318-6326, 2004 
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Synopsis 
 

 
6.1. Introduction 

 

Ester functional groups (C(=O)O) can be found in many different polymers 

like PMMA, polyester and PET, which are frequently applied onto aluminium 

surfaces. The carbonyl (C=O) of the ester has the capability of Lewis acid-base 

bonding, relatively weakly to hydroxyls [1,2] or more strongly to incompletely 

coordinated cations on the oxide surface [3]. Some authors also find that the 

ester functional group is saponified on the oxide surface [4,5]. A carboxylate is 

then formed, which chemisorbs on the oxide surface. The aluminium substrate is 

often given a surface treatment prior to application of an organic overlayer like 

a coating or an adhesive. The surface treatment leads to changes in the oxide 

chemistry and composition, which will have a direct influence on the subsequent 

bonding behaviour with the organic functional groups [6,7]. Strålin et al. for 

example found that the ester groups of an EVA polymer showed a stronger 

bonding to a pseudoboehmite aluminium oxyhydroxide than to a 

dehydroxylated aluminium oxide [7].  

Ester functional groups can be found in many different polymers like 

PMMA, polyester and PET, which are frequently applied onto aluminium 

surfaces.  A good understanding of how these groups bond to the oxide 

surface and how this is influenced by the composition and chemistry of the 

oxide layer is important. Moreover, it is also important to know their 

bonding stability in the presence of water. In this chapter, the interaction of 

ester functional groups with the aluminium oxide surface is studied following 

the model adhesion compound approach also used in Chapter 5. The model 

compounds are chosen to represent different, commonly used ester-based 

polymers.  The interaction of the model compounds is studied with the same 

set of five differently prepared aluminium substrates as were studied in 

Chapters 3 and 4 using XPS. This allows determining the relation between 

composition and chemistry of the oxide layer and the subsequent interaction 

with the ester functional groups. It is found that bonding of the ester 

functional groups is the same for all substrates and occurs exclusively 

through hydrogen-bonding with hydroxyls on the oxide surface. For this 

reason, more ester model compound molecules are found to bond to the 

more hydroxyl-rich oxide surfaces.  The bonding stability in the presence of 

water is found to be not very good. 
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Because of the widespread use of polymer-coated aluminium, knowledge of 

the nature of the ester-oxide bond is important. Also, it is important to 

understand the way it is influenced by the oxide layer chemistry and 

composition and to know the stability of this bond in an aqueous environment. 

Such knowledge would ultimately allow tailoring of the aluminium oxide surface 

to obtain a specific bonding with an organic overlayer.  

For polymeric coatings and adhesives, the study of the chemical bonding 

with the oxide surface is experimentally difficult because of the buried 

oxide/polymer interface. To allow for such a study, the polymer can be either 

applied as a very thin layer [1] or it can be simplified to model compounds that 

represent the bonding functionality. The compounds are applied as a thin layer 

on the oxide surface and the interaction is studied by various methods for 

example X-ray photoelectron spectroscopy (XPS) [8-10], time-of-flight secondary 

ion mass spectroscopy (TOF-SIMS) [11] or infrared reflection absorption 

spectroscopy (FTIR-RAS) [12,13]. The model compound approach has the 

advantage that the bonding can be studied accurately and the obtained spectra 

do not have contributions due to the bulk of the layer.  

In this Chapter, the bonding of two ester-based model compounds to a set of 

five different aluminium oxide layers has been investigated using FTIR-RAS. 

The technique is highly suitable for this purpose. Upon interaction with the 

oxide surface, the carbonyl of the ester group is expected to either partially 

donate to or accept electrons from sites on the oxide surface [2]. This results in 

a modification of the force constant of the (C=O) carbonyl stretching vibration 

and therefore in an infrared peak shift [14]. Moreover, saponification of the ester 

group and the formation of a carboxylate can be readily identified [5].  

The bonding-stability of the two ester-based compounds on the oxide 

surface, in an aqueous environment and in presence of a compound which is 

capable of chemisorption to the aluminium oxide surface has been evaluated.  

The various oxide layers to which the bonding was investigated were made 

by giving different, relatively simple, but typical surface treatments to the 

aluminium substrate. The same set of oxide layers has been investigated in 

Chapters 3 and 4 using XPS to determine their composition and localised acid-

base properties. These results are briefly summarised here as they are relevant 

for the current work to evaluate the relation between the composition and 

chemistry of the oxide and the bonding behaviour of the ester groups. 

 

 

 

 



Chapter 6  

90 

6.2. Experimental 
 

6.2.1. Materials 

 

Two different ester-based model compounds were studied. The first one of 

them, glycol di-(monomethylsuccinic acid) ester contains four ester groups and 

was chosen to model a polyester polymer2. Its structure is shown in Fig. 1. The 

compound was prepared by adding glycol to an excess of succinyl chloride, 

thereby producing the intermediate product A1, reaction 1. The excess succinyl 

chloride was removed by vacuum distillation. An excess of dry methanol was 

added to the intermediate product A1, dissolved in dry CH2Cl2 and 1 ml dry 

methanol was added, reaction 2. The mixture was stirred for 2 hours at room 

temperature and the solvent was evaporated. Recrystallisation was performed 

using CH2Cl2/hexane. The yield was 42% and the reaction product was 

identified by using 1H-NMR, resulting in: 

 
1H-NMR (CDCl3): δ 2.14 (H3C-OOC-); 

δ 2.62 (H3C-OOC-CH2-CH2-COO-); 

δ 2.80 (H3C-OOC-CH2-CH2-COO-); 

δ 4.23 (-COO-CH2-CH2-OOC-); 

(δ being the 1H-NMR chemical shift relative to the tetra methyl silane 

standard). 

 

)1A(COClCHCHOOCCHCOOCHCHCHClOC

OCClCHCHClOC2OHCHCHHO

222222

2222

−−−−−−−
→−−−+−−−

 (1) 

COOMeCHCHOOCCHCOOCHCHCHMeOOCMeOH21A 222222 −−−−−−→+

           (2) 

The second compound studied, dimethyl adipate, has two ester groups, see 

Fig. 1. It was obtained from Sigma-Aldrich as a 99+% purity and was used 

without further purification.  

Succinic acid (HOOC-CH2CH2-COOH) was obtained from Sigma-Aldrich as 

a 99.5+% purity and used without further purification. Chloroform, 2 

chloromethane, THF and ethanol were obtained from Sigma-Aldrich, 2 

chloroethanol was obtained from Riedel de Haen and 2,2,2 trichloroethanol was 

obtained from Fluka. All solvents used were obtained as a >99 vol.% purity. 

                                                 
2 The preparation route for glycol di-(monomethylsuccinic acid) ester was derived by Peter 
Beentjes, Corus RD&T. The preparation of the compound was done by Polymer Service Centre 
Groningen. 
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6.2.2. Aluminium oxide layers, application method and infrared analysis 

 

The differently prepared aluminium substrates were the same as studied in 

Chapters 3, 4 and 5. See paragraph 3.2.1 on page 23 and paragraph 5.2.1 on 

page 62 for their preparation procedure.  

The compounds were dissolved in chloroform. For glycol di-

(monomethylsuccinic acid) ester, the concentration in solution was modified so 

saturation coverage of the oxide layer was obtained and excess, non-bonding 

molecules were not present, see furtheron. For dimethyl adipate, a concentration 

of ~0.01 g/l was used. The concentration was found to be not very important 

for this compound since excess molecules sublimed from the surface.  

After preparation of the substrates, a background infrared spectrum was 

recorded. Immediately after this the substrates were immersed in the compound 

mixture, allowed to react for a period of 15 minutes and then slowly withdrawn 

at a constant and uniform speed. Longer immersion times (tested up to 1 hour) 

did not have a significant effect on the obtained results. The substrates were 

directly transferred from the solvent mixture into the infrared apparatus. The 

infrared measurements were performed following the same procedure as in 

Chapter 5. See paragraph 5.2.4 on page 63 for more details.  

 
 

 

 

O
O

O

O

O

O

O

O

O

O

O

O

dimethyl adipate

glycol di-(monomethylsuccinic acid) ester

 
FIG. 1 Molecular structure of the two studied ester-based compounds. 
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6.2.3. Determination of carbonyl peak contributions using curve-fitting 

 

Curve-fitting of the main carbonyl peak was performed to determine the 

constituting components. Gauss-Lorentz peak shapes were used and the widths 

and shapes for the different fit components in the peak were allowed to change 

during the fit. No restrictions were imposed on the peak positions of the 

different components. The fitting was performed in the 1850-1650 cm-1 region, 

after subtraction of a linear background.  

 
6.3. Results  

 

6.3.1. FTIR, XPS and BET investigation of oxide surfaces 

 

The different oxide layers have been investigated in Chapters 3 and 4 using 

X-ray photoelectron spectroscopy (XPS) and the Brunauer Emmett and Teller 

(BET) method, see Chapter 5, to obtain information on their composition, acid-

base properties, amounts of adventitious contamination and effective surface 

areas. The obtained results are discussed in detail in the previous Chapters and 

a summary of them is given in Table 1. 

TABLE 1. Summary of results obtained from XPS and BET measurements performed on 

the different oxide layers. The results are discussed in more detail in the previous 

Chapters. 

type of oxide 
OH 

fraction 

O 

BE 

OH 

BE 

contamin

ation 

layer 

thickness  

geometric 

area 

increase 

factor 

 (-) (eV) (eV) (nm) (-) 

dehydroxylated 

aluminiumm 

0.09 531.1 532.4 0.1 1.3 

evaporated and 

oxidised aluminium 

0.21 531.1 532.4 0.1 - 

acid pretreated 

aluminium 

0.35 531.0 532.4 0.3 1.4 

alkaline pretreated 

aluminium 

0.43 530.9 532.3 0.4 1.6 

pseudoboehmite 0.47 530.4 531.8 0.2 14.6 

 0.04 H2O  533.7   
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 The XPS measurements were performed at a detection angle of 15 degrees 

with respect to the sample surface to obtain maximum surface sensitivity. The 

oxides have different amounts of hydroxyls on their surfaces, which was 

determined by curve-fitting of the O 1s core level peak, see Chapter 3. The 

obtained values are reported in the first column of Table 1, as a fraction of the 

total O 1s peak intensity. For pseudoboehmite, an additional component due to 

water was found to be present in the O 1s peak, which is due to interlamellar 

water that is present inside the oxide layer [15]. 

 The core level binding energies can be used to evaluate the acid-base 

properties of the ions on the oxide surface, provided that the oxides are 

structurally comparable, see Chapter 4. The binding energies of the O and OH 

components, resolved from the O 1s peak using curve-fitting, are reported in 

columns 2-3 of Table 1. Despite the fact that quite different methods are used 

to prepare the layers, significant differences in core level binding energies are 

not observed. The oxides therefore have the same acid-base properties for the 

respective O and OH sites on their surfaces. The structurally different 

pseudoboehmite oxide deviates, having a much lower binding energy and 

therefore more basic O and OH sites, see Chapter 4.  

Ambient-exposed oxide layers are inevitably contaminated by adventitious 

carbon overlayers. The amount of contamination on the oxides is reported in 

column 4 of Table 1, as an equivalent carbon layer thickness. They were 

determined from the intensities of the XPS C 1s core level peak, see Chapter 3. 

The obtained values indicate that the contamination levels are relatively low for 

the studied oxides [16,17]. Analysis of the XPS C 1s peak showed that the 

contamination layer is composed almost exclusively of unreactive C-C/C-H 

components (>95%), see Chapter 3. The contamination overlayers are therefore 

only loosely bound and can be readily displaced by more reactive functional 

groups (i.e. the solvent or the model compounds).  

The specific surface areas of the oxide layers were determined using the BET 

method, see Chapter 5. This technique is considered to be the most suitable for 

the current work because it directly measures the real physical magnitude of the 

surface area of the oxide surfaces. Krypton was used as the adsorption gas, 

because of the low surface area of the samples. For practical reasons, BET 

measurements were not performed on the evaporated and oxidised aluminium. 

The values are reported as a multiplication factor with respect to the geometric 

area that was put in the sample cell in the last column in Table 1.  The surfaces 

show on average an about 1.5 times increase as compared to the geometric 

surface area. The alkaline and acidic etching pretreatments do not give 

significantly higher surface areas. Although these surface treatments are known 
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to cause enhancement of surface area, the pretreatment times were deliberately 

kept short, see the Experimental section, to limit the effect of this. The BET 

measurements thus show that the surfaces are well-comparable with respect to 

their surface areas. Only pseudoboehmite shows a significant increase in surface 

area, which is due to the rough and porous nature of this layer [15,18,19].  

 

6.3.2. Glycol di-(monomethylsuccinic acid) ester adsorbed on the different 

aluminium oxide surfaces 

 

In Fig. 2, the 1850-1650 cm-1 carbonyl region is shown for glycol di-

(monomethylsuccinic acid) ester on the alkaline pretreated type of oxide layer, 

applied using dip-coating from different concentrations of the compound in 

wavenumber (cm )-1
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FIG. 2. FTIR-RAS spectra of glycol di-(monomethylsuccinic acid) ester on the alkaline 

pretreated type of aluminium as applied from three different concentrations (indicated) in 

chloroform using dip-coating. The experiments were performed on different samples. The 

fits had an r2 goodness of fit of respectively 0.998, 0.995 and 0.997, from top to bottom. 
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chloroform (~ 1·10-3, 5·10-3 and 1·10-2 g/l). At the highest concentration of ~1·10-2 

g/l, the ν(C=O) carbonyl band has a clear asymmetric shape, while at the 

lowest concentration of ~1·10-3 g/l, the carbonyl band has a symmetric shape. 

Peak distortion due to a contribution of the refractive index n(ν), as a result of 

optical effects in reflection measurements, is not a reason for the asymmetrically 

shaped peaks. The studied layers are very thin (estimated to be a few 

monolayers, with consequently not very intense peaks) and therefore the 

contribution of the refractive index n(ν) to the measured spectrum is limited 

[20]. Indeed, based on a limited investigation using Fresnel equations, the effect 

was found to be limited for the studied compounds and range of thicknesses. 

Using curve-fitting, the asymmetric bands were found to be composed of two 

peaks, located at around 1753 and around 1732 cm-1. The curve-fitting results 

showed that with an increasing lower concentration of the molecules in the 

solvent, the peak at 1753 cm-1 reduces in intensity, while the peak at 1732 cm-1 

has a constant intensity. The peak at 1753 cm-1 corresponds to free carbonyls 

that are not involved in an interaction with the oxide surface and correspond to 

excess, non-bonding molecules. At a lower concentration of the molecules in 

solution, less free carbonyls are present, as evidenced from the decreasing 1753 

cm-1 peak. The peak at 1732 cm-1 is due to molecules that are involved in 

bonding with the oxide surface and its intensity is expected and observed not to 

change with the concentration in solution for the considered range. The band 

obtained for the lowest concentration of ~1·10-3 g/l, see Fig. 2, can be described 

using a single, symmetrically shaped peak. The infrared spectrum therefore fully 

corresponds to molecules that are involved in bonding with the oxide surface. 

The absence of a carbonyl peak due to free carbonyls also indicates that the 

adsorbed glycol di-(monomethylsuccinic acid) ester molecules are bonded with 

all of their four ester groups to the oxide surface. 

In Fig. 3, infrared spectra are provided as obtained for glycol di-

(monomethylsuccinic acid) ester on the different oxide surfaces. For each oxide, 

the concentration was modified so no excess, non-bonding molecules were 

present anymore, see Fig. 2. The used concentration varied from ~1·10-3 g/l for 

the alkaline pretreated, see Fig. 2, to ~5·10-4 g/l for the dehydroxylated type of 

oxide.  

For all oxides, the spectra show a broad ν(C=O) carbonyl stretching 

vibration band, located at 1732 cm-1. The FWHM (full width at half maximum) 

of the peak is roughly constant for the different oxides, having a value of 41 cm-

1. This is considerably larger than the peak width for free carbonyls, see Fig. 2, 

which have FWHM peak width of around 23 cm-1. Besides the carbonyl 
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stretching vibrations, the spectra only show minor, broad and unresolved peaks 

in the 1500-1400 cm-1 region, which are due to CH2 and CH3 vibrations [21].  

 

6.3.3. Dimethyl adipate adsorption on the different oxide surfaces 

 

In Fig. 4, infrared spectra are shown of a multilayer of dimethyl adipate on 

the pseudoboehmite type of oxide, obtained respectively 5 and 10 minutes after 

the adsorption of a multilayer. The ν(C=O) carbonyl stretching vibration band 

can be described using two peaks, the first one representing the free carbonyls 

at 1746 cm-1 and the second at a lower wavenumber of 1720 cm-1 representing 

carbonyls that are bonded to the oxide surface. 

evaporated and oxidised aluminium

acid pretreated aluminium

dehydroxylated aluminium

alkaline pretreated aluminium

pseudoboehmite

 1300   1400   1500   1600   1700   1800   1900  
wavenumbers (cm )-1

17
325·10-4

x 0.2

ab
so

rb
an

ce
 (a

.u
.)

 

FIG. 3. FTIR-RAS spectra of glycol di-(monomethylsuccinic acid) ester on the different 

aluminium oxide surfaces.  
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The dimethyl adipate molecules not bonded to the oxide surface were found 

to sublime from the surface and therefore the intensity of the peak at 1746 cm-1 

decreases with time, while the peak at 1720 cm-1 has a constant intensity, see 

Fig. 4. Eventually, the 1746 cm-1 peak completely disappears due to sublimation  

and only the bonded molecules remain adsorbed. In Fig. 5, spectra are shown 

for adsorption on three of the studied oxides. For the different oxides, the 

ν(C=O) carbonyl stretching vibration was found to have a constant value of 

1720 cm-1. The FWHM peak width of the carbonyl stretching vibration is 

roughly constant for the different oxides, having an average FWHM peak width 

of 34 cm-1. This value is larger than the value obtained for the free carbonyls in 

the bulk of the layer, which shows a FWHM peak width of 25 cm-1.  
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FIG. 4. FTIR-RAS spectra of dimethyl adipate on the pseudoboehmite type of oxide. Spectra 

obtained 5 (bottom) and 10 (top) minutes after adsorption of a multilayer.  The fits had an 

r2 goodness of fit of respectively 0.995 and 0.997, from top to bottom 
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6.3.4.  Transmission spectra of molecules in different solvents 

 

The carbonyl of the ester has the capability of Lewis acid-base bonding, to 

hydroxyls or to incompletely coordinated cations on the oxide surface. 

Moreover, saponification of the ester groups may take place on the oxide surface  

and a carboxylate is then formed. Because of the strong electron-accepting 

nature of incompletely coordinated metal cations on the oxide surfaces, bonding 

to these sites is expected to result in significantly larger wavenumber shifts than 

for bonding to hydroxyls [22,23]. Kiselev et al. [3] studied the adsorption of 

acetone on aluminium oxides in an ultrahigh vacuum environment. 

The free ν(C=O) carbonyl stretching vibration peak was found at 1720 cm-1. 

When adsorbed on the oxide surface, they observed peaks at 1692 cm-1, 1625 cm-

1 and 1600 cm-1. The 1692 cm-1 was ascribed to the acetone molecules which were 

hydrogen-bonded to hydroxyls, while the other two peaks at 1625 and 1605 cm-1 

were ascribed to acetone, bonded to incompletely coordinated aluminium 

cations. Peaks at or close to these positions are not observed for the oxides 

studied, see Fig. 3 and 5. For the studied ambient-exposed oxide surfaces, 

incompletely coordinated cations are therefore likely not exposed at the surface, 

because the strong acidic centres readily react away with oxygen and water 
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FIG. 5. FTIR-RAS spectra of the dimethyl adipate compound, adsorbed on three of the 

different aluminium oxide surfaces.  
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from the ambient. This is confirmed by work of Ma et al. [24]. They found 

incompletely coordinated metal cations to be present on oxide surfaces, when 

dehydroxylated in an ultra-high vacuum environment, but absent on surfaces 

that were exposed to the ambient environment. Some authors have shown that 

aluminium oxide surfaces are capable of saponification of the ester group, which 

then forms a carboxylate anion that subsequently reacts with the oxide surface 

to form a chemisorbed carboxylate [5]. While a wide variety of differently 

prepared aluminium oxides was investigated in this work, none of them were 

however capable of saponification, as evidenced by the absence of infrared 

peaks, representing carboxylate species. This does correspond well to results 

found by other authors [1,1,2,6]. Strålin et al. [7] showed that saponification of 

the ester group only occurs at high temperatures. 

Excluding these two bonding mechanisms, leaves bonding to hydroxyls as an 

explanation for the results obtained upon adsorption of the compounds on the 

oxide surfaces.  

Infrared transmission measurements were performed of glycol di-

(monomethylsuccinic acid) ester and dimethyl adipate in a range of solvents 

with different electrophilicities [14] and with and without hydroxyl 

functionality. This gives information on the ν(C=O) carbonyl stretching peak 

shifts that the two compounds show when electrons are withdrawn from the 

carbonyl oxygen of their ester groups and on the peak shifts that occur when 

the ester groups are involved in hydrogen-bonding. With an increasing 

electrophilicity of the solvent, to an increasingly larger extent negative charge is 

withdrawn from the carbonyl oxygen, resulting in an increasing downward shift 

of the ν(C=O) carbonyl stretching band. In Table 2, the obtained ν(C=O) 

carbonyl stretching vibration peak positions and the associated FWHM peak 

widths are summarized. In Fig. 6, as an example, the ν(C=O) carbonyl 

stretching region is shown for the compounds in respectively chloroform and 2-

chloroethanol.  

The components present in the ν(C=O) carbonyl stretching bands were 

resolved by curve-fitting. In the aprotic solvents, the band can be described by 

a single, symmetrically shaped peak. For the protic solvents, the carbonyl 

stretching band consists of an additional peak, due to intermolecular hydrogen 

bonding of the carbonyl to the labile proton [25,26]. Overall, the compounds 

show comparable shifts in the different solvents, with the ν(C=O) carbonyl 

stretching peak positions of glycol di-(monomethylsuccinic acid) ester being 

always higher by 3-5 cm-1 than for dimethyl adipate, see Table 2. The two 

compounds show comparable FWHM peak widths of the carbonyl bands in the 

different solvents. The higher ν(C=O) for glycol di-(monomethylsuccinic acid) 
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ester indicates that the carbonyls are slightly more acidic than in dimethyl 

adipate [26]. The acidity of the solvent hydroxyls increases in the order 

methanol < 2 chloroethanol < 2,2,2 trichloroethanol. The strong electron-

withdrawing nature of the chlorine atoms leads to less negative charge on the 

oxygen of the hydroxyl, thereby leaving a more positively charged and so more 

acidic proton. The more acidic proton is then a stronger electron acceptor 

towards the lone pair electrons on the carbonyls.  Hydrogen-bonding to 

increasingly more acidic protons results in an increasing downward shift of the  
 ν(C=O) carbonyl stretching band. Generally, the peak separation between 

the main carbonyl vibration peak (highest wavenumber) and the peak 

representing intermolecular hydrogen bonding (lowest wavenumber) is 

considered as a measure for the relative strength of the hydrogen bond that the 

carbonyl is involved in [26]. This separation increases in the order in which the 

acidity of the solvent protons increases, see Table 2.  

TABLE 2. ν(C=O) carbonyl stretching vibration peak positions and corresponding FWHM 

peak widths for the compounds in different solvents as measured from FTIR-transmission 

measurements. The peak positions were resolved using curve-fitting. 

glycol di-

(monomethylsuccinic acid) 

t

dimethyl adipate 

solvent ν(C=O) 

(FWHM) 

(cm-1) 

ν(C=O:HO) 

(FWHM) 

(cm-1) 

ν(C=O) 

(FWHM) 

(cm-1) 

ν(C=O:HO) 

(FWHM) 

(cm-1) 

chloroform 1736.6 

(25) 

 1731.9 

(28)

 

dichloromethane 1737.2 

(23) 

 1733.6 

(22) 

 

ethanol 1743.5 

(16) 

1726.8 

(15) 

1740.7 

(15) 

1723.2 

(18) 

2 chloroethanol 1739.9 

(22) 

1722.0 

(24) 

1736.6 

(18) 

1717.3 

(27) 

2,2,2 

trichloroethanol 

1742.4 

(23) 

1721.2 

(23) 

 1714.2 

(26) 

tetrahydrofuran 1744.4 

(17) 

 1741.1 

(15) 

 

free carbonyls in 

bulk layer 

1753.2 

(23) 

 1746.8 

(25) 
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6.3.5. Stability of bonding 

 

To evaluate the stability of the bonds in water, immersion experiments in 

triple deionised water were performed at room temperature of the oxide layers 

with adsorbed molecules. The dimethyl adipate compound does not show a 

stable bond. Already after 1 minute of immersion, all molecules have become 

desorbed, as evidenced by absence of the ν(C=O) carbonyl stretching vibration. 

The glycol di-(monomethylsuccinic acid) ester shows a more stable adsorption. 

In Fig. 7, infrared spectra are shown obtained initially and after 1, 5 and 10 

minutes of immersion in water for the evaporated and oxidised aluminium. 

After 1 minute, a significant part of the molecules have become desorbed and 

the ν(C=O) carbonyl peak is shifted to lower wavenumber. For longer 

immersion times, more molecules become desorbed and the ν(C=O) carbonyl 

peak shifts further to lower wavenumber. Broad bands develop in the spectrum 

around 1590 cm-1 and around 1430 cm-1. 
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FIG. 6. FTIR-Transmission spectra of the carbonyl stretching vibration region of the two 

studied compounds in two different solvents. The peak positions were resolved using curve-

fitting. 



Chapter 6  

102 

These are due to water molecules, adsorbed on the oxide surface [27]. 

Moreover, the growth of the main Al-O peak at 950 cm-1 is observed, which is 

due to the development of broad shoulders, corresponding to hydroxyl bending 

vibrations [18,28,29]. It indicates growth and through-film hydroxylation of the 

oxide layer, due to a direct contact of the oxide surface with water.  

The stability of the bonding of the ester compounds has also been evaluated 

as compared to a compound capable of chemisorption to the oxide surface. The 

(dicarboxylic acid) succinic acid (COOH-CH2-CH2-COOH) molecule was chosen 

for this purpose. The compound has been studied in Chapter 5 with respect to 

its capability of bonding with aluminium oxide surfaces. Both carboxylic acid 

groups were found to react with the oxide surface to form a chemisorbed 

carboxylate, coordinating to two aluminium cations on the oxide surface. In Fig. 

8, infrared spectra are shown for an alkaline pretreated aluminium oxide 

surface, with the adsorbed glycol di-(monomethylsuccinic acid) ester molecules,  
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FIG. 7. FTIR-RAS spectra of glycol di-(monomethylsuccinic acid) ester molecules on the 

evaporated and oxidised type of aluminium, after different immersion times in room 

temperature deionised water.  
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before and after immersion for 5 minutes in a diluted solution of succinic acid in 

chloroform at room temperature. After immersion, additional peaks develop at 

1590 and 1417 cm-1, which are respectively the νas(COO-) asymmetric and 

νs(COO-) symmetric carboxylate stretching vibrations, see Chapter 5. The peak 

of the carbonyl stretching vibration of the glycol di-(monomethylsuccinic acid) 

ester has decreased significantly in intensity after immersion. 

Given the results obtained in Chapter 5, this carbonyl peak is expected to 

also contain a contribution due to unreacted carboxylic acid groups of succinic 

acid. Immersion of the samples with adsorbed molecules in chloroform without 

succinic acid did not lead to an appreciable decrease in the ν(C=O) carbonyl 

stretching band, indicating displacement does not occur by the chloroform itself. 

It is evident that the glycol di-(monomethylsuccinic acid) ester molecules are 

largely displaced by succinic acid, which is chemisorbed on the oxide surface as 

a carboxylate. For dimethyl adipate, similar results were obtained.  
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FIG. 8. FTIR-RAS spectra of glycol di-(monomethylsuccinic acid) on the alkaline pretreated 

aluminium initially (top) and after immersion in a diluted solution of succinic acid in 

chloroform for 5 minutes (bottom).  
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6.3.6. Reactivity of the different oxide surfaces 

 

The oxides exhibit differences in carbonyl infrared peak intensities, 

representing the adsorbed molecules, see Figs. 3 and 5. For the oxides, having 

constant surface areas and flat surfaces, this indicates differences in the amounts 

of bonded molecules [30-32]. To evaluate the amount of bonded molecules, the 

total integrated infrared peak intensities of the ν(C=O) carbonyl stretching 

vibration was determined. A similar approach was used by others, evaluating 

the amount of bonded ester groups for thin polymeric layers on aluminium [1,2]. 

Absolute quantitative information, in terms of the amount of molecules per unit 

of surface area was not obtained. Despite this, a comparison among the different 

oxides is possible, which is considered to be the most important for the current 

work. Because of its large surface area and macroscopic roughness, the 

pseudoboehmite oxide is not included in this analysis.  

The amount of bonded molecules was not influenced by the adventitious 

contamination levels. The alkaline pretreated aluminium has the largest amount 

of adventitious contamination, see Table 1, but shows the most intense ν(C=O) 

carbonyl stretching vibration peaks after adsorption, indicating the largest 

amount of bonded molecules. This is because the non-functional contamination, 

see above, for the oxides studied is readily displaced by either the solvent or the 

adsorbed molecules, see Chapter 3.  
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FIG. 9. Relation between the ν(C=O) carbonyl stretching vibration peak area of glycol di-

(monomethylsuccinic acid) ester molecules at saturation coverage on the different 

aluminium oxides versus their hydroxyl fraction as determined from the XPS measurements. 
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A correlation was found with the hydroxyl concentration on the oxide 

surfaces. This is shown in Fig. 9, in which the ν(C=O) carbonyl stretching 

vibration peak intensity of the bonded glycol di-(monomethylsuccinic acid) ester 

molecules is plotted with respect to the hydroxyl concentration, as determined 

from the XPS measurements, see Table 1. Each point corresponds to the 

average of 2-3 samples. Thus, with a higher hydroxyl concentration, also more 

glycol di-(monomethylsuccinic acid) ester molecules bond to the oxide surface. 

Further confirmation of this relation was obtained by performing an additional 

measurement. An alkaline pretreated substrate was dehydroxylated for 24 hours 

at a temperature of 275 oC, following the same procedure as for the 

dehydroxylated type of aluminium oxide. Subsequently, glycol di-

(monomethylsuccinic acid) ester was adsorbed on the oxide surface. It was 

found that the amount of bonded molecules dropped to that obtained for the 

dehydroxylated type of aluminium. Multiple other factors like steric hindrance 

of the organic molecules and also intramolecular interactions [33] may also play 

a role in determining the concentration of bonded molecules. Further, at an 

XPS detection angle of 15 degrees, still around five Al-O layers are being probed 

[34] and so not all hydroxyls being detected, necessarily have to be accessible to 

the adsorbed molecules. In this context, it is also noted that the slope of the 

linear relation between the amount of hydroxyls and the peak intensity is 

smaller than unity. 

 
6.4. Discussion 

 

6.4.1. Type of bonding with the oxide surfaces 

 

Upon adsorption of both ester compounds on the studied oxide surfaces, the 

ν(C=O) carbonyl stretching band of the ester shows a peak shift to lower 

wavenumber, as compared to the free carbonyl values, see Figs. 2 and 4. For 

glycol di-(monomethylsuccinic acid) ester, the ν(C=O) carbonyl stretching band 

of the excess molecules, representing free ester groups, is observed at 1753 cm-1. 

For the bonded ester groups, it is found at 1732 cm-1. For dimethyl adipate, the 

ν(C=O) carbonyl stretching band for the excess molecules is found at 1746 cm-1, 

and the peak for the bonded ester groups at 1720 cm-1. The infrared peak 

positions and the free to bonded ν(C=O) carbonyl infrared peak shift 

correspond to values obtained for carbonyls involved in hydrogen-bonding, see 

Table 2. Moreover, the involvement in hydrogen-bonding is also evident from 

the relation between the amount of hydroxyls and the intensity of the ν(C=O) 

carbonyl stretching vibration peak of the hydrogen-bonded esters, see Fig. 9.  
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The downward infrared peak shift from the free to the bonded carbonyl 

indicates that the carbonyl oxygen acts as the Lewis base (electron donor) and 

the proton of the hydroxyl group as the Lewis acid (electron acceptor) [2]. This 

is shown schematically in Fig. 10, in which the bonding of dimethyl adipate 

with hydroxyls on the oxide surface is shown.  

As discussed above, the shift upon adsorption of the ν(C=O) peak strongly 

depends on the extent of lone pair electron transfer. With increasingly more 

acidic hydroxyls, increasingly more negative charge is withdrawn from the 

carbonyl oxygen lone pair electrons, resulting in a lower ν(C=O) and therefore 

an increase in the free to bonded infrared peak shift [2], see Table 2. 

Despite the fact that a wide range of different preparation methods are used 

for the aluminium surfaces, the ester groups show very similar adsorption 

behaviour on the different oxides, as evidenced from the constant ν(C=O) 

carbonyl stretching band positions. The XPS analysis shows that the hydroxyls 

on the different oxide surfaces do not have differences in their acid-base 

properties, as evidenced by their very similar hydroxyl binding energies. A 

constant ν(C=O) carbonyl stretching band position of the bonded ester groups 

is therefore also expected. The XPS analysis shows however that 

pseudoboehmite has more basic hydroxyls. This will result in less lone pair 

electron transfer from the carbonyl oxygen and as a consequence, a higher 

ν(C=O) peak position and therefore a smaller free to bonded ν(C=O) infrared 

peak shift is expected. However, the same ν(C=O) carbonyl stretching vibration 

position as for the other oxides is observed. This is not well understood. The 

bonding of glycol di-(monomethylsuccinic acid) ester was also studied on freshly 

prepared steel substrates, which are known to have an oxide layer, with more 

basic hydroxyls than for aluminium [35-37]. The details on this will be discussed 
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FIG. 10. Illustration of bonding of dimethyl adipate with hydroxyls on an aluminium oxide 

surface. 
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in a future work [38]. On the steel surface, the compound showed a peak 

position of 1738 cm-1 for the bonded molecules, in correspondence with their 

hydroxyls being more basic. A possible explanation might be found in the fact 

that XPS was used as the analysis technique to determine the acid-base 

properties of the oxide layer surfaces. Despite the analysis angle of 15 degrees, 

used for the experiments, it can be estimated that still roughly the outer 5 Al-O 

layers are being probed in the analysis [34]. The XPS signal therefore has to be 

considered as a weighed average of these outer layers. The properties of the 

hydroxyls present on the outer surface can deviate from the interior of the oxide 

layer. Raybaud et al. [39] performed a density functional simulation study of the 

aluminium oxyhydroxide boehmite, which is structurally similar to the 

pseudoboehmite studied in this work [15,40]. While the hydroxyls in the interior 

of the oxides deviated and showed considerable internal hydrogen-bonding, the 

hydroxyls on the surface were more or less comparable to those found on γ-
Al2O3 [39].  

The two compounds show differences in the amount of free to bonded 

infrared peak shift and also in their FWHM peak widths. Glycol di-

(monomethylsuccinic acid) ester showed a peak width of 41 cm-1 and a free to 

bonded infrared peak shift of 20 cm-1 while the dimethyl adipate shows a 

FWHM peak width of 34 cm-1 and a peak shift of 26 cm-1. Because the 

compounds showed similar peak shifts and peak widths in the different solvents, 

see Table 2, these difference are due to differences in bonding behaviour.  

An explanation for the differences in peak width and peak shift between 

adsorbed glycol di-(monomethylsuccinic acid) ester and dimethyl adipate can lie 

in differences in structural flexibility of the molecules. Dimethyl adipate is more 

flexible than glycol di-(monomethylsuccinic acid) ester, because it only has two 

ester groups and because of its aliphatic centre part. It is therefore likely better 

capable of optimising its interaction with hydroxyls on the oxide surface, 

resulting in stronger hydrogen-bonds and thereby resulting in a larger ν(C=O) 

infrared peak shift. The glycol di-(mono-methylsuccinic acid) ester is less 

flexible, having four ester groups, and is therefore likely less capable of 

optimising all four hydrogen bond distances. Part of the ester-oxide hydrogen-

bonds will then be weaker, resulting in a carbonyl peak that is extended to the 

high-wavenumber side as compared to adsorbed dimethyl adipate. This then 

results in broader peak and a smaller infrared peak shift as compared to 

adsorbed dimethyl adipate.  

It is also noted that the dimethyl adipate compound shows significantly less 

intense carbonyl stretching vibration peaks as compared to the glycol di-

(monomethylsuccinic acid) ester compound, when adsorbed on the oxide 
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surface, compare Figs. 3 and 5. This might indicate less molecules being bonded 

to the surface, for example because of the aliphatic centre part of dimethyl 

adipate blocking hydroxyls that are then no longer available for bonding. A 

straightforward comparison of intensities is however likely not possible due to 

differences in molar absorption coefficients [1,41].  

 

6.4.2. Bonding stability and strength of the ester groups 

 

Fowkes et al. established a relationship between the carbonyl infrared peak 
shift ABν∆ and the enthalpy of the bond adsH∆ [14]:  

 
ABAB

ads kH ν∆−=∆ , (1) 

 

with ABk  having a value of 0.99 kJ/mol/cm-1. With an infrared peak shift of 

20 cm-1, a value of 19.8 kJ/mol is obtained for glycol di-(monomethylsuccinic 

acid) ester bonded on the oxide surfaces. For dimethyl adipate, which shows an 

infrared peak shift of 26 cm-1, a value of 25.8 kJ/mol is then obtained. These 

values are an order of magnitude smaller than the value of about 200 kJ/mol 

reported for chemisorbed carboxylates [23]. The enthalpy of the total 

(macroscopic) bond between the organic layer and the metal substrate also 

depends on the number of bonds, see Eq. 1. The oxides studied differ in the 

amounts of hydroxyls that are present on their surfaces, see Table 1. With an 

increasing amount of hydroxyls, more ester groups can bond to the oxide 

surface, see Fig. 9. As a result, the total macroscopic bond enthalpy will be the 

largest for the most hydroxyl-rich oxides, resulting in an increased macroscopic 

bonding strength. 

On the microscopic scale, the bonds between the carbonyls of the ester 

groups and the oxide surface are shown to be not very stable in an aqueous 

environment or in presence of another functional group that is capable of 

forming a stronger bond with the oxide surface. Dimethyl adipate, having two 

ester groups, is displaced almost instantly in an aqueous environment. Glycol 

di-(monomethylsuccinic acid) ester is displaced to the largest extent in around 

10 minutes, see Fig. 7, notwithstanding that the compound is bonded with four 

ester groups to the oxide surface. The carbonyl stretching peak of the molecules 

remaining after immersion, shifts to lower wavenumber and shows a lower peak 

width. The shift is likely because the least strongly bonded ester groups (with a 

corresponding higher wavenumber, as a result of less electron transfer) are more 

likely to be displaced from the oxide surface, while the more strongly bonded 

ester groups (with a corresponding higher wavenumber) remain adsorbed for a 
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longer period. The differences in aqueous stability between adsorbed dimethyl 

adipate and glycol di-(monomethylsuccinic acid) ester are likely a kinetic effect, 

due to the number of ester groups per molecule. For dimethyl adipate, only two 

bonds need to be displaced before the whole molecule is desorbed from the 

surface. 

The compounds can also be readily displaced by molecules containing 

carboxylic acid groups, which are capable of chemisorbing to the oxide surface, 

see Fig. 8. This likely also plays an important role in the relatively bad 

performance of ester group containing polymers in acetic acid, citric acid etc. 

[42,43] environments. Small carboxylic acid based molecules can readily 

penetrate the polymer and after having arrived at the polymer-oxide interface, 

they are capable of displacing the ester groups from the oxide surface.  

The low value of the bond enthalpy, the aqueous environment performance, 

the relatively easy displacement in the presence of carboxylic acid groups 

demonstrates that the bond between ester groups and the aluminium oxide 

surface is not very strong. The results emphasize that for a more durable bond, 

one should preferably have functional groups that are chemisorbed to the oxide 

surface, for example carboxylic acids.  

 
6.5. Conclusions 

 

The bonding of the two compounds containing ester groups with a set of 

different aluminium oxide layers has been investigated using infrared reflection 

absorption spectroscopy. Bonding of the ester groups to the different aluminium 

oxide surfaces occurs through Lewis acid-base bonding in which the carbonyl of 

the ester is the Lewis base and the proton of the oxide hydroxyl the Lewis acid. 

Not much difference in bonding was observed among the different oxides, 

despite the use of different methods to prepare the layers. Differences between 

the two compounds were observed in the strength of the hydrogen-bond with 

the oxide surface. The oxides showed clear differences in the amount of 

molecules being bonded to the oxide surface and a clear relation was observed 

with the amounts of hydroxyls present on the oxide surface, as determined from 

XPS measurements. The bonding of the ester groups with the oxide surfaces 

was found to be not stable in presence of water and also not in the presence of a 

compound which can chemisorb to the aluminium oxide surface.  
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CHAPTER 7.  

AGEING OF ALUMINIUM OXIDE SURFACES AND THEIR SUBSEQUENT 

REACTIVITY TOWARDS BONDING WITH ORGANIC FUNCTIONAL 

GROUPS 1 

 

 

 

 

 

                                                 
1  This chapter was published as a scientific paper: 
J. van den Brand, S. van Gils, P.C.J. Beentjes, H. Terryn, J.H.W. de Wit  
Applied Surface Science, 2004, accepted for publication 
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Synopsis 
 

 
7.1. Introduction 

 

Aluminium substrates are often given a surface treatment prior to 

application of an organic overlayer like a coating, a self-assembling monolayer or 

an adhesive [1]. The surface treatment results in a fresh, clean and reactive 

aluminium oxide surface, which shows its maximum bonding capacity towards 

the organic overlayer. Quite often, however, the surfaces are exposed to ambient 

air for periods varying from hours until even several days prior to applying the 

overlayer. Ambient air contains water and several organic and inorganic species. 

Water adsorbs on the oxide surface and causes hydroxylation (i.e. the 

incorporation of hydroxyls) of the aluminium oxide layer [2,3]. This can be 

considered a positive change because bonding of organic functional groups 

primarily proceeds through the hydroxyls, see Chapters 5 and 6. The adsorbed 

water however also blocks surface sites, which are then no longer available for 

the organic functional groups, resulting in a decrease of the bonding capacity of 

the surface, meaning the amount of bonds that the oxide surface is capable of 

forming with organic functional groups. For much longer ageing times (in the 

order of months), water causes the formation of aluminium hydroxide and 

In previous chapters, the interaction of different organic functional groups 

with differently prepared, fresh aluminium substrates has been investigated. 

In practice, freshly prepared metallic substrates are often left in the ambient 

for varying periods before an organic overlayer like a coating is applied. This 

ageing of the substrate can be expected to also influence the bonding of the 

subsequently applied organic overlayer. In this chapter, the changes 

occurring to an aluminium oxide layer as a function of ageing time in both 

ambient air and in a clean nitrogen environment are investigated. Moreover, 

the bonding capacity of the oxide surface towards organic functional groups 

as a function of ageing time is evaluated for these environments. It is found 

that contaminants like water and air-borne carboxylic acids are rapidly 

adsorbed on the oxide surface when the substrate is aged in ambient air. As 

a result of this, the bonding capacity of the oxide surface towards organic 

functional groups very rapidly decreases with ageing time. Within 24 hours 

of ageing, the oxide surface irreversibly looses 60% of its initial reactivity. 

This occurs to a considerably lesser extent for ageing in a clean, nitrogen 

environment.  
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oxyhydroxide particles on the oxide surface [4-6]. These are only loosely bound 

and are therefore detrimental for formation of strong adhesive bonds. Besides 

water, several air-borne organic and inorganic contaminants can also adsorb on 

the oxide surface [7]. These generally bond strongly to the oxide surface, 

resulting also in a decrease of the bonding capacity of the surface [8-11].  

For these reasons, it is important to know which changes to the oxide 

surface occur upon ageing in the ambient as a function of time and to which 

extent this influences the bonding capacity of the oxide surface.  

In this work, the changes that occur to a freshly prepared amorphous 

aluminium oxide layer, upon ageing in ambient air and upon ageing in a clean 

and dry environment have been investigated in detail. The bonding capacity of 

the substrate towards bonding with organic functional groups has been 

evaluated as a function of prior ageing time of the aluminium substrate. This 

was done by evaluation of the amount of chemisorbed monofunctional aliphatic 

carboxylic acid molecules. The investigation was carried out using infrared 

reflection absorption spectroscopy (FTIR-RAS). The technique is highly suitable 

for this purpose, because it is non-destructive, does not require a vacuum 

environment and allows identification of adsorbed species and changes to the 

aluminium oxide layer. 

This Chapter complements the work discussed in Chapters 5 and 6, in which 

bonding of carboxylic acid and anhydride functionalised and ester functionalised 

organic compounds was investigated to a set of differently pretreated but freshly 
prepared aluminium substrates.  

 
7.2. Experimental 
 

7.2.1. Materials and experimental conditions 

 

The capacity of the oxide surfaces towards bonding with organic functional 

groups was studied using myristic acid, CH3(CH2)12COOH, often used for self-

assembling monolayers [12,13]. Myristic acid was obtained from Sigma-Aldrich 

as 99.5+% purity and was used without further purification. Myristic acid was 

applied on the aluminium substrates, following the same experimental procedure 

as used in Chapter 5, see paragraph 5.2.2 on page 63.   

As the aluminium substrate, the vacuum evaporated and oxidised aluminium 

substrate was chosen. Its preparation procedure is discussed paragraph 3.2.1 on 

page 23. The infrared measurements were performed according to the same 

procedure as discussed in paragraph 5.2.3 on page 63.   
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7.2.2. Substrate handling and ageing conditions 

 

In Fig. 1, a scheme shows the way in which the substrates are handled 

during the ageing experiments. Immediately after preparation of the aluminium 

substrate, an infrared background spectrum was obtained. The substrate was 

then aged for a given period. For ageing in ambient air, a climatised room was 

chosen, having a constant temperature of 21 oC and a relative humidity of 30%. 

For ageing in a dry and clean environment, the substrate was stored in the 

infrared compartment at 21 oC. The compartment is continuously flushed with a 

flow of dry and clean pure nitrogen (99.998 vol.% purity, flow approximately 

400 l/hr), obtained from the overpressure of a liquid nitrogen vessel. The 

humidity in the infrared compartment was determined to be smaller than 1%. 

Then, an infrared spectrum of the substrate was obtained with respect to the 

background obtained prior to ageing. The infrared spectrum then shows changes 

that have occurred during ageing and does not have contributions due to the 

initial state of the substrate, making interpretation easier. After this, the 

substrates were cleaned using clean, hot THF (tetrahydrofuran, 99+% purity) 

and clean, hot chloroform (99+% purity). Finally, a new background spectrum 

was obtained, myristic acid was adsorbed and an infrared spectrum was 

obtained with respect to the background obtained prior to adsorption. The final 

infrared spectrum then shows only the changes that have occurred upon 

adsorption of myristic acid.  

preparation of substrate

ageing in air or in
nitrogen environment

acquire background spectrum

acquire infrared spectrum showing 
changes occurred due to ageing

cleaning of substrate
in solvents

acquire background spectrum

adsorption of 
myristic acid

acquire infrared spectrum showing 
adsorbed molecules  

FIG. 1. Schematic overview of substrate handling for the ageing experiments. 
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7.3. Results  
 

7.3.1. Changes in surface chemistry due to ageing in ambient air 

 

In Fig. 2, infrared spectra are shown for aluminium substrates, aged for 1, 4, 

16 and 60 hours in ambient air. The spectra show only the changes that have 

occurred during the ageing period, see Experimental section.  

A summary of the bands observed in the spectra upon ageing of the 

substrates and their assignment is given in Table 1. Below 1300 cm-1 there is the 

growth of a band at 960 cm-1 and the upward bending of the infrared spectrum 

with increasing ageing time. The band at around 960 cm-1 is the Al-O stretching 

vibration due to the aluminium oxide layer [14,15]. An increase in intensity of 
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FIG. 2. FTIR-RAS spectra from aluminium substrates after ageing in ambient air for 

indicated periods. Spectra are shown with respect to a background prior to ageing and 

therefore only show the changes that have occurred in the ageing process. The sharp bands 

at around 3700 cm-1 are experimental artefacts and are due to water in the infrared 

compartment [3] 
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the band indicates growth of the oxide layer as a function of ageing time. 

Around this band, there is the development of unresolved shoulders, having 

estimated positions around 1100 cm-1 and 800 cm-1, resulting in the observed 

upward bending of the spectra. The development of these bands indicates that 

hydroxylation of part of the oxide layer occurs. The bands are respectively 

δ(OH) bending and γ(OH) twisting vibrations and their positions and broadness 

have the characteristics of an amorphous, pseudoboehmite-type aluminium 

oxyhydroxide [16-21]. A similar conclusion was also reached by others studying 

ageing of aluminium surfaces in ambient air by XPS [2,22]. The presence of 

hydroxyls is also evidenced from the development of the broad, asymmetric 

band at around 3500 cm-1 which is partially due to the corresponding stretching 

vibrations ν(OH) of the hydroxyls and partially due to the ν(OH) of water 

molecules, see furtheron [23]. 

 In the 1800-1300 cm-1 region, already after 1 hour of ageing, a clear change 

is visible. A broad band at 1602 cm-1 and a more intense sharp, band at around 

1474 cm-1, having a shoulder at 1414 cm-1 appear. Very similar bands are 

observed when a carboxylic acid-based compound is deliberately adsorbed on 

this type of aluminium oxide. The bottom spectrum shows the results obtained 

for myristic acid, adsorbed on a freshly evaporated and oxidised aluminium 

substrate. Just as for the 1 hour aged substrate, the spectrum shows a broad 

band at around 1600 cm-1 and a band at around 1470 cm-1, having a shoulder at 

around 1410 cm-1. When adsorbed, the carboxylic acid group is deprotonated by 

TABLE 1. Infrared peak positions and assignments for the various infrared peaks observed 

for ageing of an aluminium substrate in ambient air. 

approximate infrared 

band position 

(cm-1) 

 

assignment 

800 δ(OH) bend, aluminium oxyhydroxide region 

960 ν(Al-O) stretch, aluminium oxide 

1100 γ(OH) twist, aluminium oxyhydroxide region 

1349 δ(CH3) deformation, adsorbed contamination 

1410 adsorbed water 

1472 νs(COO-) carboxylate stretch, adsorbed contamination 

1610 
composite: adsorbed water  and νas(COO-) carboxylate 

stretch, adsorbed contamination 

2920, 2850 CH2/CH3 stretch, adsorbed contamination 

3500 
ν(OH) hydroxyl stretch, adsorbed water and aluminium 

oxyhydroxide region 
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hydroxyls on the oxide surface, see Chapter 5. A carboxylate results which is 

coordinatively bonded to aluminium cations on the oxide surface. The broad 

band at around 1600 cm-1 is due to the asymmetric carboxylate stretching 

vibration νas(COO-) and the band at around 1470 cm-1 including the shoulder at 

around 1410 cm-1 due to the symmetric carboxylate stretching vibration 

νs(COO-). The similarity with the spectra for adsorbed myristic acid indicates 

that chemisorbed carboxylates are present on the 1 hour aged substrate. The 

slight differences in carboxylate stretching peak positions as compared to 

chemisorbed myristic acid are likely due to differences in groups to which the 

carboxylate group is attached [24].  

With increasing ageing time, there is a growth of several bands in the 1800-

1300 cm-1 region. To study this in detail, the constituting components were 

resolved using curve-fitting. In Fig. 3, an example is shown of the region with 

the resolved components for a substrate aged in ambient air for 60 hours. The 

region could be adequately described using four components, having positions at 

around 1610, 1472, 1410 and 1349 cm-1. The resolved components only varied 

significantly in intensity and no variation in peak position was observed during 

the ageing period. In Fig. 4, the peak areas of the four resolved components are 

plotted as a function of ageing time for all substrates studied, with each point 

obtained on a different substrate. The intensity of the bands at around 1610 

and 1410 cm-1 both increase significantly by a factor of around three during the  
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FIG. 3. Components resolved in the 1800-1300 cm-1 infrared region using curve-fitting, for 

an aluminium substrate that was aged in ambient air for 60 hours.  The fit had an r2 

goodness of fit of 0.961. 
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first 20 hours of ageing, see Fig. 4. Interpretation of bands at these positions is 

complicated. The broad band at around 1600 cm-1 was already ascribed to the 

asymmetric νas(COO-) carboxylate stretching vibration due to adsorbed 

carboxylates, see above, with the asymmetrically shaped band at around 1470 

cm-1 being the corresponding symmetric νs(COO-) carboxylate stretching 

vibration. The further growth of the band at 1610 cm-1 would then imply the 

adsorption of additional carboxylates. However, the 1472 cm-1 band does clearly 

not increase in intensity anymore after around 1 hour of ageing, see Fig. 4. As 

shown by Vlaev et al. [23], bands at around 1610 and 1410 cm-1 can be ascribed 

to the bending vibrations of water molecules, being adsorbed on the aluminium 

oxide surface. Indeed, simultaneous to the growth of the bands at around 1610 

and 1410 cm-1, there is also the growth of a broad, asymmetric band around 

3500 cm-1 in the infrared spectra, see Fig. 2, which is partially also due to water,  

see above [23]. Moreover, hydroxylation of the oxide layer is observed to occur, 

see above, through water layers adsorbed on the oxide surface [16,21]. 

For these reasons, the bands at around 1610 cm-1 and 1410 cm-1 are ascribed 

to water. The 1610 cm-1 is then a composite band, which is partially due to 

adsorbed water and partially due to the νas(COO-) carboxylate stretching 

vibration of chemisorbed carboxylates.  

In the 3000-2800 cm-1 region, the growth of peaks owing to CH2/CH3 

stretching vibrations is observed [24,25]. This indicates the presence of short-

chained aliphatic contamination on the oxide surface. The amount increases 

time (hours)
0 20 40 60

pe
ak

ar
ea

(a
.u

.)

0.00

0.05

0.10

0.15

0.20

0.25
1610 cm-1

1410 cm-1

1467 cm-1

1349 cm-1

 
FIG. 4. Infrared peak areas of peaks resolved in the 1800-1300 cm-1 infrared region, see Fig. 

3, of the aluminium substrates aged in air as a function ageing time.  
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with ageing time, indicating the continuing adsorption of contamination on the 

surface, despite that the amount of chemisorbed carboxylates does not increase 

anymore. Related to this is the growth of the band at around 1349 cm-1, see Fig. 

4, which is likely a δ(CH3) deformation vibration of the adsorbed organic 

contamination [24,26].  

 

7.3.2. Changes in surface chemistry due to ageing in a clean and dry environment 

 

In Fig. 5, infrared spectra are shown for substrates aged for different periods 

in a clean, dry nitrogen environment. The spectra show only the differences that 

have occurred due to the ageing, see experimental section. Comparing the 

results with ageing in ambient air shows that ageing in a clean, dry environment 

results in much less changes, see Fig. 2. 

Small CH2/CH3 peaks are observed in the 3000-2800 cm-1 and also in the 

1800-1300 cm-1 region several not well-resolved bands are present, indicating the 

adsorption of some organic contamination. There is no adsorption of water as 

bands at around 1610, 1410 and 3500 cm-1 are not formed. As then expected, 

also hydroxylation of the oxide layer does not occur and no δ(OH) bending and 

γ(OH) twisting vibration shoulders develop around the main Al-O band 
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FIG. 5. FTIR-RAS spectra of aluminium substrates aged in a clean, dry nitrogen 

environment. Spectra are shown with respect to a background prior to ageing and therefore 

only show the changes that have occurred in the ageing process. 
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(compare Figs. 2 and 5). Some growth of the oxide layer occurs, as there is a 

slight growth of the Al-O band at around 950 cm-1.  

 

7.3.3. Influence of cleaning 

 

The substrates aged in ambient air show adsorption of organic contaminants 

and water. The substrates were subsequently cleaned using solvent to 

investigate the extent to which the adsorbed species can be removed. For the 

cleaning, repeated alternating rinsing was performed in hot, clean THF and hot, 

clean chloroform for a period of around 5 minutes. In Fig. 6, infrared spectra are 

shown for a substrate that was aged in ambient air for 60 hours and then 

cleaned according to this procedure. The spectra show only the changes that 

have occurred during the ageing, see experimental section. 

The bottom spectrum shows the difference of the spectra obtained before 

and after cleaning. In the CH2/CH3-stretching region (3000-2800 cm-1) and C-

OH region (1250 cm-1) [24,25], minor negative bands are observed, indicating 
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FIG. 6. FTIR-RAS spectra showing the influence of solvent cleaning of an aged aluminium 

oxide surface. Spectra are shown with respect to a background prior to ageing and therefore 

show the changes that have occurred in the ageing process. 



Influence of ageing of aluminium oxide surfaces on bonding 

  123 

part of the (likely less strongly bonded) contamination is removed from the 

substrate.  

 

7.3.4. Influence of ageing on the adsorption of the model adhesive molecules 

 
It is expected that the presence of organic contaminants and water on the 

oxide surface will modify its bonding capacity towards organic overlayers. To 

investigate the extent of this, the aged aluminium substrates were cleaned 

following the procedure discussed above and a new background spectrum was 

obtained, see experimental section. Subsequently, to evaluate the bonding 

capacity of the oxide surfaces towards bonding with organic functional groups, 

myristic acid was adsorbed. In Fig. 7, selected infrared spectra are shown, 

obtained after adsorption of myristic acid for different ageing times of the 

substrates prior to the adsorption. The spectra show only changes that have 

occurred during adsorption, see Experimental section. 

For comparison, in Fig. 2, the spectrum is shown of myristic acid adsorbed 

on a freshly prepared aluminium substrate. For the aged substrates, positive 

bands are observed in the CH2/CH3 stretching region (3000-2800 cm-1), 
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FIG. 7. FTIR-RAS spectra obtained after the adsorption of myristic acid on a substrate aged 

in ambient air for 60 hours (top) and 4 hours (middle). Spectra are shown with respect to a 

background prior to ageing and therefore only show the changes that have occurred in the 

ageing process. The sharp bands at around 3700 cm-1 are an experimental artefact and are 

due to water in the infrared compartment [3].  
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indicating the presence of myristic acid. Due to negative (downward) bands at 

around 1610 cm-1 and 1410 cm-1, it is not possible to determine the type of 

bonding of myristic acid. However, rinsing of the substrates using chloroform 

did not result in decrease of the peaks in the CH2 and CH3 stretching region, 

indicating chemisorption as a carboxylate. As discussed, the bands at 1610 cm-1 

and 1410 cm-1 are due to water on the oxide surface. As negative bands are 

observed after adsorption, it can be derived that myristic acid causes 

displacement of water from the surface. Negative bands are then also expected 

to show up around 3500 cm-1, as there the hydroxyl stretching vibrations of 

water are located, see above. Additionally, chemisorption as a carboxylate 

causes dehydroxylation of the oxide surface, see Chapter 5, also resulting in 

negative bands in the 3500 cm-1 region, see Fig. 2, bottom spectrum. 

Despite this, however, even slightly positive bands at around 3500 cm-1 are 

observed after myristic acid adsorption on the aged substrates. This might be 

due to hydroxyls, previously involved in hydrogen-bonding with water 

molecules, showing an infrared peak shift upon desorption of the adsorbed 

water. In this context it was also noted that the infrared spectrum were 

somewhat distorted in the hydroxyl stretching region (3700-2900 cm-1), most 

clearly visible for the 4 hours aged samples. 
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FIG. 8. Bonding capacity of the aluminium oxide surfaces towards chemisorption of 

carboxylic acid based molecule as a function of ageing time of the aluminium substrate in 

ambient air and in a clean, dry nitrogen environment. The bonding capacity is evaluated by 

determining the total integrated peak intensity in the 3000-2800 cm-1 region of infrared 

spectra obtained after adsorption of myristic acid. Results are given relative to myristic acid 

adsorbed on a clean substrate. 
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The amount of chemisorbed myristic molecules, being a measure for the 

bonding capacity of the oxide surface, can be evaluated from the total 

integrated peak intensity in the 3000-2800 cm-1 region, where the CH2 and CH3 

stretching vibrations are located, with more adsorbed molecules also resulting in 

more intense peaks [27,28]. The total integrated peak intensities were 

determined after subtraction of a linear background and are plotted in Fig. 8 as 

a function of ageing time. The results are given relative to results obtained for a 

freshly prepared substrate. Absolute information on the coverage, i.e. the 

amount of adsorbed molecules per unit of surface area was not obtained. For the 

current discussion, the relative decrease is however considered to be most 

important.  

The results have to be treated with some caution. During adsorption of 

myristic acid, some loosely bound contamination is likely also desorbed from the 

substrate. For the used procedure, this results in ‘negative’ CH2/CH3 stretching 

vibration bands onto which the CH2/CH3 bands of myristic acid are 

superimposed, resulting in slightly less intense peaks. The effect of this is 

however probably limited because of the minor CH2/CH3 peaks observed after 

ageing, see Fig. 2.  

 
7.4. Discussion 
 

Based upon the discussed results, a model can be developed, schematically 

showing the changes to the surface, the oxide layer and the influence this has on 

the subsequent adsorption of myristic acid. This model is shown schematically 

in Fig. 9.  

 

7.4.1. Changes to the surface chemistry upon ageing 

 

Upon ageing in ambient air, quite rapidly an initially more or less clean 

oxide surface is contaminated. After an hour of ageing in ambient air, 

carboxylates chemisorb on the oxide surface, see Figs. 2 and 4. The chemisorbed 

carboxylates on the aged substrates are relatively short-chained as the spectra 

only show minor CH2/CH3 stretching vibrations (3000-2800 cm-1), which is in 

sharp contrast with the well-resolved bands for myristic acid, see Fig. 2. This 

indicates that small air-borne contaminants like acetic acid and formic acid 

(which are present in ambient air [7]) have reacted with the oxide surface to 

form chemisorbed carboxylates. The symmetric νs(COO-) carboxylate stretching 

vibration at 1472 cm-1 shows a constant intensity after 1 hour of ageing, see Fig. 

4. 



Chapter 7  

126 

C
O O

R O H

H

O
H H

C
O O

R

R

O
OH

C

R

OOH
C

O H

H C
H 2

CH
2

C
H 2 CH

2

CH
2

C
H 2

CH
2

C
H 2

R

C
O O

CH
2

CH
2

C
H 2 CH

2

CH
2

C
H 2

C
H 2

C
H 2

R

C
O O

3. after adsorption of myristic acid
upon myristic acid adsorption, part of adsorbed water
is desorbed. myristic acid not capable of displacing all
adsorbed species from the surface resulting in decrease of 
the bonding capacity. 

1. initial state

O
H

H

O
H H

O
H H

R

O
OH

C

O H

H

R

OOH
CO H

H

O
H

H

R O

OH

C

aluminium oxide layer

aluminium metal

O
H

HC
O O

R
O H

H
O H

H

O
H H

C
O O

R

O
H H

O
H

H

R

O
OH

C O H

H

R

OOH
C

O H

H

2. until about 20 hours of ageing
adsorption of small carboxylic acid-based contamination 
and water on the oxide surface. growth of the oxide layer
at the metal/oxide interface. formation of an hydroxylated
region through a dissolution/precipitation mechanism

aluminium metal

aluminium metal

hydroxylated region: Al + 2 H O    AlOOH+1.5 H2  2

hydroxylated region: Al + 2 H O    AlOOH+1.5 H2  2

aluminium oxide layer

aluminium oxide layer

 
FIG. 9. Schematic of the processes occurring during ageing of an aluminium oxide layer in 

ambient air and the subsequent influence on the reactivity towards chemisorption of a 

carboxylic acid based molecule. 
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Upon continued ageing, the amount of chemisorbed carboxylates therefore 

does not further increase. Additional, short-chained organic contamination is 

however still adsorbed as the peaks in the CH2/CH3 stretching region continue 

to increase in intensity, see Fig. 2. The functionality of this contamination is 

difficult to determine because of a dominant contribution to the infrared spectra 

of bands due to adsorbed water and hydroxylation of the oxide layer. 

The infrared spectra show the increase of bands at 1610 cm-1, 1410 cm-1 and 

3500 cm-1 as a function of ageing time, see Figs. 2 and 4, which increase in 

intensity until around 20 hours of ageing. The growth of the bands indicates the 

continuing adsorption of water on the oxide surface. The adsorbed water layer 

causes hydroxylation of the oxide layer, which is observed in the infrared 

spectrum as the formation of broad unresolved δ(OH) bending and γ(OH) 

twisting bands around the main Al-O peak. Water layers, adsorbed on the oxide 

surface, cause Al-O bond breaking and localised dissolution of the layer [16,29]. 

This preferentially occurs at sites where there are defects in the oxide layer like 

close to impurities and at grain boundaries [16,29]. The dissolution allows 

passage of ions through the locally dissolved oxide layer, e.g. hydroxyls and 

oxygen inwards and aluminium ions outwards. Hydroxylation of the outer 

region of the oxide layer [2,22] is considered to occur through a dissolution-

precipitation mechanism, occurring through a reaction between water and 

aluminium ions [22,30]. With this reaction, an amorphous aluminium 

oxyhydroxide region is formed. The passage of oxygen and aluminium ions 

through the oxide layer also allows further growth of the oxide layer at the 

oxide/metal interface [22], as evidenced from the growth of the main Al-O band. 

The amount of hydroxylation in ambient air is limited as compared to for 

example hydroxylation upon immersion of aluminium substrates in water [29] 

and only minor hydroxyl-related bands are observed. This was also noted by 

Vedder et al [16], comparing immersion of aluminium substrates in water with 

exposure to a humid atmosphere.  

For ageing in the dry nitrogen environment, having a relative humidity of 

smaller than 1%, adsorbed water layers are not present and therefore dissolution 

of the oxide layer, growth of the oxide layer and the formation of a 

hydroxylated region does not occur, see Fig. 5. 

 

7.4.2. Influence of ageing on the bonding capacity 

 

The chemisorbed carboxylates and water adsorbed on the oxide surface 

cannot be removed by cleaning in solvent as evidenced by absence of negative 

bands upon cleaning, see Fig. 6. Therefore, the adsorbed organic contaminants 
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and water on the oxide surfaces have serious implications for the bonding 

capacity of the substrates.  

Because of the very similar type of bonding, myristic acid is expected to be 

incapable of displacing the chemisorbed carboxylates from the oxide surface. 

The influence of other functionalised contamination, which is also adsorbed on 

the oxide surface, see above, could not be distinguished. Work performed by 

others [31] however indicates that part of this will also remain adsorbed upon 

adsorption of carboxylic acids. Myristic acid is capable of displacing some 

adsorbed water from the oxide surface, as evidenced by negative water bands, 

see Fig. 7. Despite this, the adsorbed water does appear to significantly 

influence the bonding capacity of the oxide surfaces. During the first 20 hours of 

ageing in ambient air, the largest changes in the infrared spectra of the oxides 

are observed, see Fig. 4, due to the adsorption of water on the oxide surface. In 

the same period, the surface shows a significant drop in its bonding capacity, 

see Fig. 8.  

All these adsorbed species cause a significant reduction of the bonding 

capacity of the oxide surface. Within 20 hours of ageing in ambient air, the 

substrate is observed to loose 60% of its initial bonding capacity. Although this 

was studied using myristic acid, for bonding with other organic functional 

groups, a similar influence is expected as bonding proceeds through similar sites 

on the oxide surface [32].  

Ageing of the substrates in a clean and dry nitrogen environment results in 

less decrease in bonding capacity of the surfaces. Some organic contaminants are 

adsorbed, see Fig. 5, but chemisorbed carboxylates appear not to be present. 

Also, no water is adsorbed on the substrates, because of the low humidity of 

this atmosphere. As a result of this, more reactive sites on the oxide surfaces 

remain available for the chemisorption of myristic acid. Consequently, the 

substrate looses only around 35% of its initial bonding capacity during the first 

20 hours of ageing, see Fig. 8, which is low, compared to the 60% for ageing in 

air. 

The results clearly demonstrate that it is of great importance that a metallic 

substrate should be covered with the organic overlayer (i.e. organic coating, 

adhesive or self-assembling overlayer) as soon as possible after the substrate 

surface treatment and should not be left in the ambient. Otherwise, the organic 

functional groups are capable of displacing part of the adsorbed species, but not 

all of them and therefore a significant number of sites are not available anymore 

for bonding. Consequently, the interfacial region will then be a patched region 

of sites were contaminants are adsorbed and sites were there is bonding between 

the organic overlayer and the oxide surface. 
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7.5. Conclusions 
 

An investigation was made of the changes that occur to the aluminium oxide 

layer and to the bonding capacity of the surface upon ageing in ambient air and 

in a dry and clean environment. Ageing in air results in the adsorption of air-

borne organic contaminants and water on the oxide surface, which cannot be 

removed using common solvents. The water adsorbed on the oxide surface 

causes growth and hydroxylation of the oxide layer. As a result of the adsorbed 

species, it was found that the bonding capacity of the oxide surface rapidly 

decreases as a function of ageing time. During the first 20 hours, the substrate 

looses 60% of its initial bonding capacity.  

Ageing in a clean and dry nitrogen environment results also in the 

adsorption of some organic contaminants but the adsorption of water does not 

occur. Consequently, only a slight growth of the oxide layer and no 

hydroxylation is observed to occur. Also here, there is a decrease in the bonding 

capacity, but not as severe as for ageing in ambient air. During the first 20 

hours of ageing, the substrate looses around 35% of initial bonding capacity.  
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INTERACTION OF EPOXY COATINGS WITH ALUMINIUM OXIDE 
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Synopsis 

 
8.1. Introduction 

 

In previous chapters, already a quite extensive investigation was performed 

of how various model adhesion compounds bond to the aluminium oxide surface 

and how this is influenced by the chemistry of the aluminium oxide surface. For 

this reason, the current investigation is kept limited and the bonding of the 

epoxy model adhesion compounds is only considered for one type of aluminium 

oxide. The alkaline pretreated type of aluminium oxide is chosen for this as it 

likely most closely resembles the oxide layer onto which the epoxy coating is 

applied in Chapters 9 and 10.  

 
8.2. Experimental 
 

8.2.1. Choice of model compounds, application method, aluminium substrates and 

infrared analysis 

  

The epoxy coating that is studied in the next chapter is a quite commonly 

used type, based on a DGEBA (diglycidyl ether of bisphenol-A) (Epikote 1001) 

and which is cured using a poly(amide) based curing agent (Versamid 115). 

Poly(amide)-based curing agent are formed by the reaction between dimerised 

or polymerised fatty acids and the higher homologues of ethylene amines [1]. 

The curing reaction with the epoxy proceeds through the amines present in the 

poly(amide) curing agent [1]. 

In the next chapter, the changes occurring in a typical epoxy-coated 

aluminium system due to exposure to water are investigated. As an 

introduction, in this chapter, an investigation is performed of the interaction 

of this epoxy coating with the aluminium oxide surface. Just as in the 

previous chapters, this is done by choosing appropriate model adhesion 

compounds to represent the functional groups in the epoxy coating. These 

are adsorbed on the oxide surface and their interaction is studied using 

infrared reflection absorption spectroscopy. Moreover, the stability of 

bonding of these compounds in the presence of water is being evaluated. It 

is found that all model adhesion compounds (and thus also the epoxy 

coating) bond through hydrogen-bonding with the aluminium oxide surface 

and their bonding is not stable in the presence of water. 



Bonding of epoxy coatings with aluminium oxide surfaces 

  133 

In Fig. 1, the curing reaction of this epoxy resin in presence of a 

poly(amide)-based curing agent is shown schematically. In step 1, the primary 

amine (NH2) endgroups of the curing agent cause epoxy ring opening and chain 

extension occurs. In step 2, network formation occurs through reaction with a 

secondary amine (NH). From the final cured coating, three model adhesion 

compounds were derived. Their derivation is shown as step 3 in Fig. 1. The 

N,N’ dimethylsuccinamide compound was chosen to model the amide functional 

groups in the cured coating and the N-methyldiethanolamine compound was 

chosen to model the hydroxyl and amine functional groups in the cured coating. 

As infrared bands due to tertiary amines (N) are very weak [2,3], the 1,4-
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FIG. 1.Schematic showing the curing of an epoxy resin in presence of a poly(amide) based 

curing agent and the epoxy model adhesion compounds derived from this for the purpose of 

studying bonding with the aluminium oxide surface. 
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butanediol compound was studied additionally. If bonding to the oxide surface 

only occurs through the amine functional group and not or only very weakly 

through the hydroxyl groups, then 1,4-butanediol will not bond to the oxide 

surface. All compounds were obtained from Sigma-Aldrich as a >98% purity 

and were used without further purification. 

The preparation procedure of the alkaline pretreated aluminium substrates is 

discussed in paragraph 3.2.1 on page 23. The molecules were applied onto the 

substrates by dipcoating from a mixture in chloroform. For N,N’-

dimethylsuccinamide, the concentration in solution was modified so saturation 

coverage of the oxide surface was obtained and excess, non-bonding molecules 

were not present anymore. For the N-methyldiethanolamine and 1,4-butanediol 

compounds this was not necessary as excess, non-bonding molecules were found 

to sublime again from the substrates. Bonding of the molecules with the 

substrates was investigated using FTIR-RAS, following the same experimental 

procedure as used in previous chapters, see paragraph 5.2.3 on page 63. 

 
8.3. Results 
 

8.3.1. Infrared spectra of the compounds 

  

In Fig. 2, infrared bulk spectra are shown for the three compounds and in 

Table 1 assignments of the infrared bands are given. The top spectrum shows 

the spectrum for N,N’ dimethylsuccinamide. The most important bands in the 

spectrum are at 1649 and 1563 cm-1 and are respectively due to the C=O 

stretching and the N-H bending/C-N stretching vibration. These bands are 

generally respectively denoted as the amide I and amide II bands [2-5]. The 

spectrum for N-methyldiethanol amine shows the most important band at 1030 

cm-1, which is due to the ν(C-OH) stretching vibration of the hydroxyl groups 

[6,7]. Bands due to the amine are not present, as they are very weak for tertiary 

amines [2,3]. Finally, the 1,4-butanediol spectrum shows the most important 

band at 1049 cm-1, which is also due to the ν(C-OH) of the hydroxyl groups.  

 

8.3.2. Bonding and bonding stability of the N,N’-dimethylsuccinamide compound 

with the aluminium oxide surface 

  

Amides can bond through Lewis acid-base interactions with either their 

carbonyl (C=O) or their amine (N-H) functionality [4,5,8]. Both will result in 

downward shifting of the amide I band (1653 cm-1) but in upward shifting of the 
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amide II band (1563 cm-1), with stronger electron-exchange resulting in larger 

shifts [4,5,8].  

In Fig. 3, FTIR-RAS spectra are shown in the 1700-1525 cm-1 (amide I/II) 

region, as obtained for adsorption from two different concentration of N,N’-

dimethylsuccinamide in chloroform on the aluminium substrates. At the higher 

concentration, the band clearly consists of two separate bands, while at the 

lower concentration an asymmetrically shaped band is present. The components 

present in the region were resolved by curve-fitting. The results are shown in 

Fig. 3. For the layer applied from the highest concentration, four components 

were necessary to accurately describe the region. The components found at 1653 

and 1562 cm-1  are close to the positions observed for the amide I (C=O stretch) 

and amide II (N-H bend/C-N stretch) for bulk N,N’-dimethyl succinamide, see 

Table 1, and are therefore due to molecules not involved in bonding to the oxide 

surface. At the lower concentration in solution, the region could be accurately 

described using 2 components, having positions of 1632 and 1573 cm-1, see Fig. 

3. No components were present in the spectrum anymore due to molecules 

which are not involved in bonding with the oxide surface and consequently, the 

spectrum fully corresponds to bonded molecules.  
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FIG. 2. Bulk FTIR spectra of the three epoxy model adhesion compounds. 
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The bulk spectrum shows approximately equal intensity of the amide I and 

II bands, see Fig. 2. The infrared spectrum of the bonded molecules, see Fig. 3, 

however show an amide I band at 1632 cm-1 which is much stronger than the 

amide II band at 1573 cm-1. This is likely the result of the surface selection rule 

in FTIR-RAS, which causes infrared vibrations perpendicular to the metallic 

surface plane appearing much stronger than infrared vibrations parallel to the 

metallic surface plane. The stronger amide I band, which is due to the C=O 

stretch, then indicates that there is a net alignment of the C=O group 

perpendicular to the metallic surface plane and a more parallel alignment of the 

C-N/N-H group (amide II band) [9,10].  

 

TABLE 1. FTIR peak assignments for the bulk spectra of the epoxy coating model 

compounds [2-7]. 

N,N’ dimethyl 

succinamide 

N-methyl 

diethanolamine 

1,4-butanediol assignment 

(cm-1) (cm-1) (cm-1)  

3303   νNH [NH stretch] 

 3343 3291 νOH [OH stretch] 

 2945 2936 νas(CH2) [asym stretch] 

 2874 2868 νs(CH2) [sym stretch] 

 2844 / 2794  ν(CH3) next to amine  

1649   amide I [C=O stretch] 

1563   amide II [N-H bend / C-

N stretch] 

  1474 δ(CH2) [CH2 bend] 

 1456  δCH3 [CH3 bend] 

1430 1420 1445 δ(CH2) [CH2 bend] 

 1356  CH3 [CH3 def] 

1349 1346 1376 δ(CH2)? [CH2 bend] 

 1329 1343 δ(C-OH) [bend] 

 1298 1292 ω(CH2) [CH2 wagging] 

 1245 1267 δ(CH2) [CH2 bend] 

1221   amide III 

 1196 1174 τ(CH2) [CH2 twisting] 

1166 1132  ρ(CH3) [CH3 rock] 

 1078  ρ(CH2) [CH2 rock] 

 1030 1049 ν(CO) [C-OH stretch] 
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In Fig. 4, the full FTIR-RAS spectrum is shown as obtained for N,N’-

dimethylsuccinamide molecules bonded to the aluminium oxide surface. The 

ν(OH) hydroxyl stretching is distorted, showing a negative band at around 3600 

cm-1 and a positive band at around 3500 cm-1. The sharp, downward band at 

3734 cm-1 is an artefact and is due to water in the infrared compartment, as 

discussed in previous chapters. In the ν(CH2/CH3) stretching region, slightly 

negative bands are observed. N,N’-dimethylsuccinamide does not have infrared 

bands in this region and the presence of negative bands therefore indicates that 

displacement of adventitious contamination from the oxide surface occurs. 

Besides the asymmetrically shaped amide I and II bands at 1629 cm-1, the 

spectrum shows relatively intense bands at around 1418, 1298, 1251 and 1184 
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FIG. 3. FTIR-RAS spectra of the amide I/II region obtained for N,N’-dimethylsuccinamide 

molecules, adsorbed on the alkaline pretreated aluminium oxide surface from two 

concentrations in chloroform. The fits had an r2 goodness of fit of respectively 0.995 and 

0.996, from top to bottom.  
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cm-1. The band at 1251 cm-1 is likely the amide III band, see Table 1, shifted to 

higher wavenumbers due bonding of the amide group with the oxide surface [8]. 

The bands at 1298 and 1184 cm-1 are likely due to shifted CH2/CH3 related 

vibrations, see Table 1. The presence of the intense, asymmetrically shaped 

band at 1418 cm-1 is not understood, as the peak is observed to be only weak in 

the bulk spectrum.  

The bonding stability of the N,N’-dimethylsuccinamide compound with the 

oxide surface was evaluated by immersion of the substrates with the bonded 

molecules in water. This was found to lead to removal of all molecules from the 

substrate within 5 minutes, indicating that the bonding of the molecules to the 

oxide surface is not stable in the presence of water.  

 

8.3.3. Bonding and bonding stability of N-methyldiethanolamine and 1,4-butanediol 

with the aluminium oxide surface 

 

Alcohol groups bond intact through hydrogen-bonding or dissociatively 

with deprotonation and the formation of a coordinatively bonded alkoxide [11-

14]. For hydrogen-bonding, the hydroxyl can either act as a base (through its 

oxygen) or as an acid (through its proton). For dissociative adsorption, the 

proton from the alcohol combines with either an oxygen or hydroxyl on the 

oxide surface to respectively form a hydroxyl or a water molecule. In Fig. 5, 

infrared spectra are shown for both N-methyldiethanolamine and 1,4-butanediol, 

adsorbed on the aluminium oxide surface. For both of these compounds it was 
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FIG. 4. FTIR-RAS spectrum of the N,N’-dimethylsuccinamide molecules, adsorbed on the 

alkaline pretreated aluminium oxide surface. 
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found to be not necessary to modify the concentration in solution to obtain a 

layer of only bonded molecules because excess, non-bonded molecules were 

found to sublime from the substrate. The spectra for both adsorbed compounds 

are very similar to eachother. In the ν(CH2/CH3) region (3000-2800 cm-1), clear 

bands are present, indicating the presence of the compounds on the oxide 

surface. Positive, slightly distorted bands are observed in the ν(OH) stretching 

vibration regions. For the N-methyldiethanolamine a strong negative, water-

related band is observed at 3739 cm-1. In the 1500-1400 and 1250-1200 cm-1 

region, both compounds show broad, unresolved peaks due to CH2/CH3 related 

vibrations.  

The presence of a δ(COH) hydroxyl bending vibration infrared band allows 

to determine whether the alcohol groups bond intact or whether dissociative 

adsorption occurs, as for dissociative adsorption, the band is expected to be 

absent [11-14]. For the bulk spectra, the band due to the δ(COH) vibration is 

found at 1329/1343 cm-1, see Table 1. For the adsorbed compounds, a peak 

around the position of the δ(COH) band appears to be present, although the 

region is not very well-resolved.  

Both adsorbed compounds give a broad band at around 1110 cm-1. This is 

likely the ν(CO) stretching band, which for the bulk spectra is found as an 

intense band at around 1050 cm-1, see Table 1 and Fig. 2. For the adsorbed 

compounds, the peak is thus shifted over roughly 50 cm-1 to higher 
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FIG. 5. FTIR-RAS spectra of a N-methyldiethanolamine and 1,4-butanediol molecules, 

adsorbed on the alkaline pretreated aluminium oxide surface. 
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wavenumbers. This comparably large shift is not well-understood as it is 

significantly larger than the 30 cm-1 on average reported for an alcohol being 

involved in hydrogen-bonding with an oxide surface [11,12,15,16].  

The bonding of the amine functional group in N-methyl diethanolamine with 

the oxide surface cannot be determined because of absence of infrared vibrations 

related to this group and because both compounds show a stable bonding, see 

the Experimental section.  

The bonding stability of the N-methyldiethanolamine compound with the 

oxide surface was tested in water. Immersion in water was found to lead to 

rapid detachment of all molecules from the substrates within 5 minutes, 

comparable with the results obtained for the amide functional group bonding 

stability.  
 
8.4. Discussion 

 

The epoxy coating that is studied in chapters 9 and 10 was studied with 

respect to its bonding capacity with the oxide surface, using 3 different model 

adhesion compounds.  

The N,N’ dimethylsuccinamide compound was chosen to study the amide 

functional groups in the cured coating. The infrared spectra for the N,N’ 

dimethylsuccinamide molecules bonded to the oxide surface show an amide I 

band shift of 22 cm-1 and an amide II band shift of -11 cm-1 as compared to their 

bulk values. The amount of shift corresponds well to bonding of amides to 

protic solvents, reported in the literature [5,8,17,18]. Moreover, the ν(OH) 

hydroxyl stretching region shows up distorted in the spectrum, likely due to 

perturbation of the hydroxyls on the oxide surface (resulting in an infrared peak 

shift) as a result of their interaction with the amide functional groups.  

It is therefore likely that interaction of the amide groups in N,N’ 

dimethylsuccinamide occurs through hydroxyls on the surface, similar to the 

ester and carboxylic acid functional groups, studied in Chapters 5 and 6.  

The differences in amide I and II peak intensities indicate that bonding 

occurs through the carboxyl C=O group as it is oriented towards the surface. 

The carbonyl then acts as base, by donating negative charge through its oxygen 

lone pair electrons to hydroxyls on the oxide surface, which act as the acid. 

The bonding stability of the compounds in the presence of water is found to 

be not stable. This compares well with the results for the ester groups, discussed 

in chapter 6, which also showed hydrogen-bonding to hydroxyls on the oxide 

surface, but the bond was found to be not stable in the presence of water.  
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In Fig. 6a, a schematic is shown of the bonding of the N,N’ dimethyl-

succinamide compound with the oxide surface. The figure only serves as an 

illustration for the type of bonding and for example the orientation of the 

groups with respect to the surface plane is not taken well into account.  

For the N-methyldiethanolamine and 1,4-butanediol compounds, 

representing the alcohol and amine functionality of the cured coating, 

assignment of bonding is more difficult. As discussed, alcohols can either adsorb 

intact through hydrogen-bonding or dissociatively with the formation of an 

alkoxide species. The spectra likely show the presence of a δ(COH) band, 

although not well-resolved, indicating dissociative adsorption does not occur. 

However, the ν(CO) band shows a comparably large upward shift as compared 
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FIG. 6. Schematic of the bonding of the (a) N,N’ dimethylsuccinamide and (b) N-methyldi-

ethanolamine compounds with an aluminium oxide surface. Figures only serves as an 

illustration for the type of bonding and for example the orientation of the groups with 

respect to the surface plane is not considered.  
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to literature data for hydrogen-bonded alcohols. But, the compound does not 

show a very stable bonding with the oxide surface in presence of water, despite 

being bonded by two groups, making dissociative adsorption and bonding as a 

coordinatively bonded alkoxy species unlikely. For these reasons, bonding of the 

alcohol groups is tentatively assumed to be through hydrogen-bonding. This 

corresponds with results obtained by Marsh et al [19], also studying the bonding 

of N-methyldiethanolamine with an aluminium oxide surface but using XPS as 

an analysis technique. The ν(C-O) shift to higher wavenumbers then indicates 

that the alcohol acts as the base, donating negative charge through its lone pair 

electrons on the oxygen to hydroxyls on the oxide surface, which act as the acid 

[12].  

The bonding mode of the amine group could not be determined due to 

absence of corresponding infrared bands. Marsh et al. [19] used XPS to 

determine bonding of the N-methyldiethanolamine with an aluminium oxide 

surface. XPS is more suitable to study bonding of amine functional groups than 

FTIR-RAS. They found that the amine bonds through Lewis acid-base 

interaction with the oxide surface, in which the nitrogen donates negative 

charge through its lone pair electrons to sites on the oxide surface. The results 

obtained here show that the N-methyldiethanolamine and 1,4-butanediol 

compounds do not differ in their bonding stability with the oxide surface, indeed 

indicating a not very strong bonding of the amine functional group. Also taking 

into account the results obtained for the other model adhesion compounds, the 

bonding of the amine is therefore likely via hydrogen-bonding to hydroxyls on 

the oxide surface.  

In Fig. 6b, a schematic is shown of the bonding of the N-

methyldiethanolamine compound with the oxide surface. The figure only serves 

as an illustration for the type of bonding and for example the orientation of the 

groups with respect to the surface plane is not taken well into account.  

The results of the model adhesion compounds can be transferred back to the 

epoxy coating. Because all functional groups in the epoxy coating apparently 

only interact through hydrogen-bonding, it can be derived that the whole 

macroscopic bond between the epoxy-coating and the aluminium oxide surface 

will rely on hydrogen-bonding. The limited stability of the bonding of the 

compounds in water shows that the adhesion of the coating will likely be 

limitidly stable in the presence of water. As bonding with the oxide surface 

occurs to hydroxyls, an optimal adhesion of the epoxy coating is obtained for an 

oxide surface having a high density of hydroxyls.  
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8.5. Conclusion 
  

The epoxy coating that is studied in the next chapters was studied with 

respect to its bonding with the aluminium oxide surface using 3 different model 

compounds. It was found that bonding of the compounds occurred exclusively 

through hydrogen-bonding with hydroxyls on the oxide surface. The amide 

bonds via its carbonyl, donating negative charge through its oxygen lone pair 

electrons to hydroxyls on the oxide surface. The alcohol bonds through its 

oxygen, also donating negative charge through its oxygen lone pair electrons to 

hydroxyls on the oxide surface. The amine group bonds through its nitrogen, 

again donating negative charge through its oxygen lone pair electrons to 

hydroxyls on the oxide surface. None of the compounds showed a stable bonding 

to the oxide surface in the presence of water. Because only hydrogen-bonds are 

formed and these bonds are not stable in the presence of water, it can be 

expected that also the epoxy coating itself will not have an absolutely water-

stable bonding. As bonding with the oxide surface occurs to hydroxyls, an 

optimal adhesion of the epoxy coating is obtained for an oxide surface having a 

high density of hydroxyls. 
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CHAPTER 9.  

CHANGES IN EPOXY-COATED ALUMINIUM DUE TO EXPOSURE TO 

WATER 1 

 

 

 

 

 

 
 

                                                 
1  This chapter was published as a scientific paper: 
J. van den Brand, S. Van Gils, H. Terryn, V.G.M. Sivel, J.H.W. de Wit,  
Progress in Organic Coatings, 2004, accepted for publication 
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Synopsis 

 
9.1. Introduction 
 

When metal-polymer bonds are exposed to aqueous environments, the 

adhesion between the two is quite often weakened or sometimes even completely 

lost due to the accumulation of water at the interface. For structural adhesive 

bonds this can lead to failure of the structure [1] and for organic coatings, this 

can lead to corrosion of the underlying substrate [2-4].  

Water is known to have a tendency to accumulate at the interface and 

thereby displaces the bond that exists between the metal and the polymer [5,6]. 

There can be several reasons for this. Most organic coatings contain functional 

groups that are only capable of forming comparably weak hydrogen-bonds with 

the oxide surface. Water molecules can displace these bonds as shown in 

Chapters 5 and 6, thereby causing a loss of adhesion of the coating [7,8]. Water 

can also condensate in existing microvoids at the interface where there is no 

adhesion between the coating and substrate [9]. Finally, there can be 

To be able to develop more durable metal-polymer bonds in the future, a 

thorough understanding of the changes occurring in the metal-polymer 

system due to exposure to water is important. In this chapter, an 

investigation is performed of the changes that occur in a typical epoxy-

coated aluminium system when it is exposed to water of different 

temperatures. The adhesion of the coating is evaluated as a function of 

exposure time and temperature. It is found that upon exposure to water the 

adhesion is initially rapidly lost. After this however, the adhesion starts to 

improve again and even exceeds the initial adhesion. The changes that occur 

in the system as a result of exposure to water are investigated using various 

analytical techniques. Based on this, a model is developed. Initially, the 

adhesion of the coating is rapidly lost due to exposure to water because the 

bond with the oxide surface is not stable in the presence of water, see also 

Chapter 8. Water then accumulates at the epoxy-aluminium interface. As a 

result of this, a very thin aluminium oxyhydroxide layer starts to grow on 

the aluminium substrate due to the reaction between water and the 

aluminium metal. After some time, this growing oxyhydroxide layer re-

establishes contact with the epoxy coating and the adhesion shows recovery 

— likely due to formation of a mixed epoxy-aluminium interphasial region — 

and becomes better than before exposure to water.  
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accumulation of water at the interface as a result of osmotic pressures which are 

set-up due to hygroscopic contaminants on the oxide surface [9].  

To be able to develop more durable metal-polymer bonds in the future, a 

thorough understanding of the changes occurring in the metal-polymer system 

and at the interface due to exposure to water is important. In this work, a 

detailed investigation is performed of the changes occurring in a typical epoxy-

coated aluminium system due to exposure to water.  

The adhesion of the epoxy-coating in an aqueous environment is investigated 

as a function of exposure time and temperature using the NMP adhesion test 

and using peel tests. TEM (transmission electron microscopy) cross section 

images are obtained of the epoxy-aluminium interface to visually inspect 

changes that have occurred in the system due to exposure. TGA 

(thermogravimetric analysis) measurements are performed to determine the 

amount of water absorbed by the system as a function of exposure time and 

temperature. To further investigate the changes that have occurred in the 

system, the coatings are manually peeled from the substrates and the separated 

parts are investigated using SEM (scanning electron microscopy), FTIR 

(infrared spectroscopy), XPS (X-ray photoelectron spectroscopy) and VISSE 

(visible spectroscopic ellipsometry). 

 
9.2. Experimental 
 

9.2.1. Sample preparation 

   

For the investigation, a 99.5% pure AA1050 aluminium alloy (0.04 wt.% Fe 

and 0.25 wt.% Si) was used. The 30 cm x 25 cm x 1 mm size substrates were 

first wiped clean with tissues, soaked with acetone and ethanol. Then, the 

substrates were alkaline etched by immersion in a 5% NaOH solution for 5 

minutes at room temperature, thereby etching away several microns of the 

material [10]. After this, the substrates were rinsed using deionised water. The 

smut layer caused by the alkaline etching was then removed by immersion in a 

30% HNO3 solution for 30 seconds and finally the substrates were thoroughly 

rinsed using deionised water and blown dry using compressed clean air.  

On a number of substrates, the organic hydration inhibitor NTMP (nitrilotri 

methylene phosphonic acid) was subsequently adsorbed from a 1 g/l solution in 

water. NTMP was obtained from Sigma-Aldrich as a 97+% purity. The 

substrates were allowed to react with the organic compound for a period of 30 

minutes, rinsed-off extensively using deionised water and then blown dry using 

compressed clean air. 
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Within 45 minutes after the surface treatments, the epoxy coatings were 

applied on the substrates, to prevent the adsorption of airborne organic 

contaminants, which occurs rapidly and is known to cause a decrease in 

reactivity of the aluminium substrates as was shown in Chapter 7. The epoxy 

coating that was used is a relatively simple, unmodified and transparent 

Resolution Epikote 1001 (based on bisphenol-A and epichlorhydrin). As a curing 

agent, a high molecular weight Versamid 115 polyamide-based curing agent was 

added in the appropriate ratio. An amount of 38 mass% of a solvent-mixture 

consisting of n-butanol (20 vol.%), xylene (54.2 vol.%) and n-butanon (25.8 

vol.%) was added to make proper application of the coating possible. After 

thorough mixing, the resin mixture was applied on the substrates using a fully 

automated barcoater. During application the substrates were kept flat by using 

a vacuum table. Finally, the coated substrates were cured, first for 2 days at 

room temperature in a dust-free cabinet, then for 2 days at 50 oC and finally for 

6 hours at 70  oC. The resulting final cured coating thickness was 80 ± 5 µm 

across the substrates. 

 

9.2.2. NMP adhesion testing and exposure conditions 

 

For adhesion testing of the epoxy coatings the NMP-adhesion test was used 

[11-13]. NMP (N-methyl pyrrolidone, C5H9NO) is a highly polar solvent. It is 

capable of forming strong hydrogen-bonds, allowing it to rapidly diffuse into 

organic coatings and causing extensive swelling. Due to the swelling, shear 

stresses are imposed at the metal-coating interface. These shear stresses are in 

most cases relaxed by delamination of the coating, with a longer time until 

delamination indicating a better adhesion [11].  

A square 4 x 4 cm2 coated sample was exposed at a circular 20 mm diameter 

region in the centre of the sample, using a cell filled with deionised water. This 

is shown schematically in Fig. 1. After the exposure period, the sample was 

taken out of its cell and cross-cuts were made through the coating using a knife, 

making a pattern of 5 x 5 mm2 squares. This has the advantage that 

delamination of the coating in NMP can proceed at independent sites. The 

sample was then immersed fully in the NMP solvent, heated to 60 oC. The time 

until all squares were removed was then recorded separately for the exposed and 

the not-exposed region. 

The avoid the possible effects from coating thickness variations and ageing 

of the solvent on the NMP delamination time, the NMP delamination time of  
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the not-exposed region of the sample tnotexp was used to scale the delamination 

time of the exposed region of the sample texp. The scaling was done with respect 

to the average delamination time tav_notexp obtained for a large number of not-

exposed samples, by using the relation: texp˙(tav_notexp/tnotexp). This scaling is 

considered to be valid because variations in coating thickness were found to be 

limited within one sample and ageing of the solvent is expected to influence 

both the exposed and the not-exposed region.  

 

9.2.3. Peel  testing 

 

To obtain knowledge on the numerical adhesion strength, the standardised 

floating roller test was performed [14]. The floating roller device was mounted in 

a Zwick tensile-machine, which was equipped with an appropriate loading cell. 

During the peeling, the force necessary for delamination was measured while 

maintaining a constant cross-head speed of 20 mm/min.  

In the test, the coating was peeled from the substrates. To prevent rupture 

of the epoxy coating during peeling, a flexible metallised 3M tape was adhered 

on the coating after exposure of the coated substrates. Moreover, to prevent 

distortion of the aluminium substrate during peeling, a stiff backing was 

mounted on the backside of the substrates, using an adhesive. Then, strips 

having a size of 2.5 x 30 cm strips were cut from larger substrates for the 

experiments. 

 

 

 

 

 

 

organic coating

metal substrate

water

 
FIG.1. Schematic of the method of exposure used for the epoxy-coated aluminium samples. 
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9.2.4. Analysis methods 

 

SEM/TEM investigation 

 

SEM (scanning electron microscopy) images were obtained on a JEOL JSM 

6500F Field Emission Gun SEM, using an accelerating voltage of 5 kV for the 

epoxy coatings and 20 kV for the aluminium substrates.  

TEM (transmission electron microscopy) cross section images of the epoxy-

aluminium samples were obtained using a novel method. A detailed discussion 

on this work is given elsewhere [15,16]. First, the epoxy coatings were thinned 

to a few tens of micrometers using mechanical polishing. Then, a 1 µm thick 

platinum bar was deposited on the samples inside a FEI Strata DB 325 dual 

focussed ion beam (FIB) set-up. An electron-transparent electron lamella was 

then directly prepared in the FIB from the sample by milling away material 

using a focused ion beam. The milling was performed using Ga+ ions which were 

extracted from a liquid metal ion source. Initially, high milling currents of 20 

nA were used, which were reduced to 1 pA for the final steps because milling 

using a high current causes much damage. Outside of the FIB, this lamella was 

transferred onto a copper TEM grid, using the electrostatic force of a glass 

needle. The TEM images were obtained on a Philips CM30-TTEM using a 

voltage of 300 kV and having a point-to-point resolution of 0.23 nm.  

 

XPS investigation 

 

XPS (X-ray photoelectron spectroscopy) measurements were performed at a 

detection angle of 45 degrees with respect to the sample surface on both the 

coatings and the aluminium substrates. The Al 2p, O 1s and C 1s photoelectron 

spectra were recorded with a step size of 0.1 eV, using a PHI 5400 ESCA 

instrument (base pressure < 1·10-8 Pa), set at a constant analyser pass energy of 

35.75 eV, using unmonochromatised incident Mg X-ray radiation (Mg Kα1,2 = 

1253.6 eV).   

 

FTIR investigation 

  

Infrared measurements were performed using a Thermo Nicolet Nexus, 

equipped with two liquid-nitrogen cooled detectors: MCT-A (4000-700 cm-1) and 

a less sensitive MCT-B (4000-400 cm-1). On the coatings, FTIR-ATR (infrared 

attenuated total reflectance spectroscopy) measurements were performed, using 

a Thermo Nicolet Golden Gate ATR accessory. On the aluminium substrates, 
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FTIR-RAS (infrared reflection absorption spectroscopy) measurements were 

performed, using a Specac variable angle reflection accessory, set at a near-

grazing incident angle of 82 degrees with respect to the normal of the surface. 

The infrared radiation was p-polarised by employing a Specac grid-wire 

polarizer. For the infrared spectra of the oxide layers, a cleaned gold substrate 

was used as a reference. Approximately 128 scans with a resolution of 4 cm-1 

were co-added to obtain the final spectrum.  

 

Spectroscopic ellipsometry investigation 

 

Visible spectroscopic ellipsometry (VISSE) measurements were performed on 

the aluminium substrates at 65o, 75o and 85o angles of incidence on a J. 

A.Woollam Co. VASE system. The measurements were performed from 300 to 

1700 nm with a stepwidth of 10 nm. The WVASE32 software was used to fit 

the ellipsometric data. The experiments were performed at the VU Brussel with 

the kind help of S. van Gils.  

 

TGA measurements 

 

TGA (thermogravimetric analysis) measurements were performed on a 

Perkin-Elmer TGA-7 to determine the amounts of water in the epoxy-coated 

aluminium system as a function of exposure time to water. Samples having a 

diameter of 6 mm were exposed at part of their surfaces to deionised water 

using a dedicated cell, which allowed very reproducible exposure conditions. 

Prior to exposure, the samples were kept dry by storing them in a drying stove, 

which was set at a temperature of 50 oC. After exposure to water, the samples 

were gently wiped dry using a tissue and then directly transferred into the 

TGA-apparatus. The temperature of the TGA-oven was ramped up to 60 oC 

and kept for 4 hours at this temperature while continuously measuring the 

mass. The free water that is present at the interface and in the coating 

evaporates at this temperature [17,18], resulting in a decrease in mass of the 

system. After 4 hours, the mass was found to have attained a constant value 

and also a further increase in temperature up to 70 oC did not lead to a 

significant decrease in the mass anymore. The amount of evaporated water for 

exposed samples was generally around 2·10-2 mg. This is well within the 

sensitivity of the apparatus, which is 1·10-4 mg. The reproducibility among 

different samples for the same exposure period was found to be good, giving a 

spread of around 15%. Not-exposed samples that were kept dry in the drying 

stove were found to not show a significant decrease in mass upon heating. 
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9.3. Results 
 

9.3.1. Introduction 

 

First, the adhesion of the epoxy coatings due to exposure to water is studied 

as a function of time and temperature using the NMP adhesion test and using 

peel-testing. Then, the epoxy-coated aluminium system is investigated both 

before and after exposure using different analytical techniques. In Fig. 2, a 

scheme is shown of the approach followed. TGA measurements are performed to 

determine the amount of water absorbed by the system as a function of 

exposure time and temperature. TEM cross section images are obtained of the 

epoxy-aluminium interface before and after exposure to visually inspect changes 

that have occurred in the system due to exposure. To further investigate the 

changes, the coatings are separated from the substrates by manual peeling-off 

and the obtained parts are investigated separately. The coatings are 

investigated using SEM, XPS and FTIR to determine morphological changes, 

initial curing state and also chemical changes due to exposure to water. The 

aluminium substrates are investigated using SEM, XPS, FTIR and VISSE to 

determine morphological and chemical changes due to exposure to water.  

 

 

exposed and not-exposed 
epoxy-coated aluminium substrates

peeling-off coating

coating

1.FTIR, XPS, 
SEM

substrate

2.SEM, FTIR, 
XPS, VISSE3.TEM, TGA

 
FIG. 2. Scheme of the experimental approach that was followed for investigating the 

changes that have occurred in the epoxy-coated aluminium system due to exposure to 

water. 
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9.3.2. NMP adhesion tests 

 

NMP adhesion tests were performed at 3 different water exposure 

temperatures, RT (room temperature), 40 oC and 50 oC for exposure periods of 

up to 2000 hours. The results are summarised in the graphs in Fig. 3. In the 

graphs, each dot indicates a measurement performed on a different sample. The 

first 200 hours of exposure are shown expanded as an insert in the top right 

corner. Through the separate measurements, a solid line is plotted to indicate 

the observed trends. The NMP delamination time of the epoxy coating was 6 

minutes for a not-exposed sample, which is indicated with the horizontal line in 

the plots. None of the samples showed discoloration or visual changes (i.e. 

blisters, corrosion products) in the exposed region. For exposure to RT 

deionised water, see Fig. 3a, the NMP delamination time of the coating becomes 

slightly shorter during the first 50 hours of exposure, indicating slight loss of 

adhesion of the coating.  After around 100 hours of exposure, a minimum NMP 

delamination time of around 4 minutes and 50 seconds is obtained. Thereafter, 

the NMP delamination time increases again and above around 175 hours of 

exposure, becomes slightly higher than for the not-exposed coating. A maximum 

constant NMP delamination time of around 6 minutes and 40 seconds is then 

obtained, which remains roughly constant for the remaining exposure period. It 

indicates that eventually the adhesion of the coating becomes slightly better due 

to exposure to water.  

In Fig. 3b, the results for exposure to 40 oC deionised water are given. Up 

until around 25 hours of exposure, the NMP delamination time decreases, 

indicating loss of adhesion of the coating. A minimum NMP delamination time 

of 1 minute and 50 seconds is obtained, which is considerably lower than for RT 

exposure. Above 25 hours of exposure, the NMP delamination time increases 

again and above 30 hours of exposure, the adhesion of the coating becomes 

better than before the exposure. After around 80 hours of exposure, the NMP 

solvent was no longer capable of delaminating the coating in the exposed region, 

as tested up until 60 minutes, indicating the adhesion of the coating has become 

very good due to exposure to water. The results are indicated on the top y-axis 

of the graph as ‘infinite’. After this, no further change was observed as tested 

up until 2000 hours of exposure. For the 50 oC water exposure temperature, see 

Fig. 3c, a similar behaviour is observed. During the first 4 hours of water 

exposure, the coating looses its adhesion and a minimum NMP delamination 

time of around 1 minute and 15 seconds is obtained. Already after around 13 

hours of exposure the adhesion in the exposed region becomes better than before  
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FIG. 3. NMP adhesion test results for exposure to water at (a) RT, (b) 40 oC and (c) 50 oC 

of the epoxy-coated aluminium system.  
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exposure and after around 25 hours of exposure, the coating could no longer be 

removed using NMP. After this, no further change was observed as tested up 

until 2000 hours of exposure. A summary of the NMP adhesion test results 

performed at the three exposure temperatures is given in Table 1.  

 

9.3.3. Peel testing 

 

Peel tests were performed to obtain knowledge on the numerical adhesion 

strengths after exposure to water of the epoxy-coated aluminium system. In 

contrast to the NMP adhesion tests, the time between exposure and adhesion 

testing was in this case several hours. For each of the three exposure 

temperatures, samples were exposed for 800 and 1500 hours. For each 

temperature and period, two samples were tested and the average values were 

determined. Based on this, the error in the results is estimated to be around 0.1 

N/mm. The obtained results are shown in Fig. 4. Initially, the adhesion strength 

is comparably low at 0.2 N/mm. The used epoxy coating is relatively simple in 

composition and contains no adhesion promoting components. After exposure to 

RT deionised water, almost no change is observed. This corresponds well to the 

NMP adhesion test results, where for this exposure period only a slight increase 

in NMP delamination time was observed. For the 40 oC exposure temperature, a 

significant increase in adhesion strength is found, giving a value of around 0.6 

N/mm. The NMP adhesion tests for these exposure periods showed similar 

results as there the coating could no longer be removed using NMP. For the 50 
oC exposure temperature, an even further increase of the peel strength is 

observed, to a value of around 1.0 N/mm, which is a five-fold increase in 

adhesion strength as compared to a not-exposed sample.  

 

 

TABLE 1. Summary of the results obtained using the NMP adhesion tests for exposure of 

the epoxy-coated aluminium system to water of different temperatures.  

exposure 

temperature 

minimum 

delamination 

time 

time to 

minimum 

delamination 

time 

(hrs) 

time until 

adhesion recovery 

(after initial loss 

of adhesion) 

(hrs) 

maximum 

delamination 

time (after 

initial loss of 

adhesion) 

RT (21 oC) 4m 50s 100 175 6m 40s 

40 oC 1m 50s 20 30 ∞ 
50 oC 1m 15s 6 13 ∞ 
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9.3.4. Investigation of the whole system 

 

TGA (thermogravimetric analysis) measurements 2 were performed to 

investigate the amount of water that is absorbed by the epoxy-coated 

aluminium system as a function of exposure time and temperature. 

Measurements were also performed on free epoxy coatings, which were obtained 

by peeling from not-exposed epoxy-coated aluminium samples. The free coatings 

were exposed by full immersion in water. 

The mass of evaporated water from the epoxy-aluminium samples was 

recalculated as a mass percentage of water in the coating by dividing by the 

mass of the coating in the exposed region. This results in a mass percentage of 

water in the exposed region and allows a comparison with the results of the free 

coatings.  

The obtained results are summarised in Fig. 5 for both RT and 40 oC water 

exposure. The separate measurements are indicated by the dots, with each 

measurement performed on a different sample. A solid line is plotted through 

the results to indicate the observed trends. During the first 25 hours of exposure 

to 40 oC deionised water, see Fig 5a, the amount of water in the epoxy-coated 

aluminium system rapidly increases. A maximum water uptake of around 9% 

after around 75 hours of exposure is obtained. After this, the amount of water 

in the system decreases again and finally attains a more or less constant value 

                                                 
2 TGA measurements were performed at the Polymer Materials and Engineering group of TU 
Delft with the kind help of B. Norder. 
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FIG. 4. Peel strength results obtained before and after exposure to water of the epoxy-

coated aluminium system. 
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of 4% above around 200 hours. This behaviour is not observed for the free 

coating, which absorbs a constant amount of water of around 2 mass% 

throughout the exposure period, corresponding well to literature values for 

epoxies [9,19,20]. The room temperature exposed sample absorbs considerably 

less water, but a similar behaviour as for the 40 oC exposed samples is observed. 

The amount of water in the epoxy-coated aluminium system increases up to 3% 

during the first 100 hours of exposure. After this it decreases again. The amount 

of water absorbed by the free coating at RT is with around 1.3% lower than for 

40 oC exposure, which is also expected [9], and does not change with exposure 

time.  
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FIG. 5. TGA measurements showing the amount of water in the epoxy-coated aluminium 

system (closed dots) as a function of exposure time to (a) 40 oC and (b) RT deionised 

water. The results obtained for free coatings are indicated by the open dots. 
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To investigate the epoxy-aluminium interface, before and after exposure to 

water, a TEM investigation was performed 3. For this purpose, cross section 

lamella were directly prepared from coated samples using a FIB apparatus. The 

procedure is illustrated in Fig. 6 in which a coated sample is shown on top. The 

lamella, shown in the centre, was prepared by milling away squares on both 

sides, all the way into the aluminium substrate, using a focussed ion beam. 

After some further thinning, this lamella was cut free and used directly as a 

TEM slice. The FIB/TEM work performed on these polymer-coated substrates 

is discussed elsewhere in detail [15,16]. In Figs. 7a and 7b, TEM cross section 

images are shown for respectively a sample which was exposed for 600 hrs to 50 
oC deionised water and for a not-exposed sample. For the not-exposed sample, 

the interfacial region can be seen to be sharp with no apparent irregularities and 

also the epoxy coating appears homogeneous. The exposed sample on the other 

hand clearly shows a very thin layer, having a thickness of around 30 nm, to be 

present between the epoxy coating and the aluminium substrate. The layer is 

shown at a higher magnification in Fig 7c. Diffraction patterns obtained in the 

TEM on the layer showed it to be fully amorphous. 

                                                 
3  The TEM investigation was performed at the National Centre for High Resolution Electron 
Microscopy in Delft with the kind help of V.G.M. Sivel 

 
FIG. 6. SEM image obtained during FIB preparation of TEM cross section slices of the 

epoxy-coated aluminium system.   
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FIG. 7. TEM cross section images of (a) an epoxy-coated aluminium sample exposed for 

600hrs to 50 oC deionised water, (b) a not-exposed sample and (c) the same as (a) only at 

a higher magnification. Continued on next page. 
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9.3.5.  Investigation of the peeled-off coatings  

 

To allow for a detailed investigation of the coatings, they were separated 

from the substrates by peeling-off manually from exposed and not-exposed 

samples, see Fig. 2. In Fig. 8, SEM images of exposed and not-exposed coatings 

are shown, as obtained on the substrate-side of the coating (which is the side 

previously adhered to the aluminium substrate before peeling-off).  

The not-exposed coating shows a surface with small globular protrusions. 

These are the opposite of shallow holes on the aluminium side and are due to 

the alkaline etching procedure, see also furtheron. The same globular 

protrusions are also visible on a sample exposed for 800 hours to 40 oC deionised 

water, but the coating surface appears rougher. This is because more force was 

necessary to remove the coating as a result of the improved adhesion due to 

exposure to water. This results in some deformation of the coating. Besides this, 

no clear morphological differences are observed between the exposed and the 

not-exposed coating, also not at higher magnifications.  

 
FIG. 7. Continued 
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 A FTIR-ATR investigation of the peeled-off coatings was performed to find 

out any chemical changes that might have occurred due to the exposure to 

water and also to investigate the initial curing state of the epoxy coatings. The 

spectra are shown in Fig. 9. The use of the ATR technique allows studying the  

 
 

 
FIG. 8. SEM images of a not-exposed coating (top) and a coating exposed for 800hrs to 40 
oC water (bottom). The coating is obtained by peeling-off from exposed and not-exposed 

epoxy-coated aluminium samples and is obtained on the substrate-side of the coatings (the 

side that was attached to the aluminium substrate). 
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outer surface region up to the micron range [21]. The measurements were 

performed on both the substrate side and the outside of the coating. In Fig. 9a, 
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FIG. 9. FTIR-ATR spectra of (a) epoxy coatings and the initial resin in the 1800-750 cm-1 

region and (b) in the 1100-750 cm-1 region, showing the epoxy ring infrared vibrations at 

915 and 863 cm-1. 
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infrared spectra obtained from a not-exposed coating and from an exposed 

coating (800 hrs, 40 oC deionised water) are shown in the 1800-750 cm-1 region. 

For comparison, the spectrum of the Epikote 1001 resin is also given. Most of 

the infrared bands of the coating originate from the epoxy resin. However, at 

around 1644 cm-1, the coatings show an additional broad band, which is due to 

amide groups, resulting from the used polyamide-based hardener [22,23].  

It is sometimes reported that epoxy coatings are incompletely cured close to 

the metal surface [24-26]. The curing state of epoxy coatings can be evaluated 

from the (comparably weak) epoxy ring infrared bands that are found at around 

915 and 863 cm-1 [27,28]. For a properly cured coating, these bands are expected 

to be virtually absent. In Fig. 9b, the 800-1050 cm-1 region is shown expanded 

for the substrate-side of coatings obtained from exposed and not-exposed 

samples. Also, infrared spectra are shown of the epoxy resin and of a coating 

which was only cured at RT for 48 hours. The epoxy resin clearly shows the 

presence of epoxy ring bands. Also the spectrum of a coating cured only at RT 

shows the presence of epoxy bands, indicating the coating is not well-cured 

under these conditions. In contrast, the spectra of the coatings from exposed 

and not-exposed samples, which were additionally cured at 50 oC and 70 oC, do 

not show epoxy ring infrared bands. Based on the results it can therefore be 

concluded that the coatings in the studied epoxy-coated aluminium system are 

well-cured throughout.  

The FTIR-ATR spectra of the coatings before or after exposure to water do 

not show any differences, see Figs. 9a and 9b. It can therefore be concluded that 

exposure to water does not lead to chemical changes in the coatings. To further 

investigate possible chemical changes as a result of exposure of the epoxy-coated 

aluminium samples to water, an XPS analysis was performed. In Fig. 10, the O 

1s, Al 2p and C 1s spectra are shown, obtained from the substrate-side of 

coatings of a not-exposed and an 800 hrs, 40 oC exposed sample. Both show 

very similar C 1s and O 1s core level peaks, indicating no chemical changes 

have occurred upon exposure to water. This confirms the FTIR-ATR 

measurements. However, for the coating of the exposed sample, a minor Al 2p 

peak was additionally found to be present. The intensity of the peak 

corresponds to a concentration of around 2 atom%. The peak is located at 

around 74 eV and can therefore be ascribed to aluminium ions, present in an 

aluminium oxide or oxyhydroxide [29] which is apparently at a low 

concentration present in the exposed coatings.  
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9.3.6. Investigation of the aluminium substrates 

 

Next, the results obtained from the investigation of the aluminium 

substrates obtained from exposed and not-exposed samples is discussed, see Fig. 

2. In Fig. 11, SEM images are shown of the aluminium substrate after manually 

peeling-off the epoxy-coating. Images are shown for three different exposure 

times of samples to 40 oC deionised water. Fig 11a shows the aluminium 

substrate of a not-exposed sample. The large, shallow holes that are visible on 

the substrate are due to the alkaline etching pretreatment of the substrates. For 

the substrate of a sample exposed for 200 hrs to 40 oC deionised water, see Fig. 

11b, inside these holes, small globular particles are present, having sizes smaller 

than 10 nm. For the substrate exposed for 800 hrs to 40 oC deionised water, see 

Fig. 11c, more of these globular particles are present. These globular particles 

likely correspond to the layer that is observed in the TEM images, see Fig. 7.  

To identify the substance formed on the aluminium substrates, a FTIR-RAS 

investigation was performed. In Fig. 12, spectra are shown of aluminium 

substrates, obtained from samples exposed to RT and 40 oC water for different  
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FIG. 10. XPS O 1s, Al 2p and C 1s spectra as obtained from coatings of not-exposed (top) 

and from exposed (800hrs, 40 oC) samples. Spectra are taken on the substrate-side of the 

coatings, which were peeled-off manually from the aluminium substrates. The regions are 

shown with a different vertical scaling. 
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exposure periods. The infrared spectra on the aluminium substrates do not show 

the presence of peaks due to the epoxy coating, indicating peeling of the coating 

results in adhesive failure between coating and substrate. With increasing 

exposure time to 40 oC deionised water, the infrared spectra show the 

 
 

 
FIG. 11. SEM images for aluminium substrates, obtained from epoxy-coated aluminium 

samples (a) not-exposed and exposed to 40 oC water for (b) 200, (c) 800 hours. Continued 

on next page.  
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development of a broad band at 3450 cm-1 and bands at 1631 cm-1 and 1410 cm-

1. 

Also there is the development of broad, not well-resolved bands at 1073 and 

758 cm-1 around the main Al-O peak at 950 cm-1. For the room temperature 

exposure, bands at the same positions also develop but considerably less intense. 

The 50 oC exposure temperature (spectra not shown) also showed the 

development of infrared bands at the same positions, even more intense than for 

the 40 oC exposure temperature. 

The development of bands at around 1073 and 758 cm-1 indicates that 

hydroxylation of the oxide layer occurs. The bands can be ascribed respectively 

to δ(OH) bending and γ(OH) twisting vibrations and their positions and 

broadness indicate the characteristics of an amorphous, pseudoboehmite-type 

aluminium oxyhydroxide [30-35]. The broad, asymmetrically shaped band at 

around 3450 cm-1 is partially due to the corresponding ν(OH) stretching 

vibration. The band is however also partially due to the hydroxyl stretching 

vibrations of molecular water, giving also rise to the δ(H2O) bending vibration 

band at 1630 cm-1 [36-38]. This indicates the presence of water inside the 

structure.  

VISSE4 is employed to determine the thickness of the aluminium 

oxyhydroxide layer formed on the aluminium substrates due to exposure of the 

coated samples to water. The technique requires the use of an optical model 

                                                 
4 The experiments were performed at the VU Brussel with the kind help of S. van Gils. 

 
FIG. 11. Continued. 
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onto which the ellipsometric measurement data is fitted. The used model 

consists of an aluminium substrate onto which the native oxide layer of a fixed 

thickness is placed. The substrate of a not-exposed sample was used as a 

reference for this. On top of this invariable system, an aluminium oxyhydroxide 

layer of a variable thickness is positioned. Further characteristics of this layer 

are discussed in a previous publication [37,38]. 
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FIG. 12. FTIR-RAS spectra obtained from aluminium substrates, obtained from epoxy-

coated aluminium samples exposed to (a) RT and (b) 40 oC deionised water. Exposure 

times as indicated. 
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Subsequently, the oxyhydroxide layer thickness is adapted by iteration to fit 

the ellipsometric measurement data as obtained from the exposed aluminium 

substrates. The resulting oxyhydroxide layer thicknesses as a function of 

exposure time for the three exposure temperatures are summarised in Fig. 13. 

The separate measurements are indicated by the symbols. A solid line is plotted 

through the results to indicate the trends. At all exposure temperatures, a layer 

is observed to grow on the aluminium substrate, which attains a limiting 

thickness after a certain period. With higher exposure temperatures, the 

attained layer thickness is larger. For RT exposure, a limiting layer thickness of 

around 3 nm is attained, at 40 oC of 25 nm and at 50 oC of 30 nm. This latter 

thickness corresponds well to the interfacial layer thickness observed in the 

TEM cross section images, see Fig. 7. With a higher exposure temperature the 

layer is observed to grow faster. At RT, it is estimated that it takes around 

1000 hours before the limiting layer thickness is attained, at 40 oC around 600 

hours and at 50 oC around 250 hours. 

An XPS analysis was performed on a not-exposed substrate and on the 

substrate from a sample that was exposed for 800 hrs to 40 oC deionised water 

to accurately determine composition of the oxyhydroxide layer and to determine 

the possible presence of a residual organic overlayer after the manual removal of 

the epoxy coatings. The hydroxyl fractions were determined by curve-fitting of 

the O 1s core level spectra, and were corrected for the presence of oxygen-
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FIG. 13. VISSE measurements showing the thickness of the aluminium oxyhydroxide layer 

formed on the aluminium substrate as a function of exposure time of the epoxy-coated 

aluminium samples. 
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functionalised contamination, following the procedure also used in Chapter 3. 

The oxide and contamination layer thicknesses were determined from the 

measured O 1s, Al 2p and C 1s spectra, following the procedure also used in 

Chapter 3. 

  The aluminium substrate, obtained from the not-exposed sample, was 

found to have an oxide layer thickness of ~2.7 nm and ~7% of hydroxyls (of the 

total oxygen-content). The aluminium substrate of the sample exposed for 800 

hrs to 40 oC deionised water was found to have an oxide layer thickness larger 

than 9 nm, as the Al 2p spectra did not show the presence of an Al 2p metal 

peak. This corresponds well with the VISSE measurements. The oxide layer was 

found to have 54% of hydroxyls, which corresponds to a layer having the 

stoichiometry of an oxyhydroxide  (AlOOH), see also Chapter 3, as was also 

found from the FTIR-RAS measurements on the substrates. In contrast to the 

FTIR-RAS measurements however, a component due to water was found not to 

be present in the O 1s peak. An explanation can be that the water might have 

become desorbed in the UHV environment of the XPS apparatus and is 

therefore not present anymore. 

The oxide layers on the not-exposed and exposed aluminium substrates were 

found to be contaminated with organic overlayers, having effective thicknesses 

of around 0.3-0.5 nm. The contamination levels are thus comparably low [39,40]. 

This indicates that peeling-off the coating results in adhesive failure and occurs 

at the epoxy-aluminium interface both before and after exposure. This confirms 

the FTIR-RAS measurements where peaks due to the epoxy coating were not 

observed to be present.  

 

9.3.7. Inhibition of hydration through the adsorption of NTMP 

 

Add last, to clarify the role of the oxyhydroxide layer formed due to 

exposure of the coated system on the observed adhesion strengthening, 

additional NMP adhesion tests were performed. A thin layer of the organic 

hydration inhibitor NTMP (nitrilotri methylene phosphonic acid) was adsorbed 

on the aluminium substrates, prior to application of the epoxy coatings. This 

compound forms a strong bond with the oxide surface and prevents water from 

getting in contact with the oxide surface, thereby inhibiting the formation of an 

aluminium oxyhydroxide layer [41,42]. In Fig. 14, the NMP adhesion test results 

are shown for exposure of the epoxy-coated NTMP-aluminium system to 50 oC 

deionised water. In contrast with the results obtained for exposure of the normal 

epoxy-coated aluminium, see Fig. 3, the NMP delamination time for the epoxy 

coating rapidly drops to low values and also remains low for longer exposure 
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periods, indicating loss of adhesion of the coating occurs but recovery of the 

adhesion does not occur anymore. Infrared spectra performed on the aluminium 

substrates after peeling of the coating did not show the formation of an 

oxyhydroxide layer.  

 
9.4. Discussion 
 

Upon exposure to water, the epoxy coated aluminium first shows a loss of 

the adhesion but after this, the adhesion recovers and even exceeds the adhesion 

strength before exposure. This phenomenon has been reported before in the 

literature for polymer-coated aluminium substrates [9,43-48]. It was investigated 

in detail by Arslanov et al. for epoxy coatings on aluminium [45,46]. They 

ascribed it to the presence of an incompletely cured epoxy coating close to the 

aluminium substrate. Upon exposure to water, a hydroxide layer was observed 

to grow on the aluminium substrate. The incompletely cured region was found 

to cure in the presence of water. The growing hydroxide layer then formed a 

mixed interphasial region with the hydroxide layer, hence explaining the 

observed improvement of the adhesion. The phenomenon does however not 

appear to exclusively occur in presence of incompletely cured coatings, as it was 

also observed to occur for other types of polymers [43,44,47,48]. The results 

obtained here also clearly show that an incompletely cured epoxy is not a 

prerequisite.  
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FIG. 14. NMP adhesion test results for exposure to 50 oC deionised water for an epoxy-

coated aluminium system in which a layer of the NTMP hydration inhibitor is adsorbed on 

the aluminium substrate prior to epoxy-coating. 
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Based on the results shown above, a three step model was developed for the 

processes occurring in the epoxy-coated aluminium system upon exposure to 

water. The different stages are shown schematically in Fig. 15. 

 
9.4.1. First stage: the diffusion of water in the system and loss of adhesion 

 

Upon exposure of the epoxy-coated aluminium, water diffuses into the epoxy 

coating. The TGA measurements show that the epoxy-aluminium system 

absorbs considerably more water than the free coating. Comparable differences 

in water absorption between free coatings and coated substrates were also found 

by others [4,49,50]. The additionally absorbed water can be attributed to water 

that accumulates at the interface [5,6,51], thereby causing a loss of adhesion of 

the coating. It was observed that when the epoxy coating was rapidly removed 

from the substrate directly after exposure, very small water droplets were 

present which almost instantly evaporated. This was found to be the clearly 

visible at higher exposure temperatures. This phenomenon was also observed by 

others [5,9] and it indicates the presence of a significant amount of water at the 
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FIG. 15. Schematic of the processes occurring upon exposure of the epoxy-coated aluminium 

system to water. 
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interface. The rapid loss of adhesion of the coating upon exposure to water 

corresponds well with the fact that in Chapter 8 it was found that the epoxy 

coating only forms hydrogen-bonds with the epoxy-coating, and these bonds 

were found to be not stable in the presence of water.  

The water-uptake curves closely correspond to the NMP adhesion results. 

The increase of water absorbed by the system for the short exposure times is 

directly reflected in the NMP adhesion tests as a decrease in adhesion of the 

coating. With a higher exposure temperature, the TGA measurements show 

that water is absorbed faster by the system and the NMP adhesion tests show 

that delamination occurs faster. Moreover, with a higher exposure temperature, 

more water accumulates at the interface and delamination occurs to a larger 

extent, as evidenced from smaller minimum NMP delamination times, see Table 

1.  

Water in epoxies can cause hydrolysis or other chemical changes to the 

network, eventually leading to macroscopic degradation of the coating [8,52,53]. 

However, no differences are observed in the FTIR-ATR or XPS spectra 

obtained from the coatings before and after exposure. This indicates that 

hydrolysis or any other chemical change to the coating does not occur under the 

studied exposure conditions. The epoxy coating therefore largely operates as an 

inert membrane, transporting water to the interface.  

 

9.4.2. Second stage: the formation and growth of an aluminium oxyhydroxide layer 

 

After or perhaps simultaneously to this initial loss of adhesion, a second 

mechanism starts to play a role. The water present at the interface causes Al-O 

bond breaking and localised dissolution of the oxide layer [30,54]. The 

dissolution allows passage of ions through the locally dissolved oxide layer, 

hydroxyl and oxygen ions inwards and aluminium ions outwards. This is 

followed by a precipitation of oxyhydroxides. Together this mechanism is known 

as the dissolution-precipitation mechanism [29,55,56]. Based on the FTIR-RAS, 

XPS and TEM results, the layer that is formed as a result of this could be 

identified as being as an amorphous, pseudoboehmite type of oxyhydroxide. 

With a higher exposure temperature, the oxyhydroxide layer that is formed 

on the epoxy-aluminium interface becomes thicker, as shown by the VISSE 

measurements. This is in contrast with bare aluminium substrate immersed in 

water where it is reported that an oxyhydroxide layer is formed which becomes 

thinner with a higher exposure temperature [54]. For room temperature of bare 

substrates, a limiting layer thickness of several µm’s is reported [54] while for 

immersion in boiling water, a limiting layer thicknesses of around 400 nm is 
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reported to be formed [56]. The different behaviour for exposure of the epoxy-

coated substrates is believed to be due to the limited availability of water at the 

epoxy-aluminium interface. With a higher exposure temperature, the TGA 

measurements show that more water is available at the interface and therefore 

the oxyhydroxide layer can grow thicker. 

 

9.4.3. Third stage: the improvement of the adhesion of the coating 

 

In the third and final stage, the growing oxyhydroxide layer gradually re-

establishes and improves contact with the epoxy coating. Because a new bond is 

formed with the epoxy coating, the adhesion shows recovery after its initial loss. 

This is observed in the NMP adhesion tests as the increasing NMP delamination 

times. The NMP tests obtained on the NTMP hydration inhibitor-coated 

substrates proof the role of the oxyhydroxide layer in this adhesion recovery 

process. In absence of growth of the oxyhydroxide layer, adhesion recovery does 

not occur anymore. Also, there is a good correspondence between the growth 

speed of the oxyhydroxide layer as observed from the VISSE measurements at 

the different exposure temperatures and the speed at which the adhesion of the 

coating increases again, as shown by the NMP adhesion tests.  

The newly formed bond is clearly much stronger than the initial bond 

between the native aluminium oxide layer and the epoxy coating as evidenced 

by the much higher peel adhesion strengths. A relation between the thickness of 

the oxyhydroxide layer formed and the final adhesion strength obtained is 

observed. At a higher exposure temperature, the oxyhydroxide layer grows 

thicker and the attained peel adhesion strengths are higher.  

The exact nature of how the hydroxide layer is able to strengthen the 

adhesion and why there would be a relation between thickness of the 

oxyhydroxide layer and the adhesion strength is however currently not well 

understood. The XPS measurements performed on an exposed system show the 

presence of a limited amount of aluminium oxyhydroxide inside the epoxy 

coating after peeling. A possible strengthening mechanism can therefore be that 

the oxyhydroxide layer grows partially into the epoxy coating and forms a 

mixed epoxy/oxyhydroxide interphasial region. Upon peeling of the coating, 

rupture occurs partially through this mixed region, explaining the presence of 

aluminium oxyhydroxide in the coating. The observed higher adhesion strength 

upon formation of a thicker oxyhydroxide layer might then be due to a more 

extensive mixed region being formed. The TEM cross section images however do 

not show clear evidence for such a mixed interphasial region and also the SEM 
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images show relatively undamaged surfaces for both coating and aluminium 

substrates after peeling-off. 

Alternately, the strengthening mechanism might be due to the oxyhydroxide 

layer formed underneath the coating having a more porous structure than the 

initial native oxide. This leads to possible mechanical interlocking, increased 

contact area and hence adhesion strength. 

The newly formed bond is considerably more water-stable than the initial 

bond as the NMP adhesion tests show very high NMP delamination times, 

despite that the samples are in the ‘wet’ state. This explains the decreasing 

water concentrations in the epoxy-aluminium system, after the initial increase. 

Because of the water stability, additional water transported through the epoxy 

coating is not capable of entering the interface anymore. Moreover, the water 

that was present at the interface as a result of the initial loss of adhesion of the 

coating is consumed during formation of the oxyhydroxide layer. Therefore, the 

oxyhydroxide layer grows to attain a limiting thickness and further growth is 

stifled due to the limited availability of water at the interface. Some water 

however apparently remains present at the interface as also for very long 

exposure times still more water is absorbed by the system than by the free 

coating. 

 
9.5. Conclusions 
 

An analysis was performed of the adhesion and changes that occur for an 

epoxy-coated aluminium substrate exposed to water of different temperatures. 

First, the adhesion of the epoxy coating is lost upon exposure to water and a 

significant amount of water accumulates at the interface. The water at the 

interface causes formation and growth of a thin oxyhydroxide layer which after 

some time re-establishes contact with the coating and causes recovery and even 

considerable improvement of the adhesion. The improvement of the adhesion is 

likely due the formation of a limited but water-stable mixed epoxy-

oxyhydroxide interphasial region. The whole process occurs faster and more 

extensively at higher temperatures, giving the accumulation of more water at 

the interface and the growth of a thicker oxyhydroxide layer. 
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CHAPTER 10.  

IMPROVING THE ADHESION BETWEEN EPOXY 

COATINGS AND ALUMINIUM SUBSTRATES BY EITHER USING THIN 

POLYMER LAYERS OR BY HYDRATION OF ALUMINIUM 1 

 

 

 

 

 

                                                 
1 This chapter was published as a scientific paper: 
J. van den Brand, S. Van Gils, P.C.J. Beentjes, H. Terryn, V.G.M. Sivel, J.H.W. de Wit, 
Progress in Organic Coatings, 2004, accepted for publication 

real systems

9. 
changes in

epoxy-coated
aluminium 

due to
exposure to

water

5. 
interaction 

of carboxylic 
acid and 

anhydride
based 

polymers

6. 
interaction
of ester- 
based 

polymers

8. 
interac-

tion
of an
epoxy

coating

 model adhesion compounds

7. 
influence of ageing on 

bonding capacity

4. 
acid-base 
properties

3. 
OH concen-

tration

well-defined oxide layers

10. 
improvement 
of adhesion
performance

of epoxy-
coated 

aluminium



Chapter 10 

178 

Synopsis 

 
10.1. Introduction 
  

When metal-polymer bonds are exposed to aqueous environments, the 

adhesion between the two is quite often weakened or sometimes even completely 

lost. Water is known to have a tendency to accumulate at the interface, thereby 

replacing the bonds that exist between the metal and the polymer [1,2]. A 

In Chapter 9 it was shown that the adhesion between a typical epoxy 

coating and an aluminium substrate is initially lost upon exposure to water. 

This is likely caused by the fact that the epoxy coating bonds only through 

hydrogen-bonds with the oxide surface and these are found to be not stable 

in the presence of water, see Chapter 8. After the initial loss, the adhesion 

of the coating was observed to improve again due to the growth of a thin 

oxyhydroxide layer at the epoxy-aluminium interface. The stage of initial 

loss of adhesion should however be prevented from occurring as there can be 

situations where it could lead to failure of the system, for example in 

structural adhesive bonds. Moreover, for coatings containing a scratch, 

exposed to chloride-containing electrolytes, the initial loss of adhesion could 

allow chloride diffusion across the interface, ultimately causing undercoating 

corrosion to occur. Throughout this thesis, knowledge was obtained of how 

the adhesion performance of the epoxy coating can be improved. This 

knowledge is used in this chapter to develop an epoxy-coated aluminium 

system having an improved adhesion performance. Two different methods 

are considered. In the first method, a thin polymeric layer is added between 

epoxy coating and the aluminium substrate. The functional groups of this 

layer are chosen to be capable of chemisorption to the oxide surface and are 

also capable of being involved in the curing reaction with the epoxy, thereby 

linking the epoxy coating strongly to the aluminium substrate. In the second 

method, the aluminium substrate is hydrated by immersion in boiling water. 

This results in the formation of a pseudoboehmite oxyhydroxide layer, which 

is one of the substrate treatments studied throughout this thesis. The layer 

is porous, consequently has a large surface area and has a high density of 

hydroxyls on its surface. If the epoxy coating can fully penetrate into this 

layer, a good adhesion performance is expected. It is found that both 

methods indeed give a significantly improved adhesion performance. The 

best results are obtained using a polymeric interfacial layer containing 

anhydride functional groups and with the pseudoboehmite layer. 
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corrosion protective coating will then no longer be protective towards the 

underlying metallic substrate and for a structural adhesive bond this will result 

in failure of the structure. 

In Chapter 9 it was shown that due to exposure to water, the adhesion 

between a typical epoxy coating and an aluminium substrate is rapidly lost and 

a significant amount of water accumulates at the interface. Similar results were 

also found by others [3,4]. As was shown in Chapter 8, this is due to the fact 

that the studied epoxy is only capable of forming hydrogen-bonds with the 

aluminium oxide surface and these are not stable in the presence of water. For 

exposure of intact coatings, after this initial loss, the adhesion of the coating 

was observed to improve again due to the growth of a thin oxyhydroxide layer 

at the epoxy-aluminium interface. The stage of initial loss of adhesion should 

however be prevented from occurring as there can be situations where it can 

lead to complete failure of the system, for example in structural adhesive bonds. 

Also, for coatings containing a scratch, exposure to chloride-containing 

electrolytes can lead to undercoating corrosion to occur as a result of the initial 

loss of adhesion.  

The aim of the current work is to improve the adhesion and durability of the 

adhesion (i.e. the adhesion performance) of such a typical epoxy coating on an 

aluminium substrate by following two different methods which can be readily 

applied in industry and which do not require a modification of the epoxy 

coating itself.  

In the first method, a thin polymeric interfacial layer with a thickness of 

around 10 nm is added between the epoxy coating and the aluminium substrate. 

The functional groups in this polymeric layer are chosen to be capable of 

chemisorption to the oxide surface while on the other side they should be 

capable of being involved in the curing reaction with the epoxy, thereby also 

forming a strong bond with the coating. Three differently functionalised 

polymers are studied here for such interfacial polymeric layers: poly(acrylic 

acid),  poly(ethylene-alt-maleic anhydride) and poly(vinyl phosphonic acid). 

The reactions of the carboxylic acid and anhydride functional groups with the 

oxide surface was studied and discussed extensively in Chapter 5. For the 

poly(acrylic acid) polymer, the carboxylic acid groups react with the oxide 

surface to form a chemisorbed carboxylate. For the poly(ethylene-alt-maleic 

anhydride), upon adsorption on the oxide surface, the anhydride groups 

hydrolyse and two carboxylic acid groups are formed. Both carboxylic acid 

groups subsequently react with the oxide surface to form a chemisorbed 

carboxylate, just as for poly(acrylic acid). Finally, the phosphonic acid groups in 

the poly(vinyl phosphonic acid) polymer react with the oxide surface to form a 
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chemisorbed phosphonate [5-7]. Both anhydride and carboxylic acid groups are 

known to be able to take part in the curing reaction of the epoxy coating [8,9]. 

For the poly(vinyl  phosphonic acid) polymer this is unknown. Besides studying 

different organic functionalities for the interfacial polymeric layer, also the 

influence of the polymeric interfacial layer thickness and of the molecular weight 

on the adhesion performance of the system is investigated. The influence of the 

layer thickness is investigated by studying the adhesion performance resulting 

from two different polymeric interfacial layer thicknesses. The influence of the 

molecular weight is investigated by studying the adhesion performance of two 

different molecular weight poly(acrylic acid) polymeric interfacial layers.  

In the second method of adhesion improvement, the aluminium substrate is 

hydrated by immersion in boiling water. A pseudoboehmite layer (AlOOH with 

some interlamellar water) is then formed on the aluminium substrate through a 

dissolution-precipitation reaction between aluminium ions and water [10-13]. 

This very hydroxyl-rich layer is porous and has a large surface area, see Chapter 

5. In that Chapter it was also shown that the layer has a 15-fold increase in 

surface area as compared to the native aluminium oxide layer surface. The high 

density of hydroxyls gives the surface the capacity to form a large number of 

bonds with organic functional groups, as was shown in Chapters 5 and 6. 

Moreover, the porous surface and consequently the large surface area facilitate 

adhesion and durability through the large epoxy coating-oxide layer contact 

area and through mechanical interlocking between epoxy coating and oxide 

layer. These characteristics make it a very suitable candidate as an aluminium 

surface treatment for giving strong and durable bonds with organic overlayers 

[14-17].  

The polymeric and pseudoboehmite layers are investigated prior to 

application of the epoxy coating using FTIR-RAS (infrared reflection absorption 

spectroscopy) and VISSE (visible spectroscopic ellipsometry) to determine 

composition and layer thicknesses. The chemical reactions between the epoxy 

and the interfacial polymeric layers are studied by manually removing the epoxy 

coating after curing and then studying the interphasial region using FTIR. For 

the pseudoboehmite system, TEM (transmission electron microscopy) cross 

section images are obtained to study morphology of the layer and the extent of 

penetration of the epoxy coating. The adhesion strength and durability of 

adhesion of the epoxy coating for the improved systems is evaluated initially 

and after exposure to water and to 5% acetic acid and compared with the 

results for the unmodified systems. Finally, a TGA (thermogravimetric analysis) 

investigation is performed of the amount of water absorbed by the 

pseudoboehmite system as a function of exposure time. 
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10.2. Experimental 

 
10.2.1. Thin polymeric interfacial layers 

  

The repetition units for the three polymers used as thin interfacial layers are 

shown in Fig. 1. Poly(ethylene-alt-maleic anhydride) polymer was obtained from 

Sigma-Aldrich, having an average molecular weight of about 100,000. To study 

the influence of the molecular weight on the adhesion performance, two different 

poly(acrylic acid) polymers were obtained from Sigma-Aldrich, having average 

molecular weights of 5,000 and 100,000. The poly(vinyl phosphonic acid) 

polymer was obtained from Polysciences as a 30% solution in water, having an 

average molecular weight of 20,000. The polymers were applied on the freshly 

prepared aluminium substrates by dip-coating from a 1 mass% solvent solution. 

For poly(acrylic acid) and poly(vinyl phosphonic acid), methanol (99% purity) 

was used and for poly(ethylene-alt-maleic anhydride), acetone (97% purity) was 

used. To investigate the influence of the polymeric interfacial layer thickness on 

the adhesion performance, for half of the substrates, the initially adsorbed 

CH2

O
OO

CH2
n

poly(ethylene-alt-maleic anhydride)

CH2

C
OH O

n

poly(acrylic acid) 

CH2

P
OH O

OH

n

poly(vinyl phosphonic acid)  
FIG. 1. Repetition units of the polymers used for the thin interfacial layers between the 

epoxy coating and aluminium substrate for the purpose of adhesion performance 

improvement.  



Chapter 10 

182 

polymeric layers were rinsed-off by dipping 3 times in clean methanol. 

 

10.2.2. Coated substrate preparation 

   

The 99.5% pure AA1050 aluminium alloy (0.04 wt.% Fe and 0.25 wt.% Si) 

substrates were prepared following the same procedure as in Chapter 9, see 

paragraph 9.2.1 on page 147. The pseudoboehmite oxyhydroxide layer was made 

by immersion of the aluminium substrates in boiling water for 60 seconds, 

directly after the alkaline/acid surface treatment. The substrates were blown 

dry using compressed clean air and within 45 minutes after preparation of the 

substrates, the epoxy coating was applied.  

After preparation, the epoxy coating was applied on the substrates onto 

which either a thin polymeric layer or the pseudoboehmite surface treatment 

was applied. The epoxy coating and the application procedure were the same as 

used in Chapter 9, see paragraph 9.2.1 on page 147.  

 

10.2.3. Adhesion testing 

 

For determination of the adhesion strength of the coatings, pull-off tests 

were performed [18,19]. The tests were performed using a P.A.T. GM 01 

hydraulic pull-off tester. A circular dolly, having a diameter of 20 mm, was 

mounted on top of the epoxy coating using an adhesive. A 5 mm thick steel 

plate was adhered on the backside to prevent distortion of the 1 mm thick 

aluminium substrates. After curing of the adhesive, the coating was cut around 

the dolly. Then, the dolly was pulled-off vertically while measuring the 

necessary force. 

For determination of the adhesion of the coating after exposure to water and 

5% acetic acid, the NMP adhesion test was used, see paragraph 9.2.2 on page 

148 for details.  

 

10.2.4. Analytical techniques 

 

The used analytical techniques were the same as used in Chapter 9, see 

paragraph 9.2.4 on page 150 for the experimental details.  
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10.3. Results 
 

10.3.1. Thin polymeric coatings 

 

FTIR analysis 

 

In Fig. 2, FTIR-RAS spectra are shown of the aluminium substrates, after 

application of the polymeric layers but prior to application of the epoxy coating. 

The low and high molecular weight poly(acrylic acid) polymers gave the same 

spectra and therefore only one of them is shown. For each type of polymer, a set 

of two spectra is shown. The top spectrum shows the initially adsorbed 

polymeric layer. The bottom spectrum shows the thinner layer which is made 

from the thicker layer by rinsing-off excess polymer. Rinsing was performed 

three times and continued rinsing was found to not result in a further decrease 

in the amount of adsorbed polymer. 
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FIG. 2. FTIR-RAS spectra of the polymeric layers as freshly applied on the aluminium 

substrates. For each type of polymer, a set of two spectra is shown. The top spectrum 

shows the results without and the bottom spectrum with rinsing-off using clean solvent. 
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An assignment of the various bands in the spectra is given in Table 1. The 

high molecular weight poly(acrylic acid) polymer shows its main band at 1730 

cm-1, which is due to the ν(C=O) carbonyl stretching band of the carboxylic 

acid groups. The asymmetry observed in the carbonyl band is an optical effect, 

resulting from a contribution of the refractive index n(ν) to the measured 

spectrum [20-22] and see also Chapter 2. The effect is stronger for more intense 

bands and it also causes the generally observed slightly higher wavenumbers for 

the thicker layers as compared to the thinner layers. The poly(ethylene-alt-

maleic anhydride) polymer shows its main bands at 1860 and 1794 cm-1, which 

are respectively the νas(C=O) and νs(C=O) carbonyl stretching vibrations of the 

anhydride functional groups. The poly(vinyl phosphonic acid) polymer shows its 

main bands at 1180, 1010 and 960 cm-1 which are respectively due to the 

ν(P=O), νas(P-O) and νs(P-O) stretching vibrations of the phosphonic acid 

functional groups. 

 Infrared bands due to bonding of the polymers with the substrates could 

not be distinguished from the infrared spectra. This is due to the comparably 

intense infrared bands resulting from the bulk and the comparably lower optical 

quality of the substrates due to the increased roughness, both making the 

interfacial contribution limited. The bonding of these functional groups with the 

oxide surface is however rather well-established and is discussed in the 

Introduction.  

TABLE 1. Infrared peak assignments for the polymers used for the polymeric interfacial 

layers [5-7,38-42]. 

poly(acrylic 

acid) 

poly(vinyl 

phosphonic 

acid) 

poly(ethylene-

alt-maleic 

anhydride) 

(cm-1) 

assignment 

  1860 νas(C=O) [asym C=O stretch anh] 

  1794 νs(C=O) [sym C=O stretching anh] 

1730   ν(C=O) [C=O stretching] 

1456/1410 1458  1456 δ(CH2) [CH2 deformation] 

1252   δOH...O [OH bend, coupled] 

  1230 ω(CH2) [CH2 wagging] 

1175   ν(C-O) [CO stretch, coupled] 

 1180  ν(P=O) 

  1099 ν(COC) [ring stretch] 

 1010  νas(P-O) 

 960  νs(P-O) 

  974/924 ring vibrations 
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10.3.2. Visible spectroscopic ellipsometry 

 

Visible spectroscopic ellipsometry measurements have been performed to 

investigate the layer thicknesses of the polymeric layers. The technique requires 

the use of an optical model to derive the thickness from the ellipsometric 

measurement data. The model used consisted of an aluminium substrate with 

on top an oxide layer having a fixed thickness. The results of a measurement 

performed on an aluminium substrate without a polymeric layer were used as a 

reference for this. On top of this, a polymeric layer having a variable thickness 

was positioned in the optical model. A Cauchy dispersion relation was used for 

this: n=A+B/λ2 with λ the wavenumber, n the refractive index and A = 1.45 

and B = 0.01, which are typical values for polymers [23]. The polymeric layer 

thickness was varied in the model until the best possible fit with the 

ellipsometric measurement data was obtained. The layer thicknesses resulting 

from this are summarized in Table 2. The polymeric layer thicknesses are 

roughly constant in the 12-17 nm range. This is because the layers were applied 

using dipcoating, starting from the same concentrations in solution. After 

rinsing, layer thicknesses in the 5-10 nm range are obtained and so roughly half 

of the initially adsorbed polymer is removed again. The low molecular weight 

poly(acrylic acid) polymer layer is almost completely removed upon rinsing. It is 

known that for a low molecular weight polymer, it is easier to dissolve polymer 

molecules from the bulk of the layer. The very low thickness makes it 

questionable whether a homogeneously covering polymeric layer can be 

considered to be still present, see also furtheron.  

 

10.3.3. FTIR analysis of the system after coating 

 

An investigation was performed to determine whether the polymeric 

interfacial layers were involved in the curing reaction after application and 

TABLE 2. Layer thicknesses of applied polymeric layers as determined using spectroscopic 

ellipsometry. 

layer thickness 

before rinsing  

layer thickness 

after rinsing  
polymer 

 
(nm) (nm) 

poly(acrylic acid) high molecular weight 16.8 9.7 

poly(acrylic acid) low molecular weight 16.0 0.7 

poly(ethylene-alt-maleic anhydride) 15.1 7.1 

poly(vinyl phosphonic acid) 11.9 4.6 
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curing of the epoxy. To allow this, the cured epoxy coatings were manually 

peeled from the substrates, thus exposing the interface. Not much force was 

necessary to remove the coatings for the poly(acrylic acid) and poly(vinyl 

phosphonic acid) based systems while more force was necessary for the 

poly(ethylene-alt-maleic anhydride) based system. Subsequently, FTIR-ATR 

measurements were performed on the coatings and FTIR-RAS on the 

aluminium substrates. The use of the FTIR-ATR technique allows studying the 

outer surface region of the coating up to the micron range [24]. The FTIR-ATR 

measurements, performed on the substrate-side of the coatings (i.e. the side of 

the coating that used to be attached to the aluminium substrate), only showed 

infrared bands originating from the epoxy coating (not shown) while bands 

originating from the polymeric layer were not found. In Fig. 3, FTIR-RAS 

spectra obtained from the aluminium substrates are shown. For comparison, a 

FTIR-ATR spectrum of a well-cured epoxy-coating is also included in the 

Figure. The spectra obtained for the modified systems show infrared bands due 

to an organic overlayer remaining on the substrate. The intensity of the infrared 

bands is well-comparable to those of the freshly prepared polymeric layers. For 

this reason, it can be derived that manual removal of the epoxy coating results 

in cohesive failure at a position close to the epoxy-polymeric interfacial layer 

interface. For the unmodified system, see the top spectrum, the spectrum only 

shows infrared bands originating from the aluminium oxide layer and thus 

adhesive failure occurs in this case.  

The bands in the spectra are clearly different from those in the spectra of 

the freshly applied polymeric layers; compare Figs. 2 and 3, indicating that 

significant chemical changes occur to the layer upon application and curing of 

the epoxy.  

For the freshly applied poly(acrylic acid) polymeric layer, the main band is 

observed at around 1730 cm-1, due to the ν(C=O) of carboxylic acid groups, see 

Fig. 2. The layer remaining on the substrate does not show the presence of this 

band anymore but a minor band at 1716 cm-1 is observed, which can be ascribed 

to ester functional groups [8,25,26]. The spectrum contains various bands, which 

are due to the epoxy, compare with the bottom spectrum, obtained from the 

coating. Besides this, the spectrum shows a broad band at 1580 cm-1, which does 

not originate from the original polymeric interfacial layer or from the epoxy. 

The band can be ascribed to the νas(COO-) asymmetric carboxylate stretching 

vibration of a carboxylate [8,25,26]. This species is being formed as a result of 

deprotonation of the carboxylic acid. The corresponding νs(COO-) symmetric 

carboxylate stretching vibration, which should be found in the 1420-1350 cm-1 

region [8,25,26], is likely hidden below other bands. From this it can be 
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concluded that the initially applied polymeric layer is transformed into a mixed 

interphasial region, which consists of epoxy, carboxylates and esters. The 

system is shown schematically in cross section in Fig. 4a. Upon manual removal 

of the epoxy coating from the aluminium substrate, cohesive failure then occurs 

and the interphasial region remains on the aluminium substrate as the organic 

overlayer observed in the FTIR-RAS spectra. 
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FIG. 3. FTIR-RAS spectra of the polymeric layers as found on the aluminium substrates 

after peeling-off the epoxy coatings. Samples were chosen onto which the thicker layer of 

polymer was adsorbed initially and for the poly(acrylic acid) polymer, the high molecular 

weight type was chosen. The top spectrum shows the results for the unmodified epoxy-

coated aluminium system. The bottom spectrum is a FTIR-ATR spectrum performed on the 

cured epoxy coating.  
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Cherdoud-Chihani et al. [8] studied curing of epoxies in presence of poly(acrylic 

acid-co-styrene) polymers. The reaction is initiated by acid-base complexes, 

formed between an alcohol (originating from the solvent) and an amine catalyst. 

These complexes cause deprotonation of the carboxylic acid groups, to form 

intermediate carboxylates. The carboxylates in turn react further with epoxy 

rings to form ester groups and ultimately resulting in a network structure. The 

reaction is terminated by reacting with an alcohol from the solvent [8]. A fully 

cured coating results in the complete consumption of the epoxy groups. The 

state of curing of epoxies can be evaluated from the (comparably weak) epoxy 

ring infrared bands, which are found at around 915 and 863 cm-1 and are thus 

expected to be absent for a well-cured coating [27,28]. The curing state of the 

interphasial region between epoxy and aluminium substrate (so, the layer 

remaining on the aluminium substrate) can however not be evaluated, because 

of the large contribution of the Al-O stretching vibration at 950 cm-1, resulting 

from the aluminium oxide layer. The clear presence of both ester groups and 

carboxylates in the interphasial region however indicates that the curing 

mixed epoxy/polymer 
interphasial region

a. thin polymeric interfacial layer.

epoxy coating

aluminium substrate

epoxy coating

aluminium substrate

pseudoboehmite layer

b. pseudoboehmite layer.

cohesive
failure

upon peeling-off
epoxy

 
FIG. 4. Schematic of the systems developed using the two methods of adhesion performance 

improvement. (a). Adding a thin polymeric layer between aluminium and epoxy. As a result 

of reaction between epoxy and the polymeric layer, this results in the formation of a mixed 

epoxy/polymer interphasial region. (b). Hydration of the aluminium substrate by immersion 

in boiling water, resulting in the formation of a porous pseudoboehmite oxyhydroxide layer. 

The epoxy coating fully penetrates into this porous structure.  
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reaction between epoxy and the poly(acrylic acid) interfacial layer has initiated, 

but likely the curing has not been completed, as otherwise carboxylates would 

not be present anymore [8].  

For the poly(ethylene-alt-maleic anhydride) polymeric layer, the main bands 

are observed at 1794 and 1860 cm-1, due to the anhydride functional groups, see 

Fig. 2. In the layer remaining on the substrate, these bands are completely 

absent, see Fig. 3. The spectrum shows a band at 1734 cm-1, which for this 

polymer can be ascribed to ester functional groups [9,25,26]. Just as for the 

poly(acrylic acid) layer, various infrared bands resulting from the epoxy are 

present. The curing reaction of an epoxy by an anhydride-based polymer 

proceeds similar to that with carboxylic acid groups [9]. In contrast to the 

results for the poly(acrylic acid) polymer however, bands due to carboxylates 

are not observed. It can therefore be concluded that in this case the curing 

reaction has proceeded further than for the poly(acrylic acid) polymer. A mixed 

and cured epoxy/polymer interphasial region is therefore formed in which the 

poly(ethylene-alt-maleic anhydride) polymer is directly incorporated into the 

epoxy network. Differences between curing of epoxies with either carboxylic 

acid-based or anhydride-based polymers were also found by others. Cherdoud-

Chihani et al. noted the presence of residual intermediate carboxylates for 

curing with a poly(acrylic acid-co-styrene) [8] polymer, but not for curing with a 

poly(styrene-alt-maleic anhydride) [9].  

For the freshly prepared poly(vinyl phosphonic acid) polymeric layer, bands 

due to the phosphonic acid groups are found at 1192, 1018 and 960 cm-1, see 

Fig. 2. For the interphasial region, bands are observed at 1136, 1057 and 956 

cm-1, see Fig. 3. The bands at 1057 and 1136 cm-1 can be assigned respectively 

to the νs(PO3
2-) and νas(PO3

2-) phosphonate stretching vibrations [7]. Their 

presence indicates that deprotonation of the phosphonic acid groups has 

occurred and phosphonate groups are formed throughout the layer. Besides this, 

minor bands due to the epoxy are present. Corresponding with the results for 

poly(acrylic acid), the results for the poly(vinyl phosphonic acid) polymer also 

suggest that a mixed epoxy/polymer interphasial region is formed in which the 

phosphonic acid groups were involved in curing with the epoxy coating. The 

reaction has however also not been fully completed and a cured interphasial 

region is not formed. 
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10.3.4. Pseudoboehmite layer 

 

Infrared analysis 

 

In Fig. 5, the infrared spectrum is shown of the pseudoboehmite aluminium 

oxyhydroxide layer, made by boiling of the aluminium substrates for 60 seconds 

in water. In Table 3, the assignment of the various infrared bands is given. The 

bands at 3094, 1089 and 748 cm-1 are respectively the ν(OH) hydroxyl 

stretching, δ(OH) hydroxyl bending and γ(OH) hydroxyl twisting vibrations [29-

32] due to hydroxyls in the pseudoboehmite matrix. The bands at 3440, 1642, 

1492 and 1381 cm-1 are water-related bands and indicate the presence of water 

inside the pseudoboehmite structure [33,34]. Finally, the bands at 860, 798 and 

672 cm-1 originate from oxide lattice vibrations [29]. 

 

Visible spectroscopic ellipsometry 

 

The thickness and porosity of the pseudoboehmite layer were obtained from 

VISSE measurements. The optical model used to fit the ellipsometric 

measurement data is discussed in detail elsewhere, where it was used to study 

the formation of pseudoboehmite as a function of immersion time in boiling 

water [33]. A Cauchy-layer is used to model the pseudoboehmite layer itself. An 

effective medium approximation (EMA) layer is added between the aluminium 

substrate and the pseudoboehmite layer to describe the interfacial roughness 

[33]. Fitting of the optical model onto the ellipsometric measurement data gave 
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FIG. 5. FTIR-RAS spectra of the pseudoboehmite layer, made by hydration of the 

aluminium substrates by immersion in boiling water for 60 seconds. 
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a total pseudoboehmite layer thickness of 265 ± 5  nm. The refractive index was 

found to have a value of 1.23 at 630 nm, which is rather low and indicates a 

porous structure. An estimate of the porosity can then be obtained using 

reference optical constants for aluminium oxide and assuming that that the 

porosity is present homogeneously throughout the depth [33]. This resulted in a 

value of 63% for the porosity in the layer.  

 

SEM/TEM investigation 

 

In Fig. 6, a SEM top view image at a magnification of 40,000x is shown of 

the pseudoboehmite layer. The layer can be seen to be porous and having a 

‘hairy’, ‘cornflake’-like structure [10]. The full aluminium substrate was found to 

be homogeneously and well-covered with pseudoboehmite.  

For optimal adhesion, it is important that the epoxy coating fully penetrates 

into the pores of the layer. To investigate whether this occurs, a TEM 

investigation was performed. In Fig. 7, a cross section image of the epoxy-

pseudoboehmite-aluminium system is shown. On top is the epoxy coating, in the 

centre the porous pseudoboehmite layer and on the bottom the aluminium 

substrate. The pseudoboehmite layer can be seen well-resolved. It consists of an 

inner, dense region having a thickness of around 80 nm and an outer, porous 

region consisting of protruding ‘needles’, having a length of around 200 nm. The 

total thickness of the layer corresponds well to the VISSE measurements. The 

TEM image also clearly shows that the epoxy coating has fully penetrated into 

the pseudoboehmite layer, ensuring an optimal adhesion. The pseudoboehmite 

based system is shown schematically in Fig. 4b.  

TABLE 3. Infrared peak assignments for the pseudoboehmite oxyhydroxide layer [29-34]. 

peak position 

(cm-1) 
assignment 

3440 ν(OH) [hydroxyl stretch due to water] 

3094 ν(OH) [hydroxyl stretch due to AlOOH] 

1642, 1492, 1381 δ(H2O) [water bend due to water in 

AlOOH] 

1089 δ(OH) [hydroxyl bend due to AlOOH] 

860 ν(AlO6) [stretch due to oxide lattice] 

798 ν(AlO6) [stretch due to oxide lattice] 

748 γ(OH) [hydroxyl twist due to AlOOH] 

672 ν(AlO6) [stretch due to oxide lattice] 
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Fig. 6. SEM image of the surface of an aluminium substrate after immersion in boiling 

water for 60 seconds. 

 
FIG. 7. TEM cross section image of the epoxy-pseudoboehmite-aluminium system. In the 

centre the pseudoboehmite oxyhydroxide layer is visible. The epoxy coating is observed to 

have fully penetrated into the porous layer. 
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10.3.5. Adhesion testing 

 

Initial adhesion strength 

 

To test the adhesion strength of the epoxy coating for the different systems, 

pull-off tests were performed. For each type of aluminium-epoxy system, three 

samples were tested and the average value of this was taken. Based on this, the 

error in the results is estimated to be 1 MPa. For all systems, a limited FTIR 

investigation showed that delamination occurred cohesively in the interphasial 

region that is formed, just as for the manually removed coatings, see above, and 

through the epoxy coating for the pseudoboehmite system. 

The pull-off test results are shown in Fig. 8. For the unmodified system 

(without a polymeric or pseudoboehmite layer) a value of around 9 MPa is 

obtained. For the modified systems, the best performance is obtained for the 

pseudoboehmite based system, which shows a pull-off strength of around 17 

MPa. Below that is the result obtained for the poly(ethylene-alt-maleic 

anhydride) based system, giving a value of around 12 MPa. The poly(acrylic 

acid) based system shows lower pull-off strengths of 10 MPa, which are only 

slightly higher than with no interfacial layer. The high molecular weight 

poly(acrylic acid) based system gives a higher adhesion strength than the low 

molecular weight poly(acrylic acid) based system. The rinsed, low molecular 

weight polymer appears to contradict this, but it is doubtful whether an 
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FIG. 8. Pull-off strengths for the different improved epoxy-aluminium systems. 
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homogeneously covering polymeric layer was initially present, see also Table 2, 

hence giving the same pull-off strength as with no interfacial layer being 

present. Finally, the poly(vinyl phosphonic) acid based system gives very low 

values of 6 MPa, which are even lower than the unmodified system.  

 

NMP adhesion testing 

 

NMP adhesion tests were performed initially, after exposure of the various 

types of epoxy-aluminium systems for 750 hours to 40 oC water and after 750 

hours of exposure to 5% acetic acid at 40 oC. The results are shown in Fig. 9.  

With respect to the NMP delamination times obtained before exposure, the 

highest NMP delamination time is obtained for the poly(ethylene-alt-maleic 

anhydride) (PEMah) and pseudoboehmite based systems. For both, the epoxy 

coating could not be removed using NMP as tested up until 1 hour of 

immersion. Their results are therefore indicated as infinite. 

 For the poly(acrylic acid) (PAA) based system, the delamination times are 

slightly higher than for the unmodified system. The low molecular weight 

polymer gives slightly worse results than the high molecular weight polymer. 

The lowest performance is obtained for the poly(vinyl phosphonic acid) (PvPA) 
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FIG. 9. NMP delamination times for the different improved epoxy-aluminium systems. 

Results are shown as obtained initially and after exposure for 750 hours to 40 oC deionised 

water and 5% acetic acid. 



Improving the adhesion performance of epoxy-coated aluminium 

  195 

based system, which gives NMP delamination times even lower than for the 

unmodified system. In general, these NMP delamination times compare well 

with the results obtained using the pull-off tests.  

After exposure to 40 oC water, for the unmodified system, the coating could 

no longer be removed using NMP. Exposure to water thus results in 

improvement of the adhesion. This phenomenon is investigated and discussed in 

detail in Chapter 9. Upon exposure to water, the adhesion between the coating 

and the aluminium substrate is rapidly lost and water accumulates at the 

interface. An aluminium oxyhydroxide layer starts to grow, which eventually re-

establishes contact with the coating and forms a new, stronger and water-stable 

bond, causing an improvement of the adhesion of the epoxy coating as 

compared to the not-exposed system. For the modified systems, the best 

performance after exposure to water is obtained for the poly(ethylene-alt-maleic 

anhydride) (PEMah) and pseudoboehmite based systems. Just as prior to 

exposure, the epoxy coating could not be removed using NMP. Also, at 

intermediate times (results not shown) the coating could not be removed using 

NMP. The poly(vinyl phosphonic acid) (PvPA) based system shows a slight 

decreases in delamination time, indicating slight loss of adhesion of the coating. 

The worst performance is obtained for the poly(acrylic acid) based system. The 

epoxy coatings were almost instantly removed upon immersion in NMP. In 

contrast to this, the rinsed, low molecular weight poly(acrylic acid) polymer also 

showed an increase in adhesion quality upon exposure to water. This is likely 

because a homogeneously covering polymeric layer cannot be considered present 

initially, see Table 2, and therefore the same phenomena as for the unmodified 

system occurs.  

Exposure for 750 hours to 5% acetic acid at 40 oC resulted for all epoxy-

aluminium systems in the presence of a large amount of tiny blisters underneath 

the epoxy-coating, except for the pseudoboehmite system. As an illustration, 

photographs of the exposed region are shown in Fig. 10 for the unmodified and 

the pseudoboehmite system. Upon immersion in NMP, instant delamination of 

the coating occurred, also for the pseudoboehmite system. After removal of the 

coating it was observed that significant corrosive attack of the aluminium had 

occurred and a whitish salt layer was present on the substrates.  

 

Water uptake measurements 

 

The pseudoboehmite and poly(ethylene-alt-maleic anhydride) based systems 

give a very good adhesion stability of the epoxy coating in the presence of 

water. Because of this, it would be expected that also a limited amount of water 
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is absorbed by the system as a function of exposure time. In Chapter 9, the 

unmodified epoxy-aluminium system was already investigated with respect to its 

water uptake as a function of exposure time using TGA (thermogravimetric 

analysis). In Fig. 11, TGA results are shown for the pseudoboehmite based 

system and for the unmodified system. The mass of evaporated water from the 

epoxy-aluminium samples, as obtained from the TGA measurements, was 

recalculated as a mass percentage of water in the coating by dividing by the 

mass of the coating in the exposed region. This results in a mass percentage of 

water in the exposed region and allows a comparison with the results of the free 

coatings which are also included in the Figure for comparison.  

For the unmodified system, the total amount of water in the system 

increases up to around 9 mass% during the first 25 hours of exposure to 40 oC 

water owing to loss of adhesion of the coating and the accumulation of a 

significant amount of water at the interface, see Chapter 9. After this, the 

amount of water in the system decreases as a result of the formation of a new, 

water-stable bond with the oxyhydroxide layer that forms on the substrate, see 

above, preventing the further accumulation of water at the interface.  

For the pseudoboehmite system, there appears to be a slight increase in 

water concentration during the first 300 hours of exposure although probably 

more measurements need to be performed to confirm this trend. As the 

percentage of adsorbed water is higher than for the free coating, it can be 

derived that some water accumulates at the interface. After this however, a 

stationary value of around 3.5 mass% of water in the system is obtained. The 

amount of water absorbed by the system can be considered to be low, especially 

   
FIG. 10. Photographs of the exposed region for samples exposed to 5% acetic acid for 750 

hours at 40 oC. Left photograph is for an unmodified epoxy-aluminium system. In the 

exposed circular region, tiny blisters are observed to be present underneath the epoxy 

coating. Right photograph is for an epoxy-pseudoboehmite-aluminium system which does 

not show the presence of blisters.  
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when considering the large interfacial area between epoxy coating and 

pseudoboehmite layer at which water can accumulate. The limited amount of 

water that accumulates at the interface confirms the very good aqueous stability 

of the adhesion that is obtained for this system, see Fig. 9.  

 
10.4. Discussion 
 

Two different methods were followed to improve the adhesion performance 

of an epoxy-coating on an aluminium substrate. In Fig. 4, a schematic of these 

two systems is shown.  

The first method studied of improving adhesion and durability was by 

adding a thin polymeric layer (i.e. an interfacial layer) between aluminium 

substrate and epoxy coating. The groups were deliberately chosen so as to be 

able to chemisorb onto the oxide surface and to be capable of being involved in 

the curing reaction with the epoxy. The bond between the organic overlayer and 

the substrate is indeed found to be improved. Removal of the epoxy coating 

after curing results for all improved systems in cohesive failure in an 

interphasial region while for the unmodified system adhesive failure occurs 

between epoxy and aluminium, see Chapter 9.  
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FIG. 11. TGA measurements showing the water uptake of the epoxy-aluminium system s a 

function of exposure time to 40 oC deionised water. 
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For all types, significant chemical changes to the polymeric interfacial layer 

are observed after application and curing of the epoxy coating. The following 

process is likely to take place at the interface after application of the resin. 

First, the polymeric layer is largely dissolved due to the solvents. Mixing of the 

polymer and the epoxy resin constituents can then take place and the functional 

groups of the polymeric interfacial layer are directly involved in the curing 

reaction with the epoxy. This eventually results in the formation of a mixed 

epoxy/polymer interphasial region, see Fig. 4a.  

For the poly(ethylene-alt-maleic anhydride) based system, a cured 

interphasial region is formed, which has become part of the epoxy coating. As a 

result, this system shows a very good initial adhesion strength and stability in 

the presence of water.  

The poly(acrylic acid) based system shows the presence of carboxylates 

throughout the interphasial region. This indicates that a curing reaction with 

the epoxy has started but has not been fully completed [9]. The interphasial 

region is therefore likely weakly cured and consequently without a large internal 

strength. Moreover, a hydrophilic, weakly cured region acts as a sponge and can 

absorb a considerable amount of water. Therefore, despite that a chemisorptive 

carboxylate-oxide bond is present on the aluminium side, this system does not 

show a good adhesion strength and durability in the presence of water. 

A very similar reasoning can likely also explain the comparably bad adhesion 

performance obtained for the poly(vinyl phosphonic acid) based system, which 

shows the formation of phosphonates, likely also indicating the presence of a 

weakly cured region.  

The results obtained using the two different molecular weight poly(acrylic 

acid) polymers appear to show that a higher molecular weight results in better 

initial adhesion strength. These results are however likely also because of the 

incompletely cured interphasial layer, which will be even weaker for a low 

molecular weight polymer. Differences in durability of the adhesion are not 

observed. Considering all polymers, not much difference in adhesion 

performance is observed between a thicker or thinner polymeric interfacial layer. 

The second method of adhesion improvement was by hydration of the 

aluminium substrates by immersion in boiling water, see Fig. 4b. A 

pseudoboehmite oxyhydroxide layer is formed on the aluminium substrate, 

having a large number of hydroxyls on its surface and being porous with 

consequently a large surface area. The epoxy coating was found to be well-

capable of penetrating this porous structure. In Chapters 5 and 6 it was shown 

that most types of organic functional groups bond through hydroxyls on the 

oxide surface. But, the bonding mechanism itself with organic functional groups 
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is however not different for pseudoboehmite as compared to other typical 

aluminium oxides. The large number of hydroxyls on the pseudoboehmite 

surface and the large surface area will therefore result in a high density of bonds 

with the epoxy coating. This will result in high initial adhesion strength and 

water can then not easily accumulate at the interface, because there are a 

minimum number of sites at which there is no adhesion. Indeed, the 

pseudoboehmite system shows a significant improvement of the initial adhesion 

strength and a very good durability in aqueous environments. Upon exposure to 

water of 40 oC, only limited water is absorbed by the system and the adhesion 

of the coating remains stable. Apparently, the fact that chemisorptive bonds are 

not formed between the epoxy coating and the pseudoboehmite layer is 

compensated by the other beneficial properties of the layer.  

Although a good performance was obtained with respect to aqueous 

exposure, none of the improved systems could resist exposure to 5% acetic acid 

at 40 oC. Electrolytes containing organic acids are known to be extremely 

aggressive towards adhesion of organic layers. Although epoxy coatings are 

effective barriers towards ions, acetic acid can diffuse through the coating in its 

molecular form [35,36]. Upon arriving at the interface, dissociation of the acid 

occurs in the aqueous phase and a significant lowering of the pH results. This 

causes dissolution of the aluminium oxide and severe corrosion of the underlying 

aluminium with precipitation of an aluminium-acetate salt [15,37].  

 
10.5. Conclusions 
 

An analysis was made of the adhesion performance initially and after 

exposure to 40 oC water and 5% acetic acid for a number of improved epoxy-

aluminium systems. Two methods were followed: application of a thin polymeric 

interfacial layer between aluminium and epoxy and hydration of the aluminium 

substrate by immersion in boiling water. The thin polymeric interfacial layers 

are found to be involved in curing with the subsequently applied epoxy coating. 

For a poly(ethylene-alt-maleic anhydride) based system, this results in the 

formation of a cured and mixed epoxy/polymer interphasial region, while in 

both the poly(acrylic acid) and poly(vinyl phosphonic acid) based systems only 

a weakly cured epoxy/polymer interphasial region is formed. As a result, the 

poly(ethylene-alt-maleic anhydride) based system shows a good adhesion 

strength and durability while the systems based on the two other polymers do 

not give a very good adhesion performance. The initially applied polymeric layer 

thickness is not found to have an influence on the adhesion performance. The 

use of a poly(acrylic acid) polymer having a lower molecular weight as the 
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interfacial layer is found to result in worse initial adhesion strength. This can 

however also be due to weakly cured region that is formed. Differences in 

durability were not observed.  

Hydration of the aluminium substrate by immersion in boiling water for 60 

seconds results in the formation of a pseudoboehmite oxyhydroxide layer, 

having a porous structure. The epoxy coating is found to fully penetrate into 

the layer. The high hydroxyl density on this oxide surface, the large surface area 

and the porous nature are found to lead to a very good adhesion performance 

for this system. Upon exposure to water, only very limited water is absorbed by 

the system. 

None of the methods used to improve the adhesion of the epoxy coating are 

found to be able to resist exposure to 5% acetic acid and delamination of the 

epoxy coatings and severe blistering occurs. 
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CHAPTER 11.  

PHOTOTHERMAL IMAGING OF LOCALISED DELAMINATION 

BETWEEN ORGANIC COATINGS AND METALLIC SUBSTRATES USING 

A SCANNING PHOTOPYROELECTRIC (PPE) MICROSCOPE 1 

 

Synopsis 

 

In this final chapter, a new experimental technique is discussed which is 

highly suitable for studying macroscopic delamination below organic 

coatings with a high spatial resolution. Although the technique was not used 

in this thesis further, it is discussed here as the work was also performed 

within the scope of the PhD project and it is relevant for the subject of 

adhesion and delamination between organic coatings and metallic substrates 

in general. In the technique, a pyro-electric sensor is mounted on top of the 

investigated sample. A focussed, intensity-modulated laser beam is scanned 

across the sensor-surface. This induces a thermal wave in the sample. The 

thermal wave will experience transmission and reflection at buried interfaces, 

causing a change in phase and amplitude. At sites of macroscopic 

delamination between the coating and the substrate, at which air is 

entrapped below the coating, the resulting thermal wave will be different 

with respect to phase and amplitude as compared to a region of intact 

adhesion. The resulting thermal wave is now detected again using the 

attached pyro-electric sensor, which converts it back into an AC current. 

The background behind this technique is discussed and its applicability is 

shown for studying macroscopic delamination. Moreover, a numerical model 

is developed which allows predicting the capability of the technique and also 

the attainable lateral resolution.  
 
 
 
 

                                                 
1  This chapter was published as a scientific paper, in a more extended form: 
J. van den Brand, M. Chirtoc, M.R. Wubbenhorst, J.H.W. de Wit, Journal of Applied Physics, 
93(4), 2019-2027, 2003 



Chapter 11 

204 

11.1. Introduction 

 
The identification and investigation of localised delamination spots between 

polymeric coatings and metallic substrates is an important task since they are 

the most likely starting points for corrosion at the interface and eventually for 

propagation of delamination [1]. Their origin can be the contamination of the 

substrate before coating or imperfections (scratches) in the metal substrate 

where the adhesion between coating and substrate is compromised. 

Thermal waves are currently used for non-destructive evaluation (NDE) of 

various types of subsurface features [2-5]. The measurement principle relies on 

the fact that the surface temperature of a periodically heated sample carries 

tomographic information on its structure. Photothermal (PT) methods are 

highly suitable for the analysis of air-filled defects, which represents a large 

thermal inhomogeneity [4, 6]. In the photoacoustic method, the sample is 

introduced in an air-tight chamber. Heating of the sample surface generates a 

pressure wave in the gas, which is detected by a microphone. With 

photothermal radiometry the surface temperature of the sample is measured in 

a non-contact way by using an infrared detector. Imaging and microscopy based 

on these methods have been reported before [7-11]. Both methods yield results 

in which the optical properties (absorption coefficient and emissivity) of the 

sample surface are mixed with the depth profiles of thermal properties. 

Unlike these, there are few reports on imaging applications using a 

pyroelectric/piezoelectric sensor [12, 13]. Imaging of the thermal wave field with 

 

 
FIG. 1. Schematic of the use of the scanning photopyroelectric microscope (SPPEM) for 

studying delamination between organic coatings and metallic substrates. The investigated 

sample is irradiated on top using a focussed modulated laser beam, resulting in localised 

heating of the material. The resulting thermal response of the sample  is converted back 

into an  AC current, using a PVDF pyroelectric sensor which is mounted on top of the 

coating surface using silicon oil 
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a PVDF pyroelectric sensor in back-detection configuration was demonstrated 

[14, 15], where the spatial resolution was obtained by replacing one of the 

sensor’ electrodes by a metal tip. In an earlier work, the scanning 

photopyroelectric microscope (SPPEM) was applied to a sample that had itself 

pyroelectric properties [16]. In this work, the same SPPEM is used, but this 

time in a slightly different configuration. The principle is shown in Fig. 1. On 

top of the coating surface, a pyroelectric (PE) sensor is mounted using silicon 

oil. On this same surface (front-detection configuration), the sample is 

irradiated using a focussed, modulated laser beam. The thermal ac response of 

the sample to the modulated localised heating contains localised information on 

the possible presence of subsurface features below the coating. This response is 

converted back into an electrical signal by the PE sensor. By two-dimensional 

(2-D) scanning of the focused beam across the surface, a thermal image of the 

sample can be obtained. Furthermore, by varying the modulation frequency of 

the laser, information can be obtained on the depth below the surface at which 

these features are present. The drawback of the PPE method of requiring direct  

contact with the sample is compensated for by the fact that it yields easy-to-

interpret thermal information that is not altered by optical properties of the 

sample (in the front-detection configuration). The surface temperature of a 

sample depends on the temperature field within the whole system. Analytical 

solutions can be found only for simple cases assuming 1-D heat propagation [17].  

In general, a full 3-D characterization of the temperature field is necessary 

[18]. Various approaches have been extensively reported in the literature based 

on Fourier-optics analogy [6], on direct solutions in integral form [19] using 

Green's functions [20, 21], on the point spread function [22], or on finite-

difference methods [13, 23]. In this work, a more versatile 3-D finite-element 

model was developed for the analysis of the thermal response of geometrically 

more complex systems. It allows to estimate the attainable lateral resolution in 

the measurement and to calculate surface temperature maps for geometrically 

complex systems with sub-surface flaws. 

The SPPEM technique was applied for spatially localised analysis of 

delamination sites between organic coatings and metallic substrates. 

Experimental results are shown of measurements performed on model systems. 

The first one consists of an artificial air gap made in a polished stainless steel 

sample covered by a polymeric layer. The second one consists of a flat stainless 

steel substrate covered by an adhesive tape of which the adhesive layer was 

partially removed.  

Next, SPPEM measurements performed on realistic systems are shown: a 

corrosion spot and surrounding disbonded region inside a polymer coated 
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drinking can, and a detail with possible starting points of corrosion on the 

uncoated drinking can substrate. It is demonstrated experimentally that it is 

possible to detect non-destructively and with a high spatial resolution small air 

gaps (≤ 1 µm) below polymeric coatings and to estimate their position below the 

surface. 

 
11.2. Theoretical background 

 

Heating of an isotropic solid by a periodically modulated heat flux results in 

general in a 3-D temperature profile T(r,t) (depending on position r and time t) 

which is the solution of the following heat diffusion equation: 

 

 )t(Q)t,(Tk
t

)t,(T
c 2 =∇−

∂
∂

ρ r
r

 (1) 

 

where ρ is the specific density of the material, c is the specific heat capacity, k 

the thermal conductivity and Q(t) the heat source. The PPE cell for the case 

considered here can be modelled by the schematic structure of Fig. 2. Because of 

the harmonic nature of the excitation: Q(t)=Q0[1+cos(ωt)]/2, the time- and 

space-dependent parts of the steady-state solution can be factorized as 

T(r)exp(jωt). In the absence of internal heat sources within the layers of Fig. 2, 

 

 
FIG. 2. Cross section of the considered system. The opaque PVDF sensor (p) is applied 

using coupling fluid (f) to the sample consisting of polymer coating (c) and steel substrate 

(s). The substrate contains an air gap (g) representing a local delamination. The PVDF 

sensor and underlying parts are locally heated using a modulated laser beam (indicated by 

arrow). The imaging feature is achieved by recording the PPE current I(f) while scanning 

the laser spot over the surface. Numbers indicate locations where the respective equations 

apply for the finite-element model. 
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Eq. 1 becomes: 

 
 0)(T)/(j)(T2 =αω−∇ rr  (2) 

 

where α=k/ρc is the thermal diffusivity of the respective layer and ω=2πf is the 

angular modulation frequency. It is reasonable to neglect ac heat exchanges with 

the ambient in Eqs. 1 and 2, as long as the system boundaries are far away as  
compared to the thermal diffusion length f/ πα=µ . It is assumed that 

transport of heat across the air gap occurs only by heat conduction.  

For the determination of T(r) additional boundary conditions must be 

specified for heat flux and temperature continuity at interfaces (ij) between 

layers, respectively: 

 
 )Tk()Tk( jjii ∇⋅=∇⋅ nn      and        ji TT =  (3a,b) 

 

with n the outward normalized unit vector. At the irradiated surface the heat 

flux is: 

 
 2/Q)Tk( 0=∇⋅n  (4) 

 

with Qo the heat deposition. At the other outer boundaries of the model 

adiabatic conditions are considered: 

 
 0)Tk( =∇⋅n   (5) 

 

In Fig. 2, the locations are indicated where each of Eqs. 2-5 apply. The set of 

equations were implemented in the commercially available finite-element 

modelling software FEMLAB 2.1. For the modelling, it was assumed that the 

whole top sensor surface is irradiated by a uniform radiation flux, instead of the 

focused heating in the actual experiment. The finite-element calculation results 

in a full 3-D complex temperature profile across the modelled system in one 

computation step, and in particular in a 2-D temperature map of the sample 

surface below the sensor. In order to measure this temperature, the sensor must 

be thermally thin (µp > Lp with Lp the thickness of the PVDF sensor) meaning a 

low enough modulation frequency. Consider an element of the sample surface 

∆A=∆x∆y, centered at coordinates (x,y). The current signal of the 

corresponding abovelying pyroelectric element is proportional to the time 

derivative of the temperature profile T(z,t) averaged over the sensor thickness 

Lp [16]: 
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 where p is the pyroelectric coefficient and T(z) is the temperature field T(r) 

averaged over the intervals ∆x and ∆y. As a result of the assumption of uniform 

radiation, the spatial resolution in the finite-element model will be limited to 

∆A=∆x∆y ≈ 2µp due to lateral diffusion of heat. Consider now that in the actual 

experiment, the whole sensor surface area A is locally irradiated by a laser 

beam, having a cross-section smaller than ∆A.  Also in this case, as a result of 

lateral diffusion of heat, the PPE signal is a measure of the local temperature 

averaged over a surface with a diameter of the order of 2µp. Therefore, the 

ensemble of signals I(x,y) for all finite elements of the sensor can be determined 

in one numerical computation step yielding the theoretical surface map of the 

PPE signal.  

Obtaining 3-D numerical solutions with the finite-element model may 

become calculation-intensive for complex systems. If the lateral dimensions of 

the defect are larger than µc and Lc (coating thickness), meaning the edges of 

the defect are far away, the use of a 1-D analytical solution is justified and 

probably more appropriate. In the publication related to this chapter, a set of 

Eqs. are derived for such a 1-D model. In Fig. 3, theoretically calculated 

TABLE I. Thermal properties of PVDF sensor and of materials (at room temperature),  

composing the investigated samples 

symbol in 

Fig. 2 
material 

density 

(ρ) 
 

specific 

heat 

(c) 

 

thermal 

conductivity 

(k) 

 

thermal 

effusivity 

(e) 

 

  (kg/m3) (J/kgK) (W/mK) (W√s/m2K)

(p) 
PVDF 

polymer 
1780 1260 0.13 530 

(f) silicon oil 845 2020 0.14 489 

(c) 

polymeric 

layer 

(polyolefi

ne type) 

1200 1300 0.15 484 

(g) air 1.2 1007 0.03 5.5 

(s) 
stainless 

steel 
8238 468 13.4 7188 
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thermal wave amplitude and phase contrast plots are shown for an organic 

coating applied onto a steel substrate with air gaps of different thickness below 

the organic coating. These plots were calculated using this 1-D model. The 

vertical axes are ratioed with respect to the result obtained with no air defect 

present. The Figure shows that the air gaps are visible in the amplitude plot at  

very low frequencies and at much higher frequencies for the phase plot. In the 

actual experiment, the amplitude signal is however also influenced by local 

variations in roughness, absorption coefficient and laser power while the phase 

signal is not. Moreover, with a lower frequency, lateral resolution is lost which 

can be estimated to be 2 µc, see above. For this reason, the phase signal is most 

often used to study subsurface features [15]. At high frequency, (above  ∼ 10 Hz 
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FIG. 3. PPE amplitude (a) and phase (b) of contrast plots, calculated using a 1-D analytical 

model. Results for different air gap thicknesses Lg embedded between 60 µm thick adhesive 

tape and 5 mm thick stainless steel substrate are shown. 
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where µc < Lc) and at very low frequency, the air gap is not visible. The 

optimum frequency is in the region where µc ≈ Lc. It should be emphasized that 

an air gap of only 1 µm thickness produces a phase contrast of about 5 deg, 

which is readily detectable as will be shown further on.  

 
11.3. Experimental set-up 

 

The SPPEM set-up is shown schematically in Fig. 4. It is discussed in detail 

elsewhere [16]. The set-up consists of readily available components. The 

excitation source is a laser diode type LISA HL25/M2 emitting 5 mW at 635 

nm, modulated in intensity at a given frequency by the reference oscillator of a 

DSP lock-in amplifier (Stanford Research model 850). The latter processes the 

PPE signal that is first fed to a current-to-voltage converter (Keithley model 

428 with 108 V/A gain). The laser beam is guided through a normal optical 

microscope provided with a semi-transparent internal mirror positioned at 45 

deg. By looking through the microscope, it is possible to inspect and locate the 

laser spot (minimum size is 20 µm) at the sample surface. The sample is 

mounted on a x-y translation stage driven by stepping motors, which has a 

positioning accuracy of better than 1 µm over a surface of 5 x 5 cm. The whole 

set up is controlled by PC computer using GPIB interfaces. Typical signals were 

in the range between 10-2 and 102 pA, requiring shielding the PPE cell with a 

copper grid. 

The cross-section of the considered system is shown schematically in Fig. 2. 

The pyroelectric sensor of 1 x 3 cm2 was made of 9 µm thick PVDF polymer 
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FIG. 4. Schematic of the different components of the SPPEM set-up 
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(produced by Solvay S.A., Brussels, Belgium) provided on both sides with 

vacuum-evaporated aluminium electrodes (approximately 40 nm thick), which 

can be neglected in the thermal transport analysis. Thin copper wires were 

attached by conductive epoxy adhesive (Comma Electrocure). The sensor was 

blackened on one side using a permanent marker. The backside was uniformly 

covered with a thin and homogeneous layer of silicon oil to ensure proper 

thermal contact. Subsequently, the sensor was applied to the surface of the 

sample and slightly moved laterally to remove possible air bubbles. The flexible 

PVDF foil followed the surface of the sample due to capillary forces exerted by 

the oil film. The latter had an estimated thickness of the order of few microns.  

The thermal properties of materials composing the PPE cell are listed in 

Table 1 and were used for all theoretical simulations.  

The metallic drinking cans that were investigated were made of chromium 

coated steel (ECCS). The production process consists of applying a thin 

chromium layer by electrolytic deposition for corrosion protection onto rolled 

steel sheet. Then, a transparent polymer coating with thickness of 40 µm is 

extruded directly onto the steel sheet. After deep-drawing to obtain the final 

product, the thickness of the polymeric coating reduces to 30 µm. 

 
11.4. Results and discussion 
 

11.4.1. Validation of finite element model 

 

The first experiment aimed at checking the validity of the finite-element 

model in the simple case of the sensor attached directly to a flat and polished 

metallic substrate. In Fig. 5 one can see that within the experimental frequency 

range (limited by electronics) there is good agreement. The laser beam was 

defocused to a diameter of 100 µm only for this measurement in order to level 

out possible local inhomogeneities of the surface. The thickness of the coupling 

oil layer was a fit parameter in the numerical model. The best fit value Lf = 2 

µm was considered in all subsequent simulations, despite the fact that Lf might 

be neglected when it couples the sensor to a polymer coating (from Table 1, 

silicon oil and polymer coating have practically the same effusivity).  

The condition µp = Lp is satisfied at about 200 Hz. At higher frequency (µp < 

Lp)   the temperature oscillation is confined in the vicinity of the front face of 

the sensor and then Eq. 6 yields the maximum signal amplitude and phase ϕ = 

0) [25]. 
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The lateral resolution of the set up and the capability of the finite-element 

model to predict it were tested on an artificial defect. A circular cavity with a 

depth of 1 mm and a diameter of 2 mm was made by spark erosion into a 

similar stainless steel sample as above. A polymeric layer was applied onto it, 

thereby mimicking an air gap below an organic coating. In Fig. 6a,b the results 

are shown of SPPEM line scans across the diameter of the air gap and the 

simulations with the finite-element model, respectively. One can see that the 

trends of the experimental results and finite-element simulations as a function of 

frequency are similar. The measured contrast between the air gap and the 

surrounding phase level (Fig. 6a) is in good agreement with the 1D predictions 
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FIG. 5. Experimental signal amplitude (a) and phase (b) for PVDF sensor attached onto 5 

mm thick stainless steel substrate (points) and simulation with the finite-element model 

(solid lines). Signals are normalized to their values at high frequency. The condition µp>Lp 

required by Eqs. 7-11 is satisfied below about 200 Hz. 
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of Fig. 3. The finite-element curves (Fig. 6b) overestimate the contrast by about 

20%. At 21 Hz and at 33 Hz the absolute measured phase is shifted by about  
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FIG. 6. Experimental (a) and simulated with the finite-element model (b) signal phase upon 

scanning a 2 mm in diameter artificial air gap. In (c) is shown a detail at the air gap - steel 

edge with both, experiment and finite-element model, at f=5 Hz. Sample structure consists 

of 60 µm thick adhesive tape, 1 mm thick air gap and 5 mm thick stainless steel substrate 

(see also Fig. 1). Experimental scanning step size is 100 µm. The positions of scans at 

different frequencies are shifted for clarity. The phase reversal with increasing frequency is 

consistent with Fig. 3. 
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−10 deg compared to the simulation, probably due to higher sensitivity of the 

signal to the detailed structure of the PPE cell at high frequency (coupling 

fluid, adhesive layer, accurate thickness of layers, thermal properties, etc.). 

Nevertheless, the contrast due to the presence of the air gap is not lost. The 

inversion that occurs between 10 Hz and 21 Hz is consistent with the zero-phase 

crossing point situated at 15 Hz in Fig. 3. 

As discussed in the theoretical section, the lateral resolution for surface 

temperature imaging is limited to 2 µc. When imaging defects buried at the 

coating-steel interface the resolution is therefore degraded to some extent. In 

Fig. 6c details are shown of experimental and theoretical line scans across the 

edge of the artificial defect investigated in Fig. 6a,b. 

At 5 Hz, µc = 78 µm and is slightly larger than Lc. From the theoretical 

curve, the lateral resolution (half distance of step function) is about 200 µm. As 

expected because the sample does not have infinitely sharp edges like the 

numerical model, the experimental lateral resolution is larger, of about 250 µm. 

At higher frequencies both, theoretical and experimental resolutions (determined 

from Fig. 6a,b) are somewhat better because µc decreases and the only limit 

remains is Lc. 

 

11.4.2. Mapping of artificial subsurface defects 

 

Next a surface mapping test was performed on a sample similar to the 

previous one. The artificial defect was a circular cavity with a depth of 250 µm 

and a diameter of 500 µm made by spark-erosion into the stainless steel 

substrate. Onto this, a 60 µm thick polymeric coating was applied. In Fig. 7a, 

the defect is clearly resolved with a phase contrast of about 17 deg. In the 

region surrounding the defect, some minor inhomogeneities are most probably 

present as the phase is not flat. At f = 7 Hz, µc ≈ Lc so that the theoretical and 

experimental lateral resolutions are practically the same as those determined in 

Fig. 6c. As a result, the apparent diameter of the defect at the level of the 

surrounding surface is about 800 µm (Fig. 7a). For comparison, on the phase 

surface computed with the finite-element model the diameter of the defect 

appears to be of about 700 µm (Fig. 7b). As for the line scans discussed in the 

previous section, the finite-element model overestimates to some extent the 

phase contrast, which also causes the defect to appear sharper in the computed 

plot. 

A more realistic delamination defect consisted of an artificial blister made 

between an adhesive tape and the polished steel substrate by locally rubbing 

away the adhesive layer using a Q-tip soaked in ethanol, Fig. 8a. From the 
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thickness of the locally removed adhesive layer one could estimate that the air 

gap trapped at the interface was approximately 10 µm thick. The SPPEM 

surface map is shown in Fig. 8b. The contour of the region with the 

accumulated adhesive (on the left hand side) is clearly visible, but inside that 

region the phase does not differ from that of the surrounding background 
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FIG. 7. Experimental (a) and simulated with the finite-element model (b) map of an 

artificial air gap (500 µm in diameter and 250 µm thick) made in 5 mm thick stainless steel 

substrate and covered by 60 µm thick adhesive tape. Experimental scanning step size is 100 

µm and f=5 Hz. 
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because there is still good contact between coating and steel layers. Unlike this, 

in the region with ablated adhesive the phase contrast is about —15 deg. 

 This is in agreement with the calculated phase contrast for an air gap of 10 

µm (Fig. 3b) and corresponds to the thickness of the removed adhesive layer. 

This example shows that the SPPEM method is sensitive in the first place to 

delamination defects filled with air and to a less extent to variations of coating 

layer thickness. 

 

11.4.3. Blisters and corrosion spots inside a drinking can 

 

The last example is a real-life sample cut from a drinking can made of 

polymer-coated ECCS steel. After a sterilization test it was noted that several 
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FIG. 8. Photograph (a) and measured phase map (b) of artificial blister (estimated 10 µm 

thick air gap) between adhesive tape (50 µm thick without adhesive layer) and 5 mm thick 

stainless steel substrate. Experimental scanning step size is 100 µm and f=10 Hz. Z-axis is 

reversed for clarity. 

(a) 
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corrosion spots appeared at seemingly random positions. Delamination regions 

were formed around some of them, probably due to mechanical pressure exerted 

by growing corrosion products that are porous and contain air voids, Fig. 9a. 

Fig. 9b shows the corresponding SPPEM phase map. At f ≅ 30 Hz, µc ≈ Lc=30 

µm for this sample, which is the best trade-off between depth-profiling 

sensitivity and lateral resolution contrast. The corrosion products are clearly 

visualized by a more negative phase in the top right hand side of the plot.  
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FIG. 9. Photograph (a) and measured phase map (b) of corrosion spot with surrounding 

delamination region inside drinking can. Sample structure consists of 30 µm thick polymer 

coating, some tens of microns thick air gap and 500 µm thick ECCS steel substrate (see 

also Fig. 1). Experimental scanning step size is 200 µm and f=31 Hz. Z-axis is reversed for 

clarity. 
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Based on the phase difference relative to the background, their thickness can 

be  estimated to be of the order of  some tens of microns. Surrounding this, the 

disbonded region can also be clearly distinguished. 

The investigation of this sample was more difficult than the previously 

discussed model samples. The coating was somewhat lifted by the corrosion 

products and it might have been thinner or even discontinuous in that region. 

Furthermore, the sample as a whole was curved due to the fact that it was cut 

from a drinking can. However, the results prove that it is feasible to study 
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FIG. 10. Signal phase map of ECCS steel before the deep-drawing process, at 21 Hz (a) and 

120 Hz (b). Sample structure consists of 40 µm thick polymer coating and 500 µm thick 

ECCS steel substrate (see also Fig. 1). Experimental scanning step size is 20 µm. Z-axis is 

reversed for clarity. See the text for details. 
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curved and/or rough surfaces using the SPPEM method. It should be noted 

that if the coating were not optically transparent, only the position of the 

corrosion products could be seen by optical methods, as a slightly lifted coating 

at that location. With the SPPEM, the fully disbonded region becomes visible. 

Although all measurements shown here were performed on optically transparent 

coatings, this is not a prequisite for the method. 

In search for an explanation for the apparently random development of 

corrosion spots, a small part of the polymer-coated ECCS material was 

investigated before the deep-drawing process. The SPPEM phase image 

recorded with the highest scanning resolution (20 µm) is shown in Fig. 10a. At f 

≅ 20 Hz, µc≈Lc (in this case Lc=40 µm) meaning again the best imaging 

conditions. The plot reveals some circular spots having a phase contrast of -3 ... 

-5 deg implying delamination of the order of 1 µm (see Fig. 3b). The apparent 

lateral size of the spots of approximately 100 - 200 µm is probably 

overestimated due to the limited lateral resolution. Phase images recorded at 

higher frequency (at 120 Hz where µc<Lc) do not show these features (Fig. 10b), 

proving that the defects are situated at the coating-steel interface and neither 

inside the coating (i.e. air bubbles) nor underneath the PVDF sensor (i.e., small 

dust particles, etc.). 

Figs. 11a,b show a line scan and a topographic image performed with an 

AFM (atomic force microscope) on the bare ECCS sample before application of 

the polymeric coating.  As one can see, the substrate contains small 

indentations with lateral sizes in the range between 50 µm and 150 µm and 

average depths of 0.5 — 1 µm. The indendations are introduced in the surface by 

one of the rolling steps of the steel during its manufacturing. The size of the 

indentations is consistent with the air gaps determined from Fig. 10a using the 

SPPEM. By combining the theoretical and experimental SPPEM results with 

those obtained by AFM, one concludes that the small indentations produced in 

FIG. 11. Atomic force microscopy (AFM) height profile (left) and topographic image (right) 

of a typical indentation in the bare ECCS steel surface produced by sand blasting treatment 

before coating. 
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the steel substrate by the shot-blasting procedure are not completely filled with 

polymer in the coating process.  This leaves air gaps at the coating-steel 

interface with dimensions of about 50 - 150 µm and depths of 0.5 — 1.0 µm. 

Water that penetrates through the coating can freely condensate in these 

indentations without the necessity to first break the adhesive bonds. If small 

defects exist in the protective chromium layer, for example due to the deep-

drawing process, corrosion of the underlying steel can freely start. For this  

reason, it is very likely that the origin of the observed randomly occurring 

corrosion spots can be found in these air-filled gaps. 

 
11.5. Conclusion 

 

In this work the scanning photopyroelectric microscopy (SPPEM) method 

and instrument was investigated as a new imaging tool for non-destructive 

evaluation (NDE) and subsurface characterization of materials. It combines 

laser photothermal imaging with microscopy in a simple set up, using the 

photopyroelectric method in front detection configuration. The method requires 

direct contact between sensor and sample via a coupling fluid, but nevertheless 

it can be applied to curved samples with relatively rough surface, due to the use 

of a flexible PVDF polymer sensor. Unlike non-contact imaging photothermal 

methods, with the SPPEM the interpretation of results is facilitated by the fact 

that only the thermal properties of the sample have to be considered while the 

optical properties are irrelevant.  

A 3-D finite-element model was developed and implemented in the 

commercially available FEMLAB software. This model allowed modelling 

complex and irregularly shaped systems and in particular, to predict the lateral 

resolution of the set up. The model was validated by comparison with 

measurements performed on well-defined polymer-coated steel substrates with 

artificial sub-surface defects. It was found that the model is well-capable of 

predicting the phase contrast maps and the attainable lateral resolution.  

SPPEM maps were obtained on well-defined polymer-coated steel substrates, 

clearly showing the capabilities of the technique. Also, microscopic corrosion 

sites on the inner side of drinking cans were investigated. In combination with 

atomic force microscopy (AFM) data, the origin of the corrosion spots was 

identified. They arise from small air gaps trapped between the polymer coating 

and the steel substrate. The air gaps were found to be caused by small 

indentations in the ECCS substrate caused by the rolling process which 

apparently are not filled with polymer during direct extrusion.  
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GENERAL OVERVIEW AND DISCUSSION. 
 

In Chapters 3 until 7 of this thesis, an investigation was performed of how 

polymers in general bond to aluminium oxide surfaces, how this is influenced by 

the chemistry of the oxide surface and whether the bonds that are formed are 

stable in the presence of water.  

 

In Chapter 3, an angle-resolved XPS investigation was performed to 

determine the amount of hydroxyls on five differently pretreated aluminium 

substrates. These surface treatments were an alkaline and an acidic 

pretreatment, oxidising of aluminium in vacuum, dehydroxylation of aluminium 

at 275 oC and boiling in water, resulting in the formation of a pseudoboehmite 

oxyhydroxide layer. The same set of different pretreatments was used 

throughout Chapters 3 until 7. To determine the amount of hydroxyls, 

restricted curve-fitting of the O 1s core level peak was performed and by using 

an additional method, it was demonstrated that the used restrictive fitting 

procedure provides correct and accurate results.  

The differently pretreated aluminium substrates were found to be enriched 

in hydroxyls towards their surface region and showed clear variations in the 

amount of hydroxyls on their surfaces. The highest hydroxyl fraction was 

obtained for pseudoboehmite, namely 50% (of the total oxygen content present 

on the oxide layer surface), corresponding well to its composition, AlOOH. 

Below that was the alkaline pretreated aluminium, which had a hydroxyl 

fraction of 43% on its surface. The lowest hydroxyl fraction was found for 

dehydroxylated aluminium, which had a hydroxyl fraction of 9%, see Chapter 5.  

 

In Chapter 4, the same set of differently pretreated aluminium substrates 

were investigated with respect to the acid-base properties of the Al, O and OH 

sites on their surfaces. For this purpose, the shifts in the O 1s and Al 2p core 

level binding energies were evaluated, while taking into account the factors that 

might contribute to this.  

It was found that for structurally comparable oxides, the core level binding 

energies can be directly used to evaluate the acid-base properties of the various 

surface sites. Despite that quite different pretreatments were used to prepare 

the different aluminium substrates it was, quite surprisingly, found that their 

Al, O and OH sites had the same acid-base properties. The pseudoboehmite 

oxide deviated, having more basic Al, O and OH sites on its surface. This could 
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be explained by the fact that the localised coordination structure in this oxide is 

different from the other oxides.  

 

The aim of Chapters 5 and 6 was to study the same set of pretreated 

aluminium substrates with respect to their bonding with polymers. To allow for 

a detailed investigation, a model adhesion compound approach was followed. A 

given polymer is simplified to a small molecule, containing the same, for 

bonding relevant, functional groups. The compounds were adsorbed on the 

aluminium substrates as a thin layer. Subsequently, bonding of the compounds 

was studied using infrared reflection absorption spectroscopy (FTIR-RAS). The 

bonding of two general classes of organic functional groups was investigated: 

functional groups capable of chemisorption with the oxide surface and functional 

groups capable of physisorption. From a macroscopic adhesion point of view, 

chemisorptive bonding is preferred over physisorptive bonding because the 

bonding energy is roughly an order of magnitude larger. Model compounds 

based on carboxylic acids were chosen to represent functional groups capable of 

chemisorption and model compounds based on ester groups were chosen to 

represent functional groups capable of physisorption.  

Despite the different surface treatments, the organic functional groups 

interacted very similarly with the different substrates. The carboxylic acid 

functional groups reacted to form a (strongly) chemisorbed carboxylate and the 

ester functional groups showed (weaker) physisorptive bonding. This 

corresponds well with the XPS measurements discussed in Chapter 4, where it 

was demonstrated that the sites on the different oxide layer surfaces have in 

fact the same acid-base properties. Surprisingly however, also bonding with the 

pseudoboehmite type of oxide was found to be the same as for the other oxides, 

while this oxide was found to have more basic hydroxyls. This discrepancy was 

ascribed to the fact that in XPS not the true outer surface, but approximately 

the outer five Al-O layers are being investigated and so also a portion of the 

internal hydroxyls are being measured, which for pseudoboehmite have 

deviating properties as a result of internal hydrogen-bonding.  

Clear differences were found among the differently pretreated substrates 

with respect to the amount of organic functional groups that could bond to 

their surfaces. It was found that the substrates with more hydroxyls on their 

surfaces were capable of bonding both more carboxylic and also more ester 

functional groups. This clearly showed that interaction of both classes of organic 

functional groups occurs through the hydroxyls on the oxide surface. It is 

believed that this can be extrapolated and that most probably all organic 

functional groups will interact with the studied aluminium substrates through 



  General overview and discussion 

  225 

their hydroxyls. It is sometimes suggested in the literature that interaction of 

organic functional groups with ambient-exposed aluminium substrates can also 

occur through incompletely coordinated cations, which would be much stronger 

bonding sites that the hydroxyls. However, despite that a range of differently 

pretreated aluminium substrates was investigated, no evidence could be found 

supporting this. It is believed here that although incompletely coordinated 

cations can be present on the oxide surfaces of strongly dehydroxylated oxide 

layers and under vacuum conditions, they rapidly react away with water and 

oxygen when exposed to the ambient.  

Based on these results it can be concluded that with the studied, relatively 

simple but commonly used surface treatments, it is not possible to achieve a 

different type of bonding with the studied organic functional groups. However, 

the amount of bonds that can be formed can be modified through the amount of 

hydroxyls on the oxide surface. For this reason, for optimal bonding between a 

polymeric overlayer (e.g. a coating or and an adhesive) and an aluminium oxide 

surface, one should try to maximise the number of hydroxyls on the oxide 

surface through a suitable surface treatment. A very elegant and simple surface 

treatment by which such a surface can be obtained is considered to be boiling in 

water, with which the studied pseudoboehmite oxyhydroxide layer is obtained.  

 

The fact that bonding of organic functional groups proceeds through 

hydroxyls probably also has implications for the durability of the macroscopic 

bond between a polymeric overlayer and an aluminium oxide surface. The 

interfacial area between an aluminium substrate with a low number of 

hydroxyls and a polymeric overlayer will likely be a ‘patchwork’ of sites at 

which there is no bonding and sites at which there is organic functional 

group/hydroxyl interaction. At sites where there is no bonding, water can be 

imagined to be capable of freely condensating, causing the onset of macroscopic 

delamination of the polymer.  

 

Both the chemisorbing carboxylic acid and the physisorbing ester functional 

groups were found to not give an absolutely stable bonding with the aluminium 

oxide surface in the presence of water. Differences among the oxides were not 

observed. Some differences in bonding stability of the different studied 

compounds were however observed. A chemisorbed monocarboxylic acid model 

compound was rapidly displaced by water but a chemisorbed bicarboxylic acid 

could resist water for a prolonged period. A physisorbed bifunctional ester was 

rapidly displaced by water, but a physisorbed tetrafunctional ester showed a 

better stability, although not as good as the bicarboxylic acid. A molecule thus 
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shows a better bonding stability when it can form more bonds with the oxide 

surface. These differences are considered to be a purely kinetic effect. With more 

bonds per molecule, more bonds need to be displaced simultaneously by water 

before the whole molecule can be displaced from the surface. This also directly 

applies to polymers. For a polymer, a large number of bonds with the oxide 

surface need to be simultaneously displaced by water before delamination 

occurs. The limited stability of the adsorbed molecules however demonstrates 

that eventually this will happen. The results indicate some differences in 

bonding stability between the carboxylic acid and the ester functional group. 

The carboxylic acid based molecule with two chemisorptive bonds with the 

oxide surface shows a stable bonding, while an ester molecule having four 

physisorptive bonds with the oxide surface does not show a stable bonding. This 

implies that a polymer, capable of chemisorption, will show a more water-stable 

bonding with an aluminium oxide surface than a polymer only capable of 

physisorption. For this reason, when selecting polymers for organic overlayers, 

for an optimal adhesion performance, one should select polymers capable of 

chemisorption. 

 

In Chapter 7 it was demonstrated that an initially ‘clean’ aluminium oxide 

surface, exposed to the ambient atmosphere, quite rapidly adsorbs air-borne 

contamination and water. These adsorbed species cannot be displaced anymore 

using solvents, as are widely used in industry to clean metallic substrates. It 

was found that within 20 hours of ageing in the ambient, the oxide surface was 

found to have irreversibly lost 60% of its initial bonding capacity towards 

organic functional groups. This has a direct influence on the adhesion of applied 

polymeric overlayers. As a result of the adsorbed species, the interfacial region 

between the polymeric overlayer and the substrate will be a patchwork of sites 

at which there is bonding and sites at which there is no bonding because 

contamination is strongly adsorbed on the oxide surface. Water can be imaged 

to be capable of freely condensating at the non-bonding sites, causing the onset 

of macroscopic delamination of the polymeric overlayer.  

 

From an experimental point of view, the combined use of infrared 

spectroscopy for studying bonding of organic molecules and XPS for studying 

the chemistry of the aluminium oxide surface is considered to be the most 

suitable for the kind of research performed in this thesis.  

This thesis is considered to clearly demonstrate that infrared spectroscopy 

can be used to study the type of bonding with the oxide surface for a wide 

range of organic functional groups. The technique is comparably cheap, easy to 
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employ, does not require a vacuum environment and is non-destructive. It 

allows to readily distinguish between esters and carboxylates and can also 

determine their bonding with the oxide surface. Studying bonding with for 

example XPS is considered to be less accurate. All oxygen-functionality 

(including that of the oxide) will be contained in the O 1s core level peak and 

all carbon-functionality in the C 1s core level peak. Accurate curve-fitting and 

detailed knowledge of the peak positions is then a requirement. The results in 

Chapter 3 on the hydroxyl concentration determination show that already for 

the oxide layer itself, this is not an easy task.  

For the quantitative determination of the composition and chemistry of the 

oxide layer, the XPS is however very suitable, as was demonstrated in Chapters 

3 and 4. It should however be kept in mind that even under the experimental 

conditions at which maximum surface sensitivity is obtained, still the outer 5 

Al-O layers are being investigated. This turned out to be a disadvantage in the 

current thesis for the determination of the acid-base properties of the 

pseudoboehmite type of oxide layer, see above. FTIR is considerably less 

suitable for this purpose. For example, hydroxylation of the oxide layer only 

shows up as broad shoulders around the main Al-O peak, see for example 

Chapter 5 and information on the amount of hydroxylation cannot be readily 

obtained. 

 

Some points were not addressed in this model compound and oxide layer 

work, which might be suitable topics for future research. First, the bonding of 

model compounds was only studied with a 99.5% pure AA1050 aluminium alloy. 

In practice however, alloyed aluminium is often being used. Alloys can for 

example have exposed precipitates, intermetallics and magnesium enrichment at 

their surfaces. On these sites, the bonding with the polymeric overlayer can 

deviate from that of the aluminium matrix. It might for example be that certain 

types of sites have a significantly lower bonding capacity than the aluminium 

matrix. A polymeric organic overlayer will then macroscopically only bond 

weakly at the position of these sites, generating starting sites for macroscopic 

delamination of a polymeric overlayer. An investigation of these phenomena 

requires the use of analytical methods, which are capable of performing spatially 

highly localised measurements, like a Scanning Auger Microscope.  

Promising replacements for commonly used corrosion-improving surface 

treatments are self-assembling monolayers (SAM’s). A SAM layer is made by 

adsorbing small aliphatic organic molecules on the surface which forms a closely 

packed, dense monolayer. This layer prevents the penetration of water and 

aggressive ions like chlorides, hence protecting the metal surface towards 
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corrosion. Moreover, the layers are also considered suitable for improving 

bonding between an organic polymeric overlayer and a metallic substrate. In 

this case, the molecules are chosen to have two functional end groups, separated 

by a central aliphatic spacer. Although also in this thesis thin organic layers 

were investigated, a translation towards SAM’s has not been made. For 

example, the structural organisation of the adsorbed model compounds was not 

investigated and the extent of surface coverage was also not determined. The 

work performed in this thesis is however considered to provide a good starting 

point for such an investigation.  

 

In Chapter 9 until 11, adhesion and delamination is investigated for 

polymeric overlayers on metallic substrates.  

 

In Chapter 9, the adhesion of a typical epoxy-coated aluminium system was 

investigated for exposure to water of different exposure temperatures. The 

coating was found to quite rapidly loose its adhesion upon exposure to water. 

At higher exposure temperature, this occurred faster and more extensively. This 

rapid loss of adhesion corresponds well with the results in Chapter 8, where it 

was demonstrated that the studied epoxy-coating only bonds through 

physisorptive hydrogen-bonding and these bonds are not stable in the presence 

of water. After the initial loss, the adhesion of the coating was however found to 

recover again and even exceeded the adhesion prior to exposure. At a higher 

exposure temperature, the extent of adhesion improvement was larger. The 

improvement could be ascribed to the growth of a thin oxyhydroxide layer on 

the aluminium substrate, which forms a new, water-stable and stronger bond 

with the epoxy coating. Generally, in the structural adhesive bonding industry, 

the formation of an oxyhydroxide layer in an adhesive bond is considered to be 

detrimental. The differences with the epoxy-coated aluminium studied in this 

thesis can likely be found in large differences in initial adhesion strength. 

Structural adhesives are heavily chemically modified and as a result bond 

strongly with the oxide surface. If an oxyhydroxide layer is formed in this 

system as a result of exposure to water, also here the bond with the adhesive is 

expected to further improve. However, the adhesion of the oxyhydroxide layer 

on the aluminium substrate becomes the weakest link in the system. System 

failure then occurs at a lower than the initial strength with the detachment of 

the oxyhydroxide layer from the substrate. In contrast, the studied, chemically 

unmodified, epoxy coating only gives very low initial adhesion strength. 

Improvement of adhesion occurs with the epoxy but not so extensively that the 
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adhesion between the oxyhydroxide layer and the aluminium substrate becomes 

the weakest link.  

In general, the immersion of polymer-coated aluminium in hot water, 

resulting in adhesion improvement, is considered to be a very elegant method of 

improving the adhesion. For example, deformation of a polymer-coated 

substrate is known to cause large interfacial stresses or even delamination of the 

polymer. It might be possible to ‘recover’ the adhesion of the substrates by 

immersion in hot water.  

 

Although the adhesion improves upon exposure to water, the initial stage of 

loss of adhesion should be prevented, because it could for example allow 

diffusion of chlorides across the interface for exposure of not intact coatings to 

chloride-containing solutions. Based on the knowledge acquired throughout the 

thesis, in Chapter 10, two methods were followed to improve the adhesion 

performance of the epoxy coated-aluminium system. The methods were 

deliberately chosen to be easy to apply and without requiring a chemical 

modification of the epoxy coating.  

Because the epoxy-coating only bonds through physisorption with the oxide 

surface, see Chapter 8, it appears logical to try to improve the adhesion by 

modifying the system so that the epoxy-coating bonds forms a chemisorptive 

bond with the oxide surface, which was found to be more stable in presence of 

water, see above. To achieve this, in the first method of adhesion improvement, 

an interfacial polymeric layer, having a thickness of around 10 nm, is added 

between the epoxy coating and the aluminium substrate. The functional groups 

of this thin interfacial layer were chosen to be able to chemisorb on the oxide 

surface but also to be capable of being involved in the curing reaction with the 

epoxy coating, hence strongly linking epoxy and aluminium substrate together. 

Polymeric interfacial layers based on anhydride, carboxylic acid and phosphonic 

acid functional groups were chosen for this purpose. The best adhesion 

performance was obtained using the anhydride based polymeric interfacial layer. 

The layer was involved in the curing reaction with the epoxy coating and a 

cured and mixed epoxy/polymer interphasial region was formed. The other two 

polymers also showed involvement in the epoxy curing reaction, but a weakly 

cured mixed epoxy/polymer interphasial region was formed. As a result, for the 

other two polymers, the adhesion performance of the system as a whole was 

only limitedly improved or even showed a decrease. Although not attempted, by 

optimising the curing parameters, also for these two other polymers it might be 

possible to form a well-cured interphasial region. The results obtained for the 

other two polymers emphasize the disadvantages of this method of adhesion 
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improvement. Adding an extra layer also causes the addition of extra 

uncertainties in the system. The same types of interfacial polymeric layers are 

considered to be also useful to improve the adhesion performance for other types 

of polymeric overlayers.  

In the second method of adhesion performance improvement, the aluminium 

substrates were hydrated by immersion in boiling water, prior to application of 

the epoxy, resulting in the formation of a pseudoboehmite oxyhydroxide layer. 

This surface treatment was also studied in Chapters 3 until 6 of this thesis, and 

was identified as being very suitable for giving a good adhesion performance 

because of the large number of hydroxyls on the surface, see above. 

Additionally, the pseudoboehmite layer is very porous, providing the capability 

of improvement of adhesion performance through mechanical interlocking 

between epoxy-coating and aluminium substrate. The studied epoxy coating was 

found to be capable of fully penetrating the porous layer. The pseudoboehmite-

based system showed a very good adhesion performance, which was even better 

than the results obtained with the polymeric interfacial layers. Apparently, 

although a chemisorbed bond is not formed with the oxide surface, this is 

compensated by the other beneficial properties of the pseudoboehmite layer.  

 

In Chapter 11 of this thesis, a new experimental technique was discussed, 

which is capable of studying delamination with a high spatial resolution. The 

technique is based on the transport of thermal waves through matter and their 

reflection at buried interfaces. In the Chapter, it was shown that the technique 

can very accurately study localised, macroscopic delamination. Some model 

samples and also more realistic samples were studied to demonstrate the 

capabilities of the technique. Optically invisible delamination spots, having a 

size of 100 µm were clearly identified on the inside of a drinking can. These 

spots were due to holes on the steel substrate which were not filled with 

polymer during the application process. In these delamination spots, water can 

freely condensate, making them likely starting points for corrosion occurring 

beneath the organic coating.  

 

 



  231 

 
SUMMARY. 
 

The aim of this PhD work was to obtain knowledge on the adhesion between 

polymers and aluminium and the influence of water on this.  

The first part of this thesis (chapters 3 until 8) describes a relatively 

fundamental investigation of these phenomena. With the current experimental 

techniques it is not possible to directly investigate the metal-polymer interface. 

For this reason, a model approach was followed in which the polymer is 

simplified to a molecule, having the same, for adhesion relevant, functional 

groups. This molecule is adsorbed on the aluminium oxide surface as a thin 

layer. It is then possible to directly investigate the bonding between the 

molecule and the oxide surface. The model investigation focussed on some 

specific aspects. First, it is investigated how polymers in general bond with the 

aluminium oxide surface. Also, the relation is investigated between the 

composition and chemistry of the oxide surface and the way this influences 

bonding of the polymers. Finally, it is investigated whether the bond between 

the polymer and the aluminium oxide surface is stable in the presence of water. 

The investigation shows that specifically the hydroxyls (OH) on the oxide 

surface are crucial for the adhesion between polymers and aluminium. The 

investigation has also shows that the bonds between the polymer and the oxide 

surface are only limitly stable in the presence of water. 

The second part of the thesis (chapters 9 and 10) describes an investigation 

into adhesion and loss of adhesion in the presence of water for a real epoxy 

coating on an aluminium substrate. This system is commonly found in drinking 

cans, cars and planes. The investigation shows that the epoxy/aluminium 

adhesion is not stable in the presence of water and that already quite rapidly a 

significant amount of water accumulates at the interface. After the initial loss 

however, the adhesion recovers and becomes even better than prior to exposure. 

This is due to the formation of a very thin oxyhydroxide layer on the 

aluminium substrate, as a result of the reaction between aluminium and water. 

The initial loss of adhesion should be prevented in practice. For this reason, two 

different methods were followed to improve the adhesion and durability between 

the epoxy coating and the aluminium substrate. This resulted in the 

development of two types of epoxy-coated aluminium systems, having an 

improved adhesion and durability. Finally, in this thesis, a new experimental 

technique is discussed, based on a focussed laser beam, which is very suitable for 
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studying delamination between polymeric coatings and metallic substrates with 

a high spatial resolution.  
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SAMENVATTING. 

 

Het doel van dit promotie-onderzoek was het verkrijgen van kennis op het 

gebied van de hechting tussen polymeren en aluminium en de invloed die water 

hier op heeft.  

Het eerste stuk van het proefschrift (hoofdstukken 3 tot en met 8) beschrijft 

een relatief fundamenteel onderzoek hiernaar. Met de huidige experimentele 

technieken is het niet goed mogelijk om direct op het grensvlak tussen een 

polymeer en een metaalsubstraat te kijken. Om dit toch mogelijk te maken is 

een modelbenadering gevolgd, waarin het polymeer wordt vereenvoudigd tot een 

enkel modelmolecuul met dezelfde, voor hechting relevante, functionele groepen. 

Dit modelmolecuul wordt vervolgens geadsorbeerd op het aluminium-oxide-

oppervlak als een zeer dun laagje. Hiermee is het mogelijk om de binding tussen 

het molecuul en het oxide-oppervlak te bestuderen. Het model-onderzoek heeft 

zich op een aantal punten geconcentreerd. Allereerst is onderzocht hoe 

polymeren in het algemeen met aluminium-oxide oppervlakken binden. Ook is 

de relatie onderzocht tussen de samenstelling en chemie van het oxide-oppervlak 

en de manier waarop dit de binding met het polymeer beïnvloedt. Tenslotte is 

onderzocht of een binding tussen een functionele groep in een polymeer en een 

aluminium oxide oppervlak stabiel is in aanwezigheid van water. Het onderzoek 

heeft aangetoond dat met name de hydroxyl (OH) groepen aan het oxide-

oppervlak van cruciaal belang zijn voor hechting tussen polymeren en 

aluminium. Daarnaast heeft het onderzoek ook aangetoond dat de bindingen 

tussen een polymeer en een aluminiumsubstraat beperkt stabiel zijn in 

aanwezigheid van water, maar na verloop van tijd loslaten. 

Het tweede stuk van het proefschrift (hoofdstukken 9 en 10) beschrijft een 

onderzoek naar hechting en verlies van hechting onder invloed van water voor 

een echte epoxy-coating op een aluminium substraat. Dit systeem komt 

veelvuldig voor in de praktijk, bijvoorbeeld in aluminium blikjes, auto’s en 

vliegtuigen. Het onderzoek laat zien dat de epoxy/aluminium binding niet 

stabiel is bij blootstelling aan water en dat er zich al vrij snel significante 

hoeveelheiden water ophopen op het grensvlak. Na dit initiële verlies herstelt de 

hechting zich en wordt zelfs beter dan voor blootstelling aan water. Dit is het 

gevolg van de groei van een dun hydroxide-laagje op het aluminium substraat 

door de reactie tussen aluminium en water. Het initiële verlies van hechting 

moet in de praktijk voorkomen worden. Er zijn daarom 2 methodes toegepast 

om te zorgen voor een sterkere en meer stabiele hechting tussen de epoxy-

coating en het aluminium substraat. Dit resulteerde in twee typen van epoxy-
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gecoate aluminium systemen met een significant betere hechting en 

duurzaamheid. Tenslotte wordt in dit proefschrift nog een nieuwe meettechniek 

besproken die zeer geschikt is om met een hoge resolutie macroscopische 

onthechting tussen polymeren en metaalsubstraten te onderzoeken, met behulp 

van een gefocusseerde laserbundel. 
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