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Abstract  
 
In order to extend the applications of aluminium, organic coatings may be applied on 
sheet materials, for instance for corrosion protection or aesthetic surface finish purposes 
in the automotive and construction industries, or on foil materials in the flexible 
packaging industry. 
 
The most common mechanisms for deterioration and structural failure of organically 
coated aluminium structures are triggered by exposures to the surrounding environment. 
Despite the great importance to elucidate the influence of exposure parameters on a 
buried aluminium/polymer interface, there is still a lack of knowledge regarding the 
mechanisms that destabilise the structure. It is generally believed that a detailed in situ 
analysis of the transport of corroding species to the buried interface, or of surface 
processes occurring therein, is most difficult to perform at relevant climatic and real-time 
conditions. 

 
In this work, Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) in the Kretschmann-ATR configuration was successfully applied to in situ 
studies of the transport of water and ionic species through polymer films to the 
aluminium/polymer interface upon exposure to ultra pure deionised water and to a 1 M 
sodium thiocyanate (NaSCN) model electrolyte. Other main processes distinguished were 
the formation of corrosion products on the aluminium surface and swelling of the surface-
near polymer network. Hence, in situ ATR-FTIR was capable to separate deterioration-
related processes from each other.  
 
To perform more unambiguous interpretations, a spectro-electrochemical method was 
also developed for in situ studies of the buried aluminium/polymer interface by 
integrating the ATR-FTIR technique with a complementary acting technique, Electrical 
Impedance Spectroscopy (EIS). While transport of water and electrolyte through the 
polymer film to the aluminium/polymer interface and subsequent oxidation/corrosion of 
aluminium could be followed by ATR-FTIR, the protective properties of the polymer as 
well as of processes at the aluminium surface were simultaneously studied by EIS. The 
integrated set-up provided complementary information of the aluminium/polymer sample 
investigated, with ATR-FTIR being sensitive to the surface-near region and EIS being 
sensitive to the whole system. While oxidation/corrosion and delamination are difficult to 
distinguish by EIS, oxide formation could be confirmed by ATR-FTIR. Additionally, 
while delamination and polymer swelling may be difficult to separate with ATR-FTIR, 
EIS distinguished swelling of the polymer network and also identified ultimate failure as 
a result of delamination. 
 
The capability of the integrated ATR-FTIR / EIS in situ technique was explored by 
studying aluminium/polymer systems of varying characteristics. Differences in water and 
electrolyte ingress could be monitored, as well as metal corrosion, polymer swelling and 
delamination. 
 
Keywords: ATR-FTIR; EIS; spectro-electrochemical; interface; aluminium; polymer  
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1. Introduction 
 

1.1 Aluminium as construction material 
 
Since aluminium is a metal with low density and good mechanical strength, especially 
when alloyed, it is useful in a wide range of applications including the building, marine, 
microelectronics, aerospace and automotive industries 1.  
 
Aluminium alloys are used in several components by car manufacturers in the 
advancement of the light vehicle technology to decrease the fuel consumption. In 
connection with this, adhesive bonding is an advancing joining technique. Adhesive 
bonding contributes to saving weight, reduces stress concentrations, provides damping 
and insulation functions and reduces the impact of heat affected zones. It also provides 
increased design versatility by allowing different metals to be joined together, by joining 
aluminium to for instance plastics, and for joining of more advanced geometric 
configurations 2. 
 
For corrosion protection and for aesthetic surface finish purposes, organic coatings may 
be applied to both untreated and pre-treated aluminium sheet materials. Organic coatings 
are also used on untreated aluminium foils in the flexible packaging industry.  
 
In contact with air, a thin layer of aluminium oxide (Al2O3) is spontaneously formed on 
an aluminium surface. Normally, the oxide film formed in air at ambient temperature is 
only about 2.5 nm thick, although, if damaged, the film immediately reforms 1. This 
makes untreated aluminium alloys relatively well protected towards further corrosion. 
 
Upon environmental exposure, hydration of the outer surface leads to multilayered films 
of oxy-hydroxides (AlOOH), hydroxides (Al(OH)3) and surface hydroxyl groups as 
displayed in Figure 1.1. This transformation of aluminium oxide is considered responsible 
for the formation of a weaker boundary layer which affects the stability of adhesion. 
 
 

                          
Figure 1.1. The formation of a multilayered film due to 
hydration and surface hydroxylation of the oxidised 
aluminium surface. 
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1.2. Failure modes of metal/polymer interfaces 
 
The protective capacity of a polymer film is strongly connected to its barrier properties 
towards the penetration of water and gases to the interfacial region, and to its dielectric 
properties which determine the electrolytic resistance. Additionally, by separating the 
anodic substrate from species involved in cathodic reactions, such as water and oxygen 
gas, the polymer film also acts like an ohmic barrier between the anodic and cathodic 
sites 3-10. 
 
The thermodynamic stability of an aluminium/polymer interface is essential for the 
durability of organically coated metals and for the long term mechanical stability of 
adhesively bonded metal structures. Although stronger chemical bonds, as for instance 
hydrogen-bonding, contribute to the adhesion of a polymer film to an oxidised aluminium 
surface, the adhesion is to a large extent due to weaker physical interactions such as van 
der Waals forces. As the latter are easily replaced by more stable bonds formed between 
the above-mentioned oxide and water 11-14, water penetration through the polymer to the 
oxidised aluminium surface is detrimental. Additionally, water penetration contributes to 
the formation of a corrosive environment at the metal/polymer interface.  
 
Apart from debonding due to water film formation at the interface, delamination may also 
occur as a result of a specific corrosion process. One common mechanism for loss of 
coating adhesion on aluminium is anodic undermining which comprises several 
mechanisms where loss of adhesion is obtained at low pH through anodic dissolution of 
the aluminium or of the protective oxide film. Cathodic delamination is, on the other 
hand, caused by alkalinity at the interface as a result of cathodic activity underneath the 
coating and is determined by the rate of the cathodic reaction 15, 16. On aluminium alloys, 
anodic undermining is believed to be the dominating mechanism for loss of adhesion and 
it is suggested to be the most likely mechanism for filiform corrosion on coated 
aluminium 17. If the transport of water along the interface is hindered by corrosion 
product formation, or by strong adhesive bonds, localized blistering will occur rather than 
delamination 8. Cathodic blister formation occurs in alkaline environment and in the 
vicinity of defects or conductive pathways 16, 18, while anodic blistering demands a low 
pH to proceed 16. Osmotic phenomena, as osmotic blister formation and accumulation of 
water at the interface, may result from the presence of corrosion products at the metal 
surface and from hydrophilic material present due to contamination 8, 19. Additionally, 
stress driven transport of interfacial water along the interface has been found to induce a 
bending moment by in-plane compressive stress of the blistered film 18. 
 
Apart from promoting corrosion and deterioration at the metal/polymer interface, the 
penetrating medium may also cause alterations of the polymer film itself 5, 7, 20, 21. 
Adhesive plasticization and swelling may be reversible, but the introduction of swelling 
may lead to irreversible processes such as cracking, crazing or hydrolysis of the adhesive.  
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1.3. Transport through polymer films 
 
Molecules may be transported across an intact polymer film by means of activated 
diffusion through holes formed as a result of segmental motion of the polymer network 8, 

22 and the transport is often determined by a concentration gradient, dc/dz, between the 
outside environment and within the polymer film 23. The flux of matter, J, through a 
polymer film can be expressed by Fick’s first law in terms of the concentration gradient 
and the diffusion coefficient, D, of the penetrating medium (1) 23. 
 

dz
dc

DJ −=              (1) 

 
For a free polymer film of insignificant degree of swelling, gravimetrical absorption data 
may fit to a single Fickean diffusion coefficient and the mass transport of the penetrating 
media can be given by (2), where L is the sample thickness and Mt and M� represent the 
mass sorbed at the time t and at equilibrium, respectively 24, 25. 
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Fickean sorption is characterized by a linear mass increase versus the square root of time, 
which slows down as equilibrium is approached. Anomalous, non-Fickean, sorption can 
be further divided into different modes 24. The Case II mode is characterized by a sharp 
concentration profile and its linear time behaviour. For systems of significant swelling, a 
two-stage model may produce a more accurate fit. Usually, an initial Fickean sorption is 
followed by a period of impeded sorption, thus two diffusion coefficients describe the 
process. If sorption is coupled to an immediate swelling, with the dry inner core initially 
exerting compressive stresses on the wet outer layers, a sigmoidal mode results in an S-
shaped sorption profile. 
 
The main sorption modes of water within a polymer network are bulk dissolution, 
clustering of water molecules, hydrogen-bonding to hydrophilic groups in the polymer, 
and adsorption onto free volume micro-voids 26-28. Generally, water molecules within a 
polymer network is more weakly hydrogen bonded than in a pure water network 29 and, 
due to the high degree of defects introduced in the water structure, interstitial water 
appears different from bulk water 29-32. Different theories exist regarding water sorption in 
a polymer network. One theory divides hydrogen-bonded water to a polymer into loosely 
and strongly hydrogen-bonded 31. Loosely hydrogen-bonded water diffuses into the 
network and breaks the inter-chain van der Waals forces, thus promotes an increased 
segmental mobility and swelling. Strongly hydrogen-bonded water, on the other hand, is 
restricted in movement due to compression or to strong interactions between the water 
molecules and the polymer, thus may form secondary cross-links. A second theory 
divides the sorbed water into three forms with regards to its various thermodynamic 
properties 32, 33. For polymer films with pores and irregularities present in the structure, 
transport may additionally take place by non-activated diffusion. Further pathways may 
also be provided by the presence of additives, such as pigmentation, in the polymer 8.  
 
The chemical processes that affect the permeability and susceptibility to ageing are 
strongly dependent on the structural and chemical properties of the polymer. For instance, 
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the solubility of water, the degree of swelling and the mode of relaxation are influenced 
by the exposure time, the degree of polymer hydrophilicity, and the porosity of the 
polymer matrix 7, 26, 34, 35. Additional factors are the curing conditions of the film, the 
properties of the penetrant, as well as the surrounding temperature and partial pressure  3, 

7, 36, 37.  
 
The presence of an electrolyte will affect the water activity and leads to a decreased water 
uptake as compared to deionised water 23. There are different theories concerning the 
transport of electrolytes through polymer films.  Mayne suggested that negatively charged 
pore walls act as selectively permeable membranes towards cations 4. This is an ion-
exchange process where ions are assumed to pass through the polymer matrix. On the 
other hand, Corti claimed that the passage of cations is impeded due to their electrostatic 
attraction to the charged pore walls, while the passage of anions through the pores is 
unaffected 7. Additionally, Kinsella identified areas of different types of conduction 
behaviour within one polymer film and, accordingly, the film resistance either coincides 
with the solution (pore transport) or acts against that of the solution (bulk transport) 6. 
Localized areas of electrolytic conductivity may be due to polymer breakdown and with 
time paths of complete penetration will allow the electrolyte to meet the metal oxide 
interface and thereby activating a corrosion cell 15, 20. 
 

1.4. Methodology  
 

1.4.1. Experimental methods for metal/polymer interfaces 
Although crucial for the stability, processes at a metal/polymer interface are difficult to 
study experimentally. Several methods exist to describe separate parts of the process, but 
the transport of water and ions to a metal/polymer interface and the subsequent processes 
at the metal surface are complicated to analyse in detail.  
 
As the use of high vacuum causes alterations of the surface to be studied, the analytical 
technique in question should work at ambient pressure. An additional request for an 
appropriate analytical technique is the capacity for real-time analysis at relevant exposure 
conditions. 
 
Water uptake kinetics and volumetric changes of a free polymer film can be determined 
gravimetrically by following the mass uptake as a function of time. Still, this method does 
not provide any information concerning the solution constituents at a metal/polymer 
interface compared to within the polymer bulk. Additionally, depending on the polymer 
used, the water uptake will be greater either in a free- or in an attached film. An increased 
water uptake in a free film has been assigned to its lack of rigidity, which means that 
distortions due to water penetration occur much faster 7, 38, 39. A greater transport through 
an attached film, although restricted in swelling, has been explained by a higher degree of 
capillary diffusion and by the possibility of accumulation at the interface 39, 40. 
 
Electrical Impedance Spectroscopy (EIS) constitutes a powerful tool for in situ 
monitoring of the transport of water/electrolyte in attached polymer films on metals, as 
well as of corrosion and other processes at the metal surface 41-44. EIS is based on 
modelling of the polymer film as the dielectric of a capacitor and, since it uses very small 
signals which do not disturb the measured electrode properties, it is possible to 
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investigate low conductivity media. The Scanning Kelvin Probe (SKP) can be used to 
follow the water uptake and adhesion of the polymer film during exposure to 
water/electrolyte solutions as well as to humid air, and it also monitors corrosion 
processes and local electrode potentials at the metal surface beneath the polymer film 45, 

46. Additionally, the Scanning Kelvin Probe Force Microscopy (SKPFM) has been used to 
investigate the mechanism of filiform corrosion at a polymer-coated metal surface 47, and 
solid state Nuclear Magnetic Resonance (NMR) spectroscopy 48 and neutron reflectivity 
49 have been used to map the presence and interactions of moisture in the metal/polymer 
interfacial region. For composition studies of attached polymer films, X-ray 
Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion Mass Spectroscopy 
(ToF SIMS) have been used together with an ultra-low-angle microtomy tapering 
technique for depth profiling 14.  
 
Adhesively bonded joint structures have been studied by dielectric techniques. For 
instance, Pethrick et al. determined the quantity and state of water within the polymer and 
also identified hydroxide formation at the metal substrates 50-53.  
 
The transport of ions through polymers has been analysed by molecular probe techniques, 
using ion-specific chromophores 54 and ion-selective electrodes 55 as well as by 
quantitative Electron Probe Microanalysis (EPMA) 56. Additionally, the ionic transport 
through polymer films attached to a metal has been studied using radioactive electrolyte 
solutions 56, 57 and electrolyte solutions doped with a thin film of radioactive material 56. 
 
This work is based on Fourier Transform Infrared Spectroscopy (FTIR), which monitors 
the interaction of an electromagnetic field with an electric dipole which absorbs at a 
certain wave number. FTIR can be employed in different modes; transmission, external 
reflection (as Infrared Reflection Absorption Spectroscopy, IRAS), and internal reflection 
(Attenuated Total Reflection, ATR). Additionally, FTIR micro-spectroscopy can be used 
in both external reflection and transmission modes. Both IRAS and ATR-FTIR possess 
high surface sensitivity, although, while IRAS only works on thin surface films ATR can 
also be applied to thick films and opaque solutions 58-60. One advantage with FTIR over 
many other surface analytical techniques is the possibility to follow corrosion processes 
under in situ conditions. This can be performed under atmospheric conditions, both in 
humid air and in liquids. In the field of corrosion, FTIR is frequently used to study 
corrosion product formation and the degradation of organic coatings. IRAS has been 
applied for in situ studies of atmospheric corrosion 61-63 and of electrochemical reactions 
64, while in situ FTIR micro-spectroscopy in the external reflection mode has been 
applied to study the mechanisms of filiform corrosion beneath a polymer film 65.  
 
In this work, ATR-FTIR in the Kretschmann-ATR configuration is employed for 
empirical studies of the influence of climatic parameters on the aluminium/polymer 
interfacial region. Some corrosion-related studies have been performed using this 
technique, for example electrochemical reactions on iron 66.  On the other hand, studies of 
metal/polymer systems are rare. Some authors detected water at different iron/polymer 
interfaces 45, 67-69 and also corrosion was observed 67. Still, to our knowledge, no 
systematic studies have been performed on metal/polymer interfaces upon environmental 
exposure using this technique, and no such study has been performed on buried 
aluminium surfaces. 
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Additionally, this work introduces an integrated spectro-electrochemical set-up which 
enables in situ ATR-FTIR to be performed in combination with EIS. Spectro-
electrochemical investigations using ATR-FTIR have mostly been performed on uncoated 
metal surfaces for studies of adsorption 70-73 and film formation under potential control 66, 

74. One exception is the study by Nguyen et. al 68, where water transport to an 
iron/polymer interface was followed under potentiostatic conditions. 
 

1.4.2. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy  
For angles of incident infrared radiation greater than the critical angle, �c, total reflection 
occurs at the point of incidence on the inner surface of an internal reflection element 
(IRE). The value of �c is determined by Snell’s law (3), where n1 and n2 are the refractive 
indices of the IRE and of the sample, respectively.    
 

��
	



��
�


=

1

2sin

1

n
n

cθ                (3) 

 
At the point of incidence, incoming and reflected radiation are superimposed to form a 
standing sinusoidal wave normal to the surface in accordance with the field-matching 
boundary conditions imposed by the Maxwell equations 58, 75. The amplitude and phase 
change of this electromagnetic standing wave will depend on the direction of the 
electrical vector of the wave front which is divided into two components in the incident 
plane, tangential to the surface, and one component normal to the incident plane. When 
polarized radiation is used, parallel polarized radiation has electric field components both 
tangential, Ex, and normal, Ez, to the surface, while perpendicular polarized radiation only 
has a tangential component, Ey. 
 
With respect to the Fresnel equations, the interpretation of total reflection is that no net 
flow of energy is transmitted across the IRE surface. However, a non-zero component 
will penetrate into a second, optically less dense, medium held in contact with the IRE 58, 

75. This so called evanescent wave is joined by the boundary conditions at the interface 
and holds an electric field amplitude, E0, that decays exponentially with the distance from 
the IRE surface 76 (Figure 1.2). 
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Figure 1.2. The standing wave amplitude characteristics in the 
vicinity of a totally reflecting interface, with the sinusoidal 
electric field amplitude in the optically dense medium, n1, and 
the exponentially decaying amplitude in the optically less dense 
medium, n2. 

 
 
As this electric field exists in all directions, any dipole will absorb regardless of its 
orientation. However, while the two tangential components, Ex and Ey, are continuous 
across the IRE interface, the normal component, Ez, is discontinuous at the interface. As 
the periodicity of the electromagnetic field in time and space has to be equal at both sides 
of the IRE surface, the fulfilling of the field-matching boundary conditions leads to an 
enhancement of the Ez component electric field strength at the interface 58. Consequently, 
the overall sensitivity will be increased using parallel polarisation. 
 
When the optically less dense medium possesses an absorbing character, thus has a 
complex refraction index, ñ2 = n2 – ik2 (where k2 is the imaginary part), the evanescent 
wave will be accompanied by an irreversible loss of energy. This means that the total 
internally reflected radiation is attenuated and will result in a characteristic spectrum of 
the absorbing medium. 
 
According to Harrick58, the depth of penetration, dp, should be defined as the distance 
from the IRE where the electric field amplitude has decreased to 1/e of its value at the 
surface. For a non-absorbing interface, a value of dp can be calculated according to (4), 
where θ is the angle of the incident radiation, λ is the wavelength of the incident 
radiation, n1 is the refractive index of the IRE and n2 is the refractive index of the 
optically less dense medium 58. 
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If an IRE is coated by a polymer film and exposed to a penetrant, any medium transported 
through the film to interact with the evanescent wave within its depth of penetration will 
be detected. As a mixture of polymer and an exposure media of water/electrolyte is only 
slightly absorbing, an estimation of dp can be performed according to (4). As the 
refractive indices of water/electrolyte solutions and polymers usually are in the region of 
~1.3 - 1.5, a constant value of n2 = 1.5 is assumed throughout the experiments. For a 
ZnSe element (n1 = 2.42) covered with a polymer film and at an angle of incident 
radiation of 65°, the value of dp will range from 0.3 to 1.1 �m in the relevant spectral 
region which is equivalent to wave numbers between 3500 and 900 cm-1 (Figure 1.3a). 
 
Despite the strongly absorbing character of metals, a metal film of sub-micron thickness 
deposited onto the IRE will allow the evanescent wave to pass through. This is the so 
called Kretschmann-ATR configuration 77. The influence of a thin metal film on dp is not 
clear 78 and, as (4) is not valid for a strongly absorbing media, an estimation of dp is more 
difficult in this case. However, it seems reasonable to assume a limiting thickness for a 
strongly absorbing metal film through which no evanescent wave can penetrate 79 and that 
the depth of analysis is considerably decreased in the presence of a metal film (Figure 
1.3b).  
 
 

 

 

ZnSe 

0.3-1.1 �m 

65°  

ZnSe 

65° 

  Aluminium 

 
(a)                                                        (b) 

 
Figure 1.3. The ATR-FTIR set-up with an estimated depth of 
penetration (a) and the corresponding set-up using the Kretschmann-
ATR configuration (b). 

 
 
If this thin metal film is subsequently coated by a polymer film, the transport of species to 
the interface as well as changes in the metal/polymer interfacial region can be studied. 
Figure 1.4 shows the set-up used for the surface-near analysis of the buried interface 
between an aluminium film and a polymer. 
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Figure 1.4. The resulting buried interface between an 
aluminium surface and a polymer film upon exposure to 
penetrating media. 

 
 
An enhanced signal has been reported in the presence of deposited thin metal films. This 
phenomenon was initially proposed by Hartstein et al. 80 for evaporated over- and under 
layers of silver and gold, and has been referred to as surface enhanced ATR-spectroscopy 
(SEIRA-ATR). The dominant factor for this enhancement effect is believed to be an 
enhanced localized electromagnetic field developed around the small particles that 
comprise the thin metal films. Contributions to the enhanced field are also likely to occur 
from chemical effects, such as charge transfer interactions between the adsorbate and the 
metal 76, 81-84. This enhancement effect has been documented for several coinage and 
transition metals such  as Cu 83, Pd, Pt 78, Ni 76, 78, Rh, Sn 85, Fe 76, 85 and Al 76.  
 
As the absorption intensity, A, is proportional to the concentration through the Beer-
Lambert law, a diffusion coefficient, D, of any penetrating species into a polymer film 
may be estimated using a relation between (1) and the corresponding ATR-FTIR 
absorption intensity. This relation constitutes an analogue to (2) and can be simplified as: 

 

�
�

	




�
�

�


�
	



�
�

+

�
�
�

	




�
�
�

�


+⋅⋅

⋅

�
�
�

�

�

�
�
�

�

�
−

−=

�
�

	




�
�

�

 −−

�
�

	




�
�

�

 −∞
2

2

2

4

2

2
4

2
2

1

8

1

2

2

Ld

d
e

L
e

e

d

A
A

p

p

d
L

L

tD

d
L

pt

p

p
π

π

π

π

                 (5)  

 
Still, due to the strongly absorbing character of metals, and also due to the possible 
enhancement of the ATR signal, absorption intensities on IRE:s modified with metals are 
difficult to quantify. On the other hand, diffusion coefficients can be derived for a 
polymer film directly attached onto a clean IRE surface by following the ATR-FTIR 
absorption intensity of the corresponding vibration band with time 25. 
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1.4.3. Electrochemical Impedance Spectroscopy 
EIS measures the polymer film capacitance and the resistance towards conductive paths, 
as well as charge-transfer processes at the metal/polymer interface such as corrosion. 
 
Impedance, Z, is a measure of the ability of a system to resist the flow of an alternating 
electrical current and can be expressed with an analogue to Ohm’s law by taking the ratio 
of the voltage amplitude to the current amplitude.  
 

( )
( )ti

tu
Z ∧

∧

=  

 
The impedance relationships may be presented as a Nyquist plot which shows the real 
impedance against the imaginary impedance in the complex plane, or as a Bode plot 
which show either the modulus of impedance,�Z�, or the phase angle versus log 
frequency. The frequency dependence of the phase angle accounts for the time shift 
between the current and voltage sine waves and clearly indicates the presence of different 
time constants 42. For a polymer-coated metal, the properties of the polymer film at 
shorter exposure times can be associated with the frequency region above 103 Hz, while 
the frequency region below 1 Hz provides information on interfacial changes 42. 
However, at longer exposure times these assumptions are not valid. 
 
The interpretation of EIS data for coated metal surfaces is often based on modelling of the 
polymer film as the dielectric part of a capacitor. A physical model of the investigated 
process may be described by an equivalent circuit of electrical elements (resistors and 
capacitors) and other elements representing transport phenomena 21. Figure 1.5(a) 
displays the electrochemical response of an intact polymer film in contact with an 
electrolyte, which may be described as a purely capacitive element, CPolymer in series with 
an electrolytic resistance, RElectrolyte. When a resistive part, RPolymer is introduced within the 
polymer film, any resulting process at the metal surface must be taken into account and 
the circuit will be more complicated. Figure 1.5(b) shows the electrochemical response of 
a metal coated with a permeable film, where the inner circuit describes the general 
impedance of the metal/electrolyte interface, the magnitude of which will depend on the 
rate-controlling step of the electrochemical reaction involved. The element B may for 
instance symbolize a double-layer capacitance at the electrode surface, or a charge 
transfer resistance involved in for example a corrosion reaction, or a diffusion element 
(Warburg impedance) to indicate whether or not electrochemical reaction is limited by 
material transport 42, 43, 86. The two different Nyquist plots displayed in Figure 1.5(b) show 
the response with (I) and without (II) ongoing surface processes, respectively. The two 
semi-circles displayed in (II) indicate a separation between the polymer film and the 
metal substrate 43 and provide information concerning changes at the interface. Often, 
more than one circuit exist to describe the same response, which makes it difficult to 
interpretate the response in terms of chemical and physical parameters 21.  
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(a) (b) 

 
Figure 1.5. Schematic electrochemical characteristics of a polymer-coated 
metal comprising an intact film (a) and a permeable film (b), respectively. The 
electrical circuits constitute a reference electrode (RE) and a working electrode 
(WE). The two different Nyquist plots in (b) display the electrochemical 
response with (I) and without (II) ongoing surface processes, respectively. 

 
 

1.4.4. Integrated ATR-FTIR / EIS 
To our knowledge, no studies have simultaneously combined in situ ATR-FTIR, or any 
other FTIR technique, with electrochemical impedance measurements on polymer coated 
metals. 
 
For the combined spectro-electrochemical studies, an exposure cell was made from 
poly(ether-ether-ketone) with connections for the reference electrode and the counter 
electrode, respectively. The cell enclosed 9.4 cm3 of exposure media and was sealed to 
the sample with a rubber gasket. For the electrical connection, an aluminium wire was 
attached to the working electrode by a conductive epoxy adhesive. The spectro-
electrochemical ATR-FTIR / EIS experimental set-up is shown in Figures 1.6 and 1.7. 
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Figure 1.6. The spectro-electrochemical ATR-FTIR / EIS set-up 
based on the Kretschmann-ATR configuration. A schematic view 
from the side (a) and the exposure cell viewed from top (b). 
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Figure 1.7. The spectro-electrochemical ATR-FTIR / EIS set-up as 
mounted in the Harrick SeagullTM attachment. 
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2. Experimental 
 

2.1. Sample preparation 
 
Aluminium films of 30-140nm thickness were deposited onto IRE hemispheres made 
from ZnSe by high-vacuum evaporation of aluminium (99.9% pure, Ernest F. Fullam 
Inc.), using a JEE-4X/B vacuum evaporator (JEOL Ltd). The aluminium film thickness 
was determined by Inductively Coupled Plasma - Atomic Absorption Spectrometry (ICP-
AAS) after dissolving the aluminium in a weak solution of hydrochloric acid (HCl). 
 
The polymers used were a transparent, one component, adhesive based on nitrile rubber 
and a vinylchloride-vinylacetate co-polymer (Bostik 1782, Bostik Findley AB), a 
transparent alkyd varnish (Syntoflex Klarlack, Becker Industrifärg AB), a pigmented two-
component epoxy adhesive (Auto marine epoxy +300, JB Weld), and a pigmented 
acrylic-based sealant (Rubson Easy Fix, Henkel), respectively. Polymer films of 5-50 µm 
thickness were manually casted onto both aluminium coated and uncoated ZnSe IRE:s. 
Additionally, free polymer films of 0.1-0.3 mm thickness were produced for the 
gravimetric measurements. The thickness of each polymer film was determined by a 
micrometer, and all samples were dried in a desiccator at 25 °C for at least 48 h prior to 
exposure.  
 
The IRE:s were regenerated by dissolving the polymer films in dichloromethane 
(CH2Cl2), and by dissolving the aluminium film in weak HCl. 
 
The samples were exposed either to ultra-pure deionised water (Purelab UHQ, ELGA) or 
to a 1 M sodium thiocyanate (NaSCN) solution (purum, Sigma Aldrich) dissolved in 
ultra-pure deionised water. For the gravimetrical measurements also a 1M sodium 
chloride (NaCl) solution (purum, VWR International) dissolved in ultra-pure deionised 
water was used as exposure medium.  
 
The reason for using a thiocyanate solution as model electrolyte, instead of a more 
technically interesting chloride solution, is that chloride is non-active in the infrared 
region and can not be detected. The thiocyanate ion is a polyatomic pseudo halide ion 
which resembles the halide ion in its chemical properties 87. 
 
For the EIS measurements, an electrical connection to the working electrode was made by 
an aluminium wire attached by a conductive epoxy adhesive (Chemtronics). 
 

2.2 Experimental techniques 
 

2.2.1 Attenuated Total Reflection Fourier Transform Infrared   Spectroscopy 
In situ ATR-FTIR was used to follow the transport of water and ions to the 
substrate/polymer interfacial region. The ATR-FTIR analyses were performed using a 
Bio Rad FTS 175C spectrometer with a DTGS detector and a Harrick SeagullTM multi-
purpose reflection attachment. The measurements were performed using p-polarized 
radiation (KRS-5 and ZnSe wire grid polarizers) and an incident beam angle of 65°. The 
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spectra were obtained in the spectral region of 4500-600 cm-1, using a resolution of 16 
cm-1 and between 56 and 4000 scans. The aluminium-coated ZnSe elements were 
attached to an exposure cell and sealed with a rubber gasket. The size of the exposure cell 
was 0.34 cm3 (only ATR-FTIR) and 9.4 cm3 (integrated ATR-FTIR / EIS), respectively. 
The temperature of the sample was 29 ±1 °C due to heating by the infrared radiation. The 
background spectra were recorded from the dry sample prior to exposure, after which the 
exposure medium was injected into the sample cell using a syringe while temporarily 
removing the cell from the sample compartment (only ATR-FTIR), and from the luggin 
capillary of the reference electrode with the cell still in the sample compartment 
(integrated ATR-FTIR / EIS). The spectra are presented in the absorbance form, 

( )0log RR− , where R is the reflectance of the sample and R0 is the reflectance of the 
background.  
 

2.2.2. Electrochemical Impedance Spectroscopy  
The EIS measurements were performed using an Autolab PGSTAT 302 potentiostat with 
an FRA2 frequency response analyzer (Eco Chemie B.V.). A sinusoidal AC perturbation 
of 15 mV amplitude and open circuit potential was applied to the 1.1 cm2 working area. 
Data were collected between 105 and 0.01 Hz, with 10 points/decade, and a current range 
between 0.01 and 10-7A. The set-up used an Ag/AgCl REF321 XR300 reference 
electrode (Radiometer Analytical SAS) with a luggin capillary and an M241Pt Platinum 
counter electrode (Radiometer Analytical SAS). The results were presented as Bode plots 
with both the modulus of impedance and the phase angle versus log frequency, and as 
Nyquist plots with the real impedance versus the imaginary impedance. 
 

2.2.3. Gravimetrical measurements 
Adhesive films of 0.1-0.3 mm were exposed at 25 °C to ultra pure deionised water, to 1 
M NaSCN and to 1 M NaCl, respectively, and were continuously weighed on a micro-
balance (Sartorius MC210P, 0.05 mg readability). 
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3. Results and discussion 
 

3.1. An ATR-FTIR study of buried aluminium/polymer interfaces 
 

3.1.1. ZnSe and ZnSe/aluminium surfaces exposed to corrosive media  
As a prerequisite for the studies of the polymer-coated vacuum-evaporated surfaces of 
aluminium, samples of pure ZnSe and of ZnSe elements solely coated with a thin 
aluminium film were investigated. Figure 3.1 shows the ATR-FTIR absorption spectra of 
both surfaces upon exposure to deionised water and to the 1 M NaSCN solution, 
respectively. 
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Figure 3.1.  The ATR-FTIR spectra of a pure ZnSe element (—) and a ZnSe 
element coated with a thin aluminium film (�) exposed for 24 hours  to ultra 
pure deionised water (a) and to a 1 M NaSCN solution (b). 

 
 
Upon exposure to deionised water and to the electrolyte solution, both surfaces show a 
broad and strong band between 3700 and 3000 cm-1. Additionally, a narrow peak appears 
between 1700 and 1500 cm-1, with a maximum at around 1650 cm-1, and a broad band 
evolves below 1100 cm-1. In the presence of an aluminium film, an additional band 
appears between 1100 and 900 cm-1, with a maximum at around 935 cm-1. In the presence 
of the electrolyte solution (Figure 3.1b), a narrow peak is observed between 2120 and 
2040 cm-1, with a maximum at around 2070 cm-1, and the ZnSe element coated with a 
thin aluminium film additionally shows a weak shoulder at 2110 cm-1. 
 
The peak at 1650 cm-1 is due to the H-O-H bending vibrations of the water molecule. In 
contact with the pure ZnSe element, water molecules only exist as bulk-like water, 
possibly with a more ordered structure in the vicinity of the surface. On the other hand, at 
a ZnSe element modified with an aluminium film, water may also exist in smaller 
aggregates as incorporated within a porous aluminium oxide/hydroxide film developed on 
the aluminium surface.  
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On the pure ZnSe surface, the band between 3700 and 3000 cm-1 may be assigned to 
symmetric and asymmetric stretching vibrations of water molecules while, in the 
presence of aluminium, contributions to this band can also arise from hydroxyl (-OH) 
stretching vibrations due to aluminium hydroxide formation at the aluminium surface 12, 

88-90. While the ZnSe element coated with a thin aluminium film displays a band 
maximum at 3450 cm-1, the corresponding maximum of the pure ZnSe element is shifted 
to 3370 cm-1 and also shows a pronounced shoulder at 3250 cm-1. Different types of 
interactions may exist between water and the ZnSe surface as compared to between water 
and the oxidised aluminium surface and water may also accumulate within the porous 
corrosion products formed at the aluminium surface. The band positions are also strongly 
related to the optical properties of the IRE 91, thus may be a major reason for the 
divergence in band position obtained when a film of aluminium is applied to a pure ZnSe 
element. Additionally, the dissimilar probing depth of the two substrates is likely to result 
in different proportions of the various water types detected. 
 
As the peak at 935 cm-1, observed in the ATR-FTIR spectra of the ZnSe element coated 
with aluminium, is absent for the pure ZnSe surface, this peak can only be assigned to 
longitudinal stretching vibrations of Al-O 89 and to bending vibrations of Al-OH 88 due to 
oxidation of the aluminium surface. Additionally, librations (frustrated rotations) of liquid 
water 12 contribute to the band below 1000 cm-1. 
 
The peak at around 2070 cm-1 is due to the C=N stretching vibration of the thiocyanate 
species 92, 93. The weak shoulder at 2110 cm-1 is only observed in the presence of the thin 
aluminium film. This implies that the peak at around 2070 cm-1 is due to thiocyanate ions 
in the electrolyte solution, while the shoulder at 2110 cm-1 probably is due to ions that are 
either specifically adsorbed on the oxidised aluminium surface or incorporated within the 
thin surface film of corrosion products 71, 94, 95.  
 

3.1.2. Polymer coated ZnSe/aluminium surfaces exposed to corrosive media 
In order to study changes at the buried aluminium/polymer interface in contact with 
deionised water, samples consisting of a ZnSe element coated with a thin aluminium film 
and a polymer film on top were exposed to ultra pure deionised water. An adhesive based 
on nitrile rubber and a vinylchloride-vinylacetate co-polymer was used as a model 
polymer system. ATR-FTIR spectra obtained after certain exposure times are shown in 
Figure 3.2(a). After 40 minutes of exposure, a  broad and strong band is observed in the 
spectra between 3700 and 3000 cm-1, with a maximum around 3450 cm-1, due to 
stretching vibrations of water molecules and of -OH groups due to aluminium hydroxide 
formation. Additional bands appear at 1650 cm-1 due to the H-O-H bending vibrations of 
the water molecule and below 1100 cm-1. Below 1000 cm-1, librations of liquid water are 
likely to contribute and with time a relatively sharp absorption band appears at around 
1050-850 cm-1, with a maximum at 960 cm-1, due to oxidation of the aluminium surface.  
 
Figure 3.2(b) displays the absorption intensity versus the exposure time for the peaks at 
3450, 1650 and 960 cm-1, corresponding to the stretching vibrations of water molecules 
and hydroxides, to the bending vibrations of water, and to various Al-O vibrations, 
respectively. The slow initial increase of the peak at 960 cm-1 and the corresponding rapid 
increase of the band at 3450 cm-1 indicates water uptake into the polymer network while 
contributions from oxidation of the aluminium surface still is limited. This is also in 
agreement with the increase of the band at 1650 cm-1, solely assigned to water vibrations. 
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For the peak at 3450 cm-1, the lack of a constant absorption level after longer exposure 
times can be related to a subsequent formation of aluminium hydroxide. On the other 
hand, the corresponding lack of a constant level for the peak at 1650 cm-1 could only be 
due to water molecules entering the interfacial region. After penetrating the polymer film, 
water molecules may exist either in the form of a water film at the aluminium/polymer 
interface, as microscopic water-filled cavities (clusters), or as water aggregates 
incorporated within the surface-near polymer network or the porous aluminium 
oxide/hydroxide film. Additional studies (see Paper I) show that the presence of water 
within this porous aluminium oxide/hydroxide film is limited. Hence, the behaviour of 
the peak at 1650 cm-1 is likely due to water being continuously incorporated within the 
polymer network. 
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Figure 3.2. The ATR-FTIR spectra of a ZnSe element coated with a thin 
aluminium film and a polymer film after 40 minutes, 3, 26 and 50 hours of 
exposure to ultra-pure deionised water (a), and the corresponding absorption 
intensity at 3450, 1650 and 960 cm-1 versus the exposure time (b).  

 
 
Next was considered the transport of water and thiocyanate species to the 
aluminium/polymer interfacial region and the subsequent interactions at the aluminium 
surface. Samples consisting of a ZnSe element coated with a thin aluminium film and the 
polymer film on top were exposed to a 1 M NaSCN solution. The corresponding ATR-
FTIR spectra obtained after certain exposure times are shown in Figure 3.3(a). At short 
exposure times, the qualitative results are in agreement with the corresponding exposure 
to deionised water (Figure 3.2a), with stretching vibrations bands of water molecules and 
hydroxides (3700-3000 cm-1), bending vibrations of water (1650 cm-1), and various water 
and Al-O / Al-OH vibrations (below 1100 cm-1). At longer exposure times a narrow peak 
is observed between 2040 and 2120 cm-1, with a maximum at around 2075 cm-1, due to 
the C=N stretching vibration of the thiocyanate ion. 
 
The absorption intensity versus the exposure time for the peaks at 3450, 1650 and 2075 
cm-1, respectively, are shown in Figure 3.3(b). While the water sorption profile shows a 
fast increase to a constant level, the C=N stretching band from thiocyanate increases 
linearly with time. This indicates that the thiocyanate species moves within the polymer 
network with a different transport mechanism than water and is continuously accumulated 
at the interface. In contrast to the exposure to ultra pure deionised water (see Figure 3.2b), 
the peaks at 1650 and 3450 cm-1 reach a constant level. This indicates an insignificant 
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swelling of the polymer backbone (1650 cm-1) as well as a lower corrosion rate of 
aluminium (3450 cm-1) as compared to the previous exposure to deionised water. The 
repressed water ingress is likely due to the smaller osmotic pressure gradient obtained in 
the presence of an electrolyte 96.  
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Figure 3.3. The ATR-FTIR spectra of a ZnSe element coated with a thin 
aluminium film and a polymer after 40 minutes, 4, 23 and 47 hours of exposure to 
a 1 M NaSCN solution (a), and the corresponding absorption intensity at 3450, 
1650 and 2075 cm-1 versus the exposure time (b).  

 
 
To summarise, the ATR-FTIR in situ studies permit information to be gained on changes 
at the aluminium surface and within the surface-near polymer network during exposure to 
water, as well as of the transport of ionic species during exposure to an electrolyte 
solution.  
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3.2. Integrated ATR-FTIR / EIS: Method study 
 
The interactions between the buried aluminium/polymer interface and an electrolyte 
solution were further investigated by using a newly developed analytical set-up where in 
situ ATR-FTIR in the Kretschmann-ATR configuration is combined with EIS. The 
samples consisted of a ZnSe element coated with a thin aluminium film and a polymer 
film on top, using the adhesive based on nitrile rubber and a vinylchloride-vinylacetate 
co-polymer as a model polymer system. ATR-FTIR and EIS measurements were 
performed simultaneously during exposure to a 1 M NaSCN solution, and ATR-FTIR 
absorption spectra after certain times of exposure are presented in Figure 3.4. 
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Figure 3.4.  The ATR-FTIR spectra of a ZnSe element coated 
with a thin aluminium film and a polymer film after 15 minutes, 
2, 10 and 55 hours of exposure to a 1M NaSCN solution. 

 
 
In accordance with the previous results (Figure 3.3a), absorption bands are present due to 
stretching vibrations bands of water molecules and hydroxides (3700-3000 cm-1), bending 
vibrations of water (1650 cm-1), and the C=N stretching vibration of thiocyanate species 
(2075 cm-1). Although librations of the water molecule might contribute to the spectral 
region below 1000 cm-1, the band between 1200 and 900 cm-1 with a maximum at 1000 
cm-1 probably appears due to vibrations of Al-O and Al-OH as a result of oxidation of the 
aluminium surface. In agreement with ATR-FTIR spectra of the polymer, the peaks 
observed between 1600 and 1400 cm-1 after longer exposure times were probably due to 
degradation products of the polymer backbone.  
 
The corresponding EIS result is displayed in Figure 3.5 as Bode impedance (a), Bode 
phase angle (b), and Nyquist plots (c), respectively. 
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Figure 3.5. The impedance response of a ZnSe element coated with a thin 
aluminium film and a polymer film after 15 minutes, 2, 10 and 55 hours of 
exposure to a 1M NaSCN solution, presented as Bode impedance (a), Bode 
phase angle (b), and Nyquist plots (c). 

 
 
After 15 minutes of exposure, the modulus of impedance shows a plateau at low 
frequencies (Figure 3.5a), while the Nyquist plot shows a single depressed 97 semi-circle 
(Figure 3.5c). This indicates the presence of pores or small defects in the polymer film 
that may form electrolytic paths to the aluminium/polymer interface 10, 42, 98. The ATR-
FTIR band simultaneously obtained between 3700 and 3000 cm-1 suggests that 
water/electrolyte had already reached the aluminium/polymer interface (Figure 3.4). 
 
Up to 2 hours of exposure, a significant water uptake across the polymer film is observed 
and followed by ATR-FTIR through the band maximum at 3450 cm-1. The corresponding 
modulus of impedance shows a decrease at frequencies below 10 Hz, while a second 
semi-circle develops in the Nyquist plot and the frequency dependence of the phase angle 
exhibits an additional time-constant 42 (Figure 3.5b). These results are characteristic of a 
surface process such as corrosion due to the water ingress and the formation of a 
liquid/metal interface (delamination) 43.   
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The weak ATR-FTIR band that appears at around 1000 cm-1 between 2 and 10 hours of 
exposure indicates an only limited oxidation of the aluminium surface, thus the 
corresponding EIS response is rather due to partial delamination than to corrosion.  
 
After 10 hours of exposure, the modulus of impedance continues to decrease at 
intermediate frequencies, while the frequency region below ~0.5 Hz experiences an 
increase in impedance. This is more clearly observed as a pronounced low-frequency time 
constant in the phase angle plot and as an increase of the low-frequency semi-circle of the 
Nyquist plot, and suggests a build-up of corrosion products 3, 99. The increase of the ATR-
FTIR band at around 1000 cm-1 confirms that corrosion is taking place at the aluminium 
surface. 
 
Water transport through a polymer film of limited swelling is expected to level out after 
longer times of exposure 24, with a resulting steady-state for the absorbance at 1650 cm-1 

in the ATR-FTIR spectra. As this behaviour is obtained between 10 and 55 hours of 
exposure, the corresponding slight increase in absorbance at 3450 cm-1 is a result from 
aluminium hydroxide formation rather than from swelling of the polymer network. This 
was also confirmed by the still growing band at around 1000 cm-1 due to oxidation of 
aluminium. 
 
While the transport of water, observed at 1650 cm-1, reached a maximum value after 
longer exposure times, the thiocyanate C=N vibration at 2075 cm-1 showed a constant 
growth rate. This indicates that the transport mechanisms of water and thiocyanate 
species were different.  
 
To sum up, this new experimental set-up allows in situ investigation of buried metal/ 
polymer interfaces by simultaneous ATR-FTIR and EIS during exposure to an electrolyte 
solution. The transport of water and electrolyte through the polymer film to the 
aluminium/polymer interface and oxidation/corrosion of the aluminium surface was 
followed by ATR-FTIR, while the protective properties of the polymer film were 
simultaneously studied by EIS.  
 

3.3. Integrated ATR-FTIR / EIS: Study of different aluminium/polymer systems  
 
The interactions between the buried aluminium/polymer interface and an electrolyte 
solution were further investigated by exposing a ZnSe element coated with a thin 
aluminium film and with three different polymers on top to a 1 M NaSCN solution. ATR-
FTIR and EIS measurements were simultaneously performed during the exposure. 

3.3.1. ZnSe/aluminium surfaces coated with a transparent alkyd varnish 
Figure 3.6(a) shows the ATR-FTIR absorption spectra after certain times of exposure to 
the 1 M NaSCN solution for a ZnSe element coated with a thin aluminium film and a 
transparent alkyd varnish film on top. The corresponding absorption intensity versus the 
exposure time for the peaks at 1650 and 2075 cm-1 are displayed in Figure 3.6(b). 
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Figure 3.6. The ATR-FTIR spectra of a ZnSe element coated with a thin 
aluminium film and a transparent alkyd film after 20 minutes, 3, 34 and 75 
hours of exposure to a 1 M NaSCN solution (a), and the corresponding 
absorption intensity at 1650 and 2075  cm-1 versus the exposure time (b). 

 
 
Analogously with the previous results (Figure 3.4), bands due to OH-vibrations of water 
and aluminium hydroxide are observed at 3700-3000 cm-1, as well as the water vibration 
peak at 1650 cm-1, possible water librations below 1000 cm-1, and the peak at 2075 cm-1 
due to thiocyanate species. Similarly to the previous cases, also the peak at around 960 
cm-1 is present and assigned to vibrations of Al-O and Al-OH.  
 
After longer exposure times, additional peaks are obtained at 1725, 1263, 1120 and 1070 
cm-1. Although the peaks at 1120 and 1070 cm-1 may be due to formation of various 
corrosion products, they all coincide with the ATR-FTIR spectrum of the polymer, hence 
are likely due to degraded polymer material. 
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The corresponding EIS result is displayed as Bode impedance plots in Figure 3.7. 
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Figure 3.7. The Bode impedance plots of a ZnSe element coated 
with a thin aluminium film and a transparent alkyd varnish after 
20 minutes, 3, 6, 34 and 75 hours of exposure to a 1 M NaSCN 
solution. 

 
 
The modulus of impedance shows an initial plateau at low frequencies, characteristic of 
resistive properties and indicative of the presence of pores or small defects in the polymer 
film. The absorption band simultaneously observed between 3700 and 3000 cm-1 suggests 
that water/electrolyte had reached the interface (Figure 3.6a).  
 
At prolonged exposure times, the increasing absorption band at 960 cm-1 shows that the 
aluminium surface is oxidised due to the water ingress. As water and ions reach the 
interface, the modulus of impedance is further decreased. This is expected as the 
oxidation process proceeds, although such a decrease could also result from delamination 
of the alkyd film from the aluminium surface without significant corrosion attack.  
 
During the first 34 hours of exposure, the absorption intensities of the ATR-FTIR peaks 
at 1650 and 2075 cm-1 increase with time, but with different kinetics (Figure 3.6b). The 
linear increase of the C=N stretching vibration band at 2075 cm-1 indicates that 
thiocyanate species are continuously transported through the alkyd varnish to the 
aluminium/alkyd interface and are accumulated at the interface within the surface-near 
polymer network or within corrosion products formed at the aluminium surface. Hence, 
the kinetic data up to this time suggest that the alkyd film did not contain larger pores for 
free access to the aluminium/alkyd interface. The absorption intensity at 1650 cm-1 shows 
a deviation from Fickean-like behaviour, with a steadily increasing water uptake which 
indicates either swelling of the polymer network or a partial loss of adhesion of the alkyd 
film from the aluminium surface. As polymer swelling due to water uptake likely results 
in a decreased polymer concentration, with negative peaks displayed in the ATR-FTIR 
spectra with respect to the dry polymer backbone, swelling is assumed to be limited. 
Consequently, the decrease in impedance at high frequencies is likely caused by a partial 
delamination. 
 
After 34 hours of exposure, the modulus of impedance is decreasing in the whole 
frequency region and the absorption intensities at 1650 and 2075 cm-1 increase abruptly. 
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This indicates an onset of delamination and the formation of an electrolyte layer at the 
aluminium surface, which is also confirmed by the frequency-independent response of 
low impedance value obtained in the high frequency region of the Bode plot after 75 
hours of exposure. 
 
According to (5), the water diffusion coefficient of the transparent alkyd varnish attached 
to a pure ZnSe element and exposed to 1 M NaSCN is in the order of ~10-10 cm2/s (see 
Paper III). This is a reasonable value for a polymer film that lack large pores or defects. 
The corresponding free polymer film obtains a maximum weight increase of ~2 wt%. 
 

3.3.2. ZnSe/aluminium surfaces coated with a pigmented epoxy adhesive 
Secondly, a pigmented epoxy resin was applied to ZnSe elements coated with a thin 
aluminium film. Figure 3.8(a) presents the ATR-FTIR absorption spectra after certain 
times of exposure to the 1M NaSCN solution. The absorption intensity versus the 
exposure time for the peaks at 1650 and 2075 cm-1 are displayed in Figure 3.8(b). 
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Figure 3.8. The ATR-FTIR spectra of a ZnSe element coated with a thin 
aluminium film and a pigmented epoxy film after 15 minutes, 3, 11, 41 and 159 
hours of exposure to a 1 M NaSCN solution (a), and the corresponding  
absorption intensity at 1650 and 2075  cm-1 versus the exposure time (b). 
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The ATR-FTIR spectra are similar to the spectra of the previous systems investigated 
(Figures 3.4 and 3.6a), with bands corresponding to the stretching vibrations of water 
molecules and aluminium hydroxide (3700-3000 cm-1), bending vibrations (1650 cm-1) 
and a peak due to the C=N stretching vibration of thiocyanate (2075 cm-1). The broad 
band observed at around 990 cm-1 may be due to oxidation of the aluminium surface or to 
degradation products of the pigmented polymer. Still, as ATR-FTIR spectra of the 
polymer show no peak at 990 cm-1, this band is most likely due to various Al-O and Al-
OH vibrations. However, libration modes of water may also contribute in this region. 
After longer exposure time, additional peaks are obtained at 1510 and 1420 cm-1. These 
are in agreement with peaks of the polymer backbone, thus probably result from polymer 
degradation.  
 
The corresponding Bode impedance plots are shown in Figure 3.9. 
 

10-2 10-1 100 101 102 103 104 105

102

103

104

105

106

107

108

109

1010

1h

41 h

159 h
11h

15 min

Im
pe

da
nc

e,
 /Z

/ (
O

hm
)

Frequency (Hz)

 
Figure 3.9. The Bode impedance plots of a ZnSe element coated with 
a thin aluminium film and a pigmented epoxy after 15 minutes, 1, 11, 
41 and 159 hours of exposure to a 1 M NaSCN solution. 

 
 
The initial plateau of the modulus of impedance observed at low frequencies indicates 
that the epoxy adhesive possesses resistive properties, with water/electrolyte entering the 
polymer network. Still, the corresponding ATR-FTIR spectrum (Figure 3.8a) indicates 
that no electrolyte constituents yet have reached the aluminium/epoxy interfacial region. 
As seen in Figure 3.8(b), a time lag of almost 7 hours is needed for water to reach the 
interface. This is probably due to pigment particles, which impede the transport by 
absorbing the solution until saturation occurs.  
 
After 11 hours of exposure, the modulus of impedance is significantly decreased in the 
whole frequency region, although the epoxy film still shows some protective capacity at 
high frequencies. With time, an additional time-constant is seen at frequencies below ~1 
Hz in connection with an increase in the modulus of impedance. This new capacitive 
behaviour suggests a considerable corrosion product formation that seals the delaminated 
surface and hinders the passage of conducting species to reach the surface by blocking 
pores in the surface-near polymer- and hydroxide networks 3, 99. This hypothesis is 
supported by the significant growth of the broad band at around 990 cm-1 due to 
oxide/hydroxide film formation. 
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The continuous transport of water and thiocyanate species during the exposure indicates 
that no free pathways exist and that the ingress probably occurs through smaller pores or 
by segmental motion of the polymer network (Figure 3.8b). 
 
Disregarding the time lag observed, the water diffusion coefficient of the pigmented 
epoxy adhesive attached to a pure ZnSe element is in the order of ~10-10 cm2/s. This is 
analogous to the value obtained for the transparent alkyd varnish, although the maximum 
weight increase of the corresponding free epoxy films exposed to the 1 M NaSCN 
solution is ~ 4 wt%. 
 

3.3.3. ZnSe/aluminium surfaces coated with a pigmented acrylic-based sealant 
Finally, a ZnSe element coated with a thin aluminium film and a pigmented acrylic-based 
sealant film was exposed to a 1 M NaSCN solution. Figure 3.10(a) presents the ATR-
FTIR spectra after certain times of exposure and Figure 3.10(b) shows the absorption 
intensity versus the exposure time for the peaks at 1650 and 2075 cm-1. 
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Figure 3.10. The ATR-FTIR spectra of a ZnSe element coated with a thin 
aluminium film and a pigmented acrylic-based sealant after 15 minutes, 
4.5, 10.5 and 12 hours of exposure to a 1 M NaSCN solution (a), and the 
corresponding absorption intensity at 1650 and 2075 cm-1 versus the 
exposure time (b). 
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The ATR-FTIR spectra are similar to those obtained for the previously examined systems 
(Figures 3.4, 3.6a and 3.8a), with bands assigned to stretching vibration of water 
molecules and hydroxides (3700-3000 cm-1), bending vibrations and librations of water 
(1650 cm-1 and below 1000 cm-1, respectively) and a peak at 2075 cm-1 due to thiocyanate 
species. As ATR-FTIR spectra of the pigmented polymer show no peak at this position, 
the peak at 1085 cm-1 is probably due to oxide/hydroxide film formation. In contrast to 
the polymer systems discussed above, a few negative peaks in accordance with the 
polymer backbone are clearly visible in the region of 3700-3000 cm-1 and below 1500 
cm-1. 
 
The corresponding Bode impedance plots are displayed in Figure 3.11. 
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Figure 3.11. The Bode impedance plots of ZnSe element coated with 
a thin aluminium film and a pigmented acrylic-based sealant after 
15 minutes, 4.5, 10.5 and 12 hours of exposure to a 1 M NaSCN 
solution. 

 
 
Analogously with the previous results (Figures 3.5, 3.7 and 3.9), the modulus of 
impedance shows an initial plateau at low frequencies. After prolonged exposure, the 
modulus of impedance decreases at intermediate and high frequencies which indicates a 
considerable water uptake of the polymer network. This is in accordance with the 
negative absorption peaks observed with time in the ATR-FTIR spectra (Figure 3.10a) 
which probably originate from a decreased polymer concentration in the surface-near 
region as a result of significant swelling of the polymer network. An alternative 
explanation of the decreased polymer concentration could be delamination, with the 
polymer film being pushed away from the surface. However, this is less plausible 
considering the EIS result observed. 
 
After around 10 hours of exposure, the modulus of impedance significantly decreases in 
the whole frequency region due to corrosion and/or delamination. Still, a new capacitive 
region appears in the Bode plot below ~10 Hz in agreement with a build-up of corrosion 
products. 
 
Finally, the response in the high frequency region after 12 hours of exposure shows the 
characteristic behaviour of a delaminated metal surface, with a significant amount of 
electrolyte present to separate the polymer film from the aluminium surface 43. 
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The absorption peaks at 1650 and 2075 cm-1 increase with similar kinetics (Figure 3.10b), 
which indicates that the thiocyanate species at such high level of water uptake is 
transported within the polymer network together with water. No constant level is reached, 
as a result of swelling of the polymer network.  
 
As a likely result of a large segmental motion, the water diffusion coefficient of the 
pigmented acrylic based sealant attached to a pure ZnSe element is in the order of ~10-9 

cm2/s, and the corresponding maximum weight increase of the free polymer film is ~30 
wt%. 
 
To summarise, the ATR-FTIR and EIS techniques act consistent and provide 
complementary information regarding the different aluminium/polymer systems 
investigated. Despite obtaining the lowest water uptake, the transparent alkyd varnish 
experiences a clear onset of delamination after prolonged exposure as detected by both 
ATR-FTIR and EIS. The pigmented epoxy adhesive shows the highest initial impedance 
and ATR-FTIR detects a 7 hours time lag before water reaches the interface. As water 
finally reaches the interface, a fast delamination is detected by EIS.  Additionally, ATR-
FTIR detects the formation of aluminium oxide, and a subsequent build-up of corrosion 
products is later observed with EIS. The pigmented acrylic-based sealant experiences the 
largest water uptake and swelling among the polymers investigated, detected by both EIS 
and ATR-FTIR. The fast electrolyte ingress is followed by ATR-FTIR, which also detects 
the formation of aluminium oxide at the aluminium surface before a build-up of corrosion 
products and a subsequent delamination is confirmed by EIS.  
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4. Concluding remarks 
 
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) in the 
Kretschmann-ATR configuration was successfully explored in this licentiate work for in 
situ studies of aluminium/polymer interfacial systems. In an earlier stage, the technique 
was used separately and later on the instrumental versatility was extended by integrating 
Electrochemical Impedance Spectroscopy (EIS) as a complementary analytical tool. The 
overall aim was to follow environmentally induced deterioration processes that precede 
delamination, the ultimate failure of the whole aluminium/polymer system. 
 
Hence, upon exposure to either ultra pure deionised water or to a 1 M sodium thiocyanate 
(NaSCN) solution, in situ ATR-FTIR was capable to monitor and to separate early 
deterioration-related processes, including water sorption (with representative peaks at 
~3450 and ~1650 cm-1) and transport of thiocyanate species (~2075 cm-1) through the 
polymer film. Other main processes identified by the in situ ATR-FTIR technique were 
the formation of minor amounts of corrosion products at the aluminium surface (~3450 
and ~1100-900 cm-1) as well as swelling of the polymer network. 
  
Next, a spectro-electrochemical set-up was developed for simultaneous in situ ATR-FTIR 
in the Kretschmann-ATR configuration and EIS. While deterioration processes could be 
detected by ATR-FTIR in a surface-near region determined by its probing depth, the EIS 
technique was able to detect alterations of the whole metal/polymer/electrolyte system. 
Whereas swelling of the polymer network and delamination from the aluminium surface 
upon exposure to a 1 M NaSCN solution were difficult to distinguish by ATR-FTIR, EIS 
could separate the two processes from each other. Furthermore, while corrosion of 
aluminium and delamination were difficult to distinguish by EIS, corrosion product 
formation could be detected by ATR-FTIR. In all, ATR-FTIR and EIS turned out to act 
truly complementary, both with respect to information depth and deterioration processes 
identified. 
 
The integrated in situ ATR-FTIR / EIS set-up was applied to analyse the interfacial 
change of three aluminium/polymer systems upon exposure to a 1 M NaSCN solution. 
While EIS provided evidence of severe loss of adhesion of all polymer systems, their 
deterioration characteristics prior to delamination were different. For the transparent 
alkyd varnish system, the main processes identified with ATR-FTIR were transport of 
water and thiocyanate species to the interfacial region and corrosion of the aluminium 
surface. The water uptake of the polymer film was seen in EIS as a decrease of 
impedance in the high frequency region, while deteriorating surface processes were 
displayed as a decrease in impedance at low frequencies. Although exhibiting the lowest 
water uptake of the polymers investigated, the onset of significant delamination was also 
clearly observed by ATR-FTIR as a sudden increase in the bands due to water and 
thiocyanate. The pigmented epoxy adhesive system experienced initial water ingress, 
seen in EIS as a decreased semi-circle in the Nyquist plot. During the same period, no 
water was detected at the interface by ATR-FTIR. As water finally reached the interface, 
aluminium oxidation was detected by ATR-FTIR. This impeded water transport of 
around seven hours was probably due to water absorbing pigment particles. A subsequent 
formation of corrosion products was later on distinguished by EIS as an increase of the 
low-frequency modulus of impedance. Finally, the pigmented acrylic-based sealant 
gained the largest water uptake of the polymer films investigated, as observed by both 
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ATR-FTIR and EIS. With ATR-FTIR, a segmental swelling of the polymer became 
evident as well as a joint transport of water and of thiocyanate species through the 
polymer network. Aluminium oxidation was initially followed by ATR-FTIR, while the 
formation of corrosion products was detected by EIS after longer exposure times.  
 
These examples provide evidence of the potential of the integrated ATR-FTIR / EIS in 
situ technique, and give promise of a deeper understanding of early deterioration 
mechanisms of many technically important metal/polymer systems. 
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5. Future work 
 
In this work, ATR-FTIR was successfully applied for studies of the aluminium/polymer 
interface upon exposure to water and to an electrolyte, both separate and in combination 
with EIS. There are several applications where this method and the experimental set-up 
developed in this work could considerably contribute to increase the knowledge of 
various surface processes. Furthermore, the methodology needs to be further developed in 
order to extend its applicability. 
 
To be more specific, the following could be addressed in future investigations: 
 

• Further develop the ATR-FTIR method for studies of metal/polymer and 
metal/liquid interfaces using different technically interesting metals such as zinc, 
iron, and magnesium, and determine optimal experimental conditions with respect 
to metal film thickness, angle of incidence and polarisation of light. 

 
• Develop integrated ATR-FTIR / electrochemical methods, including ATR-FTIR / 

EIS, ATR-FTIR / Kelvin probe and other spectro-electrochemical tools for studies 
of metal/polymer and metal/liquid interfaces.  

 
• Apply this methodology to study corrosion processes at metal/polymer and 

metal/liquid interfaces under various climatic conditions, including exposures to 
different electrolytes and to humid atmospheres. 

 
• Use this methodology to study the stability of various surface treatments such as 

Ti-Zr based systems and silanes upon exposure to corrosive conditions, and 
determine the effect of these surface treatments on the stability of metal/polymer 
systems. 
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