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Abstract 

 

Organic coatings are extensively applied to protect metal structures from corrosion 

related damage. The durability of such polymer coated adhesively bonded joint structures 

depends upon the stability of the interfaces between the polymer and the substrate it is 

coated on. It is economically important to have a thorough understanding of how such 

interfaces react to a variety of aggressive media that are relevant to real life scenarios.  

                  In this thesis, attenuated total reflection Fourier transform infrared (ATR-

FTIR) spectroscopy has been used to detect changes at the interfaces between poly (vinyl 

butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) and ZnSe upon exposure to ozone, 

humidity and UV-B light. Also, the response of PVB-aluminum interfaces to liquid water 

has been studied and compared with the same for eponol (epoxy resin, diglycidyl ether of 

bisphenol A)-aluminum interfaces. In the presence of ozone, humidity and UV-B 

radiation, an increase in carbonyl group intensity was observed at the PVB-ZnSe 

interface indicating structural degradation of the polymer near the interface. However, 

such changes were not observed when PVB coated ZnSe samples were exposed to 

moisture and UV-B light in the absence of ozone showing that ozone is responsible for 

the observed structural deterioration. Liquid water uptake kinetics for the degraded PVB 

monitored using ATR-FTIR indicated a degradation of the physical structural 

organization of the polymer film. Exposure of PVB coated aluminum thin film to de-

ionized water showed water incorporation at the interface. There were evidences for 
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polymer swelling, delamination and corrosion of the aluminum film under the polymer 

layer. On the contrary, delamination/swelling of the polymer was not observed at the 

eponol-aluminum interface, although water was still found to be incorporated at the 

interface. Al-O species were also observed to form beneath the polymer layer. A decrease 

of the C-H intensities was detected at the PVB-aluminum interface during the water 

uptake of the polymer, whereas an increase of the C-H intensities was observed for the 

eponol polymer under these conditions. This is assigned to rearrangement of the 

macromolecular polymer chains upon interaction with water.  
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Chapter 1 

 

INTRODUCTION 

                   

                  Corrosion of metal structures has been an ever increasing expenditure on 

almost every nation’s economy. Extensive studies conducted by various countries in the 

world have shown that annual corrosion costs range from 1-5% of the gross national 

product of each nation.
1
 Apart from the economic costs, corrosion can lead to structural 

damage, thereby posing significant danger to human beings and the surroundings. In the 

last couple of decades, both inorganic and organic polymeric coatings have been 

extensively applied on metal structures to prevent corrosion related failures.
2,3

 The 

anticorrosive properties of these coatings (individual components or as a whole) are 

assessed with the help of certain standard accelerated weathering tests. These studies 

evaluate the coating’s response to UV radiation, humidity, thermal aging, mechanical 

deformation, electrolytes and water permeation.
4,5 

  

                  It is known that most polymers degrade irreversibly due to photolytic 

oxidation, leading to a concomitant deterioration in their aesthetic and performance 

parameters.
6
 Only wavelengths from approximately 290 nm to 3000 nm are able to reach 

the troposphere. Wavelengths below 290 nm are strongly absorbed by stratospheric ozone 



2 

 

and other absorbing species in the upper atmosphere. Hence, tropospheric photochemistry 

is limited by this short wavelength cut off. The UV region is divided into three sub 

regions, namely UVA (315-370 nm), UVB (290-315 nm) and the more harmful UVC 

(200-290 nm) which fortunately, is filtered out by ozone. The impact of high energy UV 

light is the most intense although the contributions from the visible and infra-red 

wavelengths cannot be fully ignored.
7,8

 

                  The first and foremost criterion for photo-degradation to initiate is that the 

polymer should be able to absorb UV light. Hence, all aliphatic polymers without 

chromophores in their structures should ideally have a better photo stability in the 

terrestrial UV range 295-400 nm than aromatic or unsaturated polymers, but in reality the 

presence of extraneous substances (added during manufacture) and structural 

inhomogeneities makes the polymer susceptible to attack.
6,8

 Exposure to UV radiation 

may either lead to changes in the chemical structure of the polymer due to formation of 

new functional moieties or fragmentation of the cross-linked macromolecules initiating at 

the weakest centers of the polymer. The number of degradation sites may increase due to 

transfer of excitation energy to the non absorbing parts of the polymer chains via 

formation of transient species. Such changes ultimately affect the physical and 

mechanical properties of the coating negatively.
8
 There have been extensive studies on 

photo-degradation of some of the conventional organic coatings namely alkyd, epoxy, 

acrylate, polyurethane, and polyester employing electrochemical and spectroscopic (IR 

and UV-Vis) techniques.
9-12

 Also, physical/chemical models have been developed to 
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link laboratory and outdoor exposure data.
13

 Polymer degradation is a complicated 

process and is contingent on a combination of factors like irradiance, distribution of 

sunlight, ambient temperature, and dose-response characteristics of the polymer.
14

 

                  In addition to sunlight, coatings are constantly exposed to different 

environments that range from immersion in water or burial in soil to heavily polluted 

industrial regions.
2
 In urban areas with numerous pollution sources, ozone is a major 

pollutant in the atmosphere. Although stratospheric ozone protects all living beings on 

the earth from the detrimental UV radiation of the sun, ozone in the troposphere may 

cause damage to living tissues and degrade numerous materials.
15

 Tropospheric ozone 

concentrations show heterogeneity since it is formed from a series of photochemical 

reactions involving volatile organic compounds and oxides of nitrogen whose emissions 

vary geographically, temporally and altitudinally. Also, there is influx of ozone from the 

stratosphere at times. Ozone concentrations in the range 30-40 ppb are essentially found 

worldwide. Industrial zones have been found to have 100-150 ppb of ozone. In 

conjunction with the appropriate UV wavelengths and moisture, ozone is known to 

undergo numerous photochemical reactions that result in the formation of highly reactive 

intermediates, which in turn, initiate polymer degradation.
7
 Hence, it is very important to 

have a thorough knowledge of the degradation pathways of polymers upon exposure to 

these agents to understand their performance abilities better. 

                  Figure 1.1 depicts a schematic representation of a multilayer coating on a 

metal surface for corrosion protection. Primer layers are very important functional 
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components of coatings providing a corrosion resistant barrier to the metal surface. They 

are typically 10-20 μm in thickness and promote adhesion between the topcoat and the 

surface to be painted. They are responsible for improving paint durability thereby 

providing extra protection to the material being painted.
16

 The performance of the primer 

is one of the determinants of the performance of the coating as a whole. Topcoats are 

chosen primarily based on their barrier properties since they serve as the first line of 

defense to the entering deteriogens. However, they also contain the pigments and 

additives necessary for aesthetic purposes..  

                  Poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate) or simply poly (vinyl 

butyral) (PVB) is a non toxic polymeric resin known for its fine properties like 

transparence, insulation, impacting resistance and drawing performance.
17

 The chemical 

structure of PVB is shown in Figure 1.2. It can be synthesized by a condensation reaction 

of butyraldehyde and poly (vinyl alcohol) using N-methyl-1-pyrrolidone as solvent.
18

 It 

exhibits special adhesiveness and transparence to both organic and inorganic glass, for 

which reason it is extensively used in laminated safety glass for automobile 

windshields.
19

 However, PVB is also applied as primers in multi-layered coating systems 

for corrosion protection of metal structures.
17

 There has been a lot of research on thermal 

and photo-chemical degradation of PVB using gravimetric and spectroscopic methods. 

According to studies by Nabil M. et al. 
20

, thermal degradation in PVB initiates at the 

acetate group. Liau et al. 
21

 investigated the effect of 380 nm on the structure of PVB and 
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found that under normal conditions, there is no photo-degradation of the polymer but 

addition of TiO2 enhanced the photo-deterioration process. However, the most realistic 

approaches related to real-life scenarios would include exposure of PVB to different 

combinations of ozone, UV light and humidity (resembles an industrial environment) 

rather than heat or light alone.  

                  In addition to understanding what factors are responsible for polymer failure 

and the degradation mechanisms, it is important to know whether the exposure of PVB 

coated substrates affects the polymer/substrate interface in a similar manner compared to 

the polymer bulk structure. Adhesively bonded structures seen everywhere today can be 

simply considered to be polymer coated substrates, whose longevity depends upon the 

stability of the polymer/substrate interfaces. Common substrates employed are metals and 

alloys due to their desirable properties like tensile strength and luster. Hydration and 

structural changes are known to be detrimental to such interfaces. This is also very likely 

because a polymer/substrate interface is often a fragile region with inferior properties 

compared to the material bulk.
22

 Metal-polymer interfaces are known to be fractal in 

nature and not smooth microscopically.
23

 The structure of the metal oxide layer plays a 

crucial role in determining the initial integrity of the polymer/metal bonds and the 

bonding has been found to change with variations in temperature.
23,24

 One of the factors 

affecting the deterioration of such interfaces is coating to metal adhesion. Several 

different theories of adhesion between polymers and substrates have been proposed, 

namely the physical adhesion theory, where Van der Waals/dispersion interactions are 



6 

 

operative, the chemisorption theory which involves the formation of covalent, ionic or 

hydrogen bonds at the interface, the diffusion theory involving inter-diffusion of the 

polymer into the substrate bulk, the mechanical interlocking theory where the polymer 

chains anchor themselves into surface defects of the substrate and the weak boundary 

theory which states that absence of contaminants promote polymer-substrate 

adhesion.
25,26

 Another factor is the barrier properties of the polymer film to oxygen and 

water, which are also ingredients of metal corrosion.
22

  

                  Water is the most abundant substance on Earth. If the activity of water is 

higher in the environment compared to the polymer coated metal structure, it would 

spontaneously diffuse into the polymer network through pores or defects, and ultimately 

reach the polymer/metal interface, where it is known to cause adhesion loss between the 

polymer and the metal surface by displacing the weaker polymer/metal bonds by stronger 

water/metal oxide-hydroxide interactions.
27

 It is possible that the hydrophilic metal 

oxide/hydroxide surface may retain the water molecules at the buried polymer/metal 

interfaces over a period of time. In addition, the penetrating medium often results in an 

adjustment of the bulk structure of the polymer film, too. This includes reversible 

swelling, irreversible hydrolysis, cracking, and crazing.
22

 Severe changes in the physical 

properties of the resin are observed, such as tensile strength, net dielectric constant, and 

the glass transition temperature.
28

 The ultimate impact can be delamination or stripping 

of the film from the metal surface. These complex processes are contingent on the 
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structure and chemical properties of the polymer film (polarity, unsaturation, symmetry, 

chain orientation etc.), as well as size, shape and properties of the penetrant species.
29

 

                  Aluminum is a low density metal with good mechanical strength. It is 

extensively used in outdoor applications that include siding, window trim, automotive 

elements and aircrafts. Also, the recent demand to reduce the use of fossil fuels has led to 

an increased interest in lightweight constructions like Al alloys.
30,31

 Hence, it is 

extremely crucial that adhesively bonded structures using aluminum last a long time. In 

this context, a PVB coated aluminum surface can be used as a model system to 

investigate how the corresponding polymer-metal interface responds to the ingress of 

water and how effective is PVB in protecting the metal beneath it. Also, a comparison 

with an epoxy polymer-aluminum interface (epoxies are well known primer resins.
2
) is 

helpful. The epoxy resin used was eponol resin 53 BH 35 and is based on Di-glycidyl 

ether of Bisphenol A (DGEBA). The structure of the resin is shown in Figure 1.3.  

                  Probing changes at buried interfaces non-destructively have always been 

challenging to scientists. One of the potential limitations is that the technique should 

work at ambient pressure as applying a high vacuum might cause severe alterations of the 

surface. Moreover, real time analysis and relevant climatic conditions are always desired. 

There have been numerous studies on water sorption by polymeric coatings using 

gravimetric procedures, which, however do not shed light on the polymer/metal 

interfacial region specifically.
32,33

 Commonly employed methods so far in determining 

changes at such interfaces are electrochemical techniques, for example electrochemical 
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impedance spectroscopy (EIS) or the scanning Kelvin probe (SKP). While EIS is used to 

analyze the resistive and capacitive barrier properties of the polymer coating and the 

polymer/metal interface based on electric equivalent circuits, SKP functions by 

measuring local electrode potential changes beneath the polymer layer.
31,34-36

 

Spectroscopic techniques have been employed to understand penetrant diffusion through 

coatings under a variety of conditions.
37,38

 However, there is still a lack of detailed 

knowledge about polymer/metal interfaces using this technique. As examples, Ohman et 

al. have studied the transport of water and electrolyte species to aluminum-polymer 

interfaces and Nguyen et al. investigated the incorporation of water at iron-polymer 

interfaces, additionally quantifying the amount of water trapped at such interfaces.
22,27, 

31,39,40
  

                  In this thesis, a study of the response of PVB resin (PVB-ZnSe interfaces) to 

ozone, relative humidity and ultraviolet radiation and that of aluminum-PVB interfaces to 

liquid water using attenuated total reflection Fourier transform infrared (ATR-FTIR) 

spectroscopy is presented. Chapter 2 introduces the theory behind total internal reflection, 

the working principle of ATR-FTIR spectroscopy and a discussion on the relevance of 

the technique to this study, in addition to the other tools and sample preparation methods 

used for the experiments. Chapter 3 focuses on the assessment of the degradation 

pathways of PVB upon exposure to ozone, humid air and UV-B light. Relevant ATR-

FTIR spectra have been presented. An attempt has been made to understand which 

component(s) is (are) responsible for the structural deterioration of the polymer. The 
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response of PVB-aluminum interfaces to water has been studied in situ in Chapter 4. 

Water incorporation, polymer swelling, delamination and corrosion products formation at 

the interface are some of the areas investigated. Also, a comparison with an eponol 

(epoxy resin)-aluminum interface is presented. Chapter 5 reports a summary, conclusion 

and future work recommended on the studies presented in this thesis.  
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Figure 1.1.Schematic representation of a coating system 
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                   Figure 1.2.Poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate)  
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Figure 1.3.Eponol resin 53 BH 35 
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                                                              Chapter 2 

 

INSTRUMENTATION AND METHODS  

 

2.1 ATTENUATED TOTAL REFLECTION FOURIER TRANSFORM INFRARED (ATR-

FTIR) SPECTROSCOPY 

                  ATR-FTIR spectroscopy is based on the phenomenon of total internal 

reflection and the generation of evanescent fields at an internal reflection element 

(IRE)/sample interface. An electromagnetic radiation travelling from a medium with a 

higher refractive index (n1) to a medium with a lower refractive index (n2) is found to 

totally internally reflect in the incident medium if the incidence angle of the beam 

exceeds a certain value, known as the critical angle (Θc), and is given by Eqn. 2.1
41

,  

 

Θc = sin 
-1

 (n2/n1)     (2.1) 

 

                  In ATR-FTIR spectroscopy, the sample to be analyzed is held in contact with 

an internal reflection element with a higher refractive index than the sample. An IR beam 

is then incident on to the IRE (through the IRE bulk) at an angle greater than the critical 

angle for the particular IRE/sample pair. The total internal reflection creates an 

evanescent wave that extends beyond the surface of the crystal into the sample held in 
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contact with it. The evanescent wave can be described as a standing wave, whose field 

amplitude decays exponentially with distance as given by Eqn. 2.2
41,42

, 

E = Eoexp[-γz]     (2.2) 

 

Where E is the amplitude in the sample at depth z, γ is a constant and Eo is the amplitude 

at the sample surface (z=0).  

                  The evanescent wave will be altered in intensity in regions of the IR spectrum 

where the sample absorbs energy. The attenuated energy from the wave is returned to the 

IR beam, which then exits the opposite end of the crystal to the detector in the IR 

spectrometer. The system then generates an IR spectrum.
42

 There are numerous IREs 

available with different refractive indices like ZnSe, silicon, germanium, and diamond 

among others. It is important to ensure an intimate contact between the sample and the 

crystal. Both single reflection and multi reflection systems are available, the latter 

allowing more than one region to be sampled and hence giving an increased signal 

intensity than the former.  

                  The depth of penetration dp is a measure of the depth into the surface of the 

sample that the radiation penetrates and that the resultant spectrum represents, and is 

given by Eqn. 2.3
41

, 

 

     (2.3) 
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Where λ is the wavelength of the incident radiation, θ is the incidence angle, n1 and n2 are 

the refractive indices of the IRE and the sample respectively. dp is a good estimate of the 

depth that is probed in ATR-FTIR experiments, since it is the depth from which majority 

of the information comes from. However, it is important to understand that the spectral 

information obtained from ATR-FTIR spectroscopy is the average over the wave that is 

decaying exponentially with the distance from the surface, and hence, can be considered 

to be composed of decreasing contributions from the deeper layers in the sample as dp is 

approached. This evanescent field penetration depth is usually in the nanometer or low 

micrometer range.
41

  

                  As can be seen from Eqn. 2.3, the penetration depth is directly proportional to 

the wavelength of the incident radiation. Due to the fact that transmission IR 

spectroscopy probes both the interface and the polymer bulk structure, ATR and 

transmission spectra for the same sample are different.
41

 ATR-FTIR spectra may show 

band distortions which are attributed to changes in reflectivity at different interfaces due 

to interference by the real part of the complex refractive index.  

                  With the help of ATR-FTIR spectroscopy, both qualitative and quantitative 

analyses of samples can be carried out over wide spectral ranges and with little sample 

preparation.
43

 Also, the ATR technique is useful for analyzing thick samples having high 

absorption coefficients, because normal transmission IR spectroscopy would fail under 

such circumstances due to the longer path length of the IR beam through the strongly 



16 

 

absorbing sample. The primary advantage of ATR-FTIR is that it allows investigation of 

surfaces and interfaces whereas the major signal contribution for conventional 

transmission and external reflection IR techniques results from the probed bulk 

structures. Chemical composition, layer structure, diffusion, adsorption, chemical 

reaction monitoring, orientation and physical state of surfaces are a few types of analyses 

that can be accomplished by ATR-FTIR.
41

 It is also possible to track changes at 

interfaces as a function of time upon the sample’s exposure to IR active species. Philippe 

et al.
44

  have computed water sorption and desorption transport coefficients of water and 

inhibitor inorganic ions in a series of epoxy resins using ATR-FTIR spectroscopy. 

Similar water diffusion studies were also done by Fieldson et al.
45

 The aggregation states 

of penetrant species inside polymers have also been studied using this technique.   

                  Figure 2.1 shows the sample configuration for the PVB-aluminum 

experiments. The sample comprises an approximately 10 μm thick PVB layer spin coated 

on a 50 nm aluminum film, which is sputter coated on a ZnSe IRE. The refractive index 

of Al varies from 3.38 at 4000 cm
-1

 to 43.43 at 650 cm
-1

, while those for ZnSe and PVB 

are 2.40 (2.44-2.37, average is 2.40) and 1.48 respectively and can be considered constant 

within the above mentioned frequency range.
46,47

 The dispersion curve for aluminum is 

shown in Figure 2.2a. Therefore, the IR beam would suffer total internal reflection at the 

Al-PVB interface and not at the ZnSe-aluminum interface according to the first criterion 

of total internal reflection. The critical angles of the IR beam at the aluminum-PVB 

interface would vary significantly over the probed IR region since the refractive index of 
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Al changes in this range. The critical angles were calculated using equation 2.1, and were 

found to be 27˚ at 4000 cm
-1

 and 2˚ at 650 cm
-1

. Now, in agreement with the Snell’s law 

of refraction, the incident angles of the IR beam were found to exceed the above 

mentioned critical angles, and this holds for every wavelength of the investigated range. 

At 4000 cm
-1

, the IR incident angle was found to be 30˚ (critical angle is 27˚) and at 650 

cm
-1

, it was 2.2˚ (critical angle is 2˚). This satisfies the second criterion for the total 

internal reflection phenomenon. Hence, a small region in close proximity to the 

aluminum-PVB interface was probed. Figure 2.2b shows the variation of the evanescent 

wave penetration at the aluminum-PVB interface in the investigated frequency region. 

Similarly, for the experiments involving aluminum-eponol interfaces, the variation of the 

evanescent field depth with frequency can be calculated using DGEBA’s refractive index, 

which is 1.57.
48

 Figure 2.3 shows the corresponding penetration depth vs. frequency plot. 

Similar to the aluminum-PVB samples, the aluminum-eponol interface was probed using 

ATR-FTIR spectroscopy. 

                  For the experiments involving PVB only, Figure 2.4 represents the sample 

configuration which is an approximately 10 μm thick PVB film spin coated on a ZnSe 

IRE. Here again, ATR-FTIR spectroscopy is the most appropriate tool to investigate 

changes close to the PVB-ZnSe interface. Figure 2.5 shows how the penetration depth of 

the evanescent field changes across the IR frequency range. 

                   A Thermo Nicolet FTIR spectrometer (Avatar 370, Thermo Electron 

Corporation) that uses a DTGS detector was employed for the ATR-FTIR experiments. A 

45° single bounce ZnSe internal reflection element (20 mm diameter, 3 mm thickness, 
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7002-402, Smiths Detection Ltd.) trough ATR accessory (Smart SpeculATR, Thermo 

Electron Corporation) was used to collect the spectra at a spectral resolution of 4 cm
-1

. 

The spectra were averaged over 400 and 128 scans (as specified below respective 

spectra).  

 

2.2 ION SPUTTER DEPOSITION 

                  Ion sputter deposition is a method of thin film preparation that involves 

physical vaporization of atoms from a surface due to momentum transfer from 

bombarding energetic atom-sized particles. This method is extensively applied for 

preparing metallic, resistive and conducting films. The energetic particles are usually ions 

of a gaseous substance accelerated in an electric field.
49

 There are three sequential stages 

in the thin film making procedure: evaporation (or sputtering) of the substance creating 

an atomic beam; transport of this atomic beam in space from the target to the substrate; 

and condensation of the atoms on to the substrate forming the film.
50

 Thin film 

preparation by physical vapor deposition is a very complicated process in the sense that it 

takes intensive knowledge to be able to produce superior quality films. The film quality 

depends on a number of factors such as temperature of evaporation, the atomic beam 

intensity, and gas pressure in the chamber or the deposition rate.
50

 Using aluminum thin 

films was the best option for this study with ATR-FTIR spectroscopy as the employed 

analytical tool, primarily because the interfaces between the polymer and aluminum 

plates or other macroscopic structures cannot be probed using the ATR technique. 
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Moreover, polymer coated thin films provide the required interface for investigation and 

this approach has been used by other research groups
22, 27, 31,39, 40

.      

                  For the ATR-FTIR measurements with the PVB-aluminum and eponol-

aluminum samples, an ATC ORION 5 UHV sputtering system (AJA International, Inc.) 

was used to deposit the aluminum thin films on ZnSe IREs, with a base working pressure 

of 5 mTorr. The base pressure was 10
-7

 Torr. A 20 sccm (standard cubic centimeter per 

minute) flow of Argon was used as the bombarding gas. A deposition rate of 0.8 

Angstrom per second was achieved by applying 250 W to the aluminum target. The time 

required to deposit 50 nm films was initially calculated by depositing a film directly on to 

a quartz crystal microbalance located inside a vacuum chamber exactly at the same 

distance from the target as the ZnSe IRE. Keeping all the conditions same, the sensor was 

then replaced by the ZnSe crystal and deposition was done for the same time. 

 

2.4 THE EXPOSURE SET UP 

                  Exposure of the PVB samples were carried out in a custom made set up, 

designed and constructed by Severine Cambier (Frankel lab, Department of Materials 

Science and Engineering), that allowed the passage of optimum levels of ozone, moist air 

and UV-B radiation through a cell housing the sample. Figure 2.6 provides a schematic 

representation of the entire exposure set up. The set up consists of four major parts: the 

humid air generator, the ozone generator, the sample cell and the UV-B lamp. The humid 

air generation system uses a nitrogen cylinder to bubble nitrogen gas through two wash 

bottles filled with de-ionized water. A by-pass around the wash bottles is used to mix dry 
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nitrogen with the humid one in proportions required to maintain the desired humidity 

level, as given by a hygrometer (Testo model 610) placed inside the cell. For the ozone 

generation system, dry oxygen gas from a cylinder is passed through an ozone generator 

(Jelight model 600) and the emitted ozone concentration is determined with the help of an 

ozone monitor (Teledyne instruments, Model 465L) placed at the end of the set up. The 

ozone level is controlled by changing the oxygen flow rate using a mass flow controller 

(Omega FMA5400/5500). The humid air and ozone flows are merged and directed into a 

leak proof glass cell with a quartz (UV transparent) cover housing the samples. The cell 

is placed directly under a UV-B Hg lamp (USHIO G15T8E). Figures 2.7 a and b show 

pictures of the exposure set up. The distance between the sample surface and the lamp 

was approximately 6 inches. The spectral emission profile of the Hg lamp is shown in 

Figure 2.8. For all the experiments, a 90% relative humidity (RH) was maintained by 

combining humid air at a flow rate of 1.3 standard cubic feet per hour (scfh) with dry air 

at a rate of 0.2 scfh, whereas to obtain a 0.1 ppm (100 ppb) of ozone, the oxygen flow 

rate employed was 0.4 scfh. A total flow of 1.7 scfh was passed through the cell per hour.  

 

2.5 MATERIALS USED  

                  Poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate) resin (average Mw 

70,000-100,000) was purchased from Sigma-Aldrich (Product number 418439-250G). 

For film preparation by spin coating, 1.5 g of the polymer powder was dissolved in 18.5 g 

of 99% methanol (Fisher Scientific) and stirred overnight with a magnetic stirrer. 

Polymer films were then spin-coated from the solution on to the ZnSe IREs (with and 
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without Al films) at 200 rpm for 5 minutes using a spin coater (TC100, MTI 

Corporation). The film thickness was determined to be approximately 10 μm as found by 

a thickness gauge (Elcometer 456, standard used 49.8 microns). The samples were 

allowed to dry overnight in an evacuated desiccator to let the methanol evaporate. The 

PVB samples were then exposed in the set up to ozone, RH and UV-B whereas the 

aluminum-PVB samples were exposed to de-ionized water followed by acquisition of 

ATR-FTIR spectra. Background spectra were obtained for both samples before film 

deposition and after film preparation before exposure. For the experiments with the 

epoxy polymer, Eponol
TM

 resin 53-BH-35 was kindly provided by Hexion Specialty 

Chemicals. The viscous resin was diluted with a 75/25 wt% solution of methyl ethyl 

ketone and propylene glycol methyl ether followed by overnight stirring. Thin films were 

then spin cast from the solution on to a ZnSe IRE (previously coated with a 50 nm 

aluminum film) using the above mentioned spin coater at 120 rpm for 5 minutes, which 

generated a film thickness of 8-9 μm as measured by a surface profilometer (Dektak 3). 

The samples were cured at 160˚C for 12 hours to ensure complete evaporation of the 

solvents and were then exposed to de-ionized water for acquiring ATR-FTIR spectra. 

Double distilled de-ionized water was used for all experiments. 
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Figure 2.1 Schematic representation of the aluminum-PVB sample configuration 

showing total internal reflection of the IR beam and generation of evanescent waves 
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Figure 2.2a.Dispersion curve for aluminum b.Variation of IR evanescent wave 

penetration depths at the aluminum-PVB interface as a function of IR frequency   
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Figure 2.3.Variation of IR evanescent wave penetration depths at the aluminum-eponol 

interface as a function of IR frequency   
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Figure 2.4.Schematic representation of the ZnSe-PVB sample configuration showing 

total internal reflection of the IR beam and generation of evanescent waves 
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Figure 2.5.Variation of IR evanescent wave penetration depths at the ZnSe-PVB 

interface as a function of IR frequency   
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Figure 2.6.Schematic representation of the exposure set up (constructed by Severine 

Cambier, Frankel Lab) 
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Figure 2.7a. A sample in the cell being exposed to UV-B radiation b The ozone and 

humid generation systems (courtesy Severine Cambier, Frankel Lab) 
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Figure 2.8.Spectral emission profile of the Hg UV-B lamp (collected in association with  

Severine Cambier, Frankel Lab).  
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Chapter 3 

 

RESULTS AND DISCUSSION: DEGRADATION OF POLY(VINYL BUTYRAL) 

UPON EXPOSURE TO OZONE, UV RADIATION AND HUMIDITY 

 

3.1 EXPOSURE TO OZONE, UV AND MOISTURE 

                  With the aim of understanding the degradation pathways of PVB, the PVB 

coated ZnSe crystals were exposed to 90% RH, 0.1 ppm ozone and UV-B radiation for 

72 hours. Figures 3.1 a and b show the physical appearance of the PVB film before and 

after exposure respectively. It is very clear that the exposed sample appears different 

from the unexposed one and shows numerous defects across the polymer surface.   

                   Before beginning with the exposure experiments, an ATR-FTIR spectrum of 

PVB spin coated on a ZnSe IRE was collected. Figure 3.2 shows the above mentioned 

spectrum. The pure ZnSe crystal was used as the background. The absorption peak at 

1000 cm
-1

 can be attributed to the C-OH stretching vibration of PVB. The peaks at 1140 

cm
-1

 and lower frequencies primarily correspond to the C-O-C backbone while those in 

the range 1250-1735 cm
-1

 are due to C=O vibrations and the alcoholic O-H deformation 

modes of the polymer. The bands in the range 2800-3000 cm
-1

 are assigned to symmetric 

and asymmetric C-H bond stretches. The O-H stretching modes of the OH moieties of the 

polymer can be seen at 3450 cm
-1

.
51 

However, the broad band shape of the 3450 cm
-1
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peak indicates a certain extent of hydrogen bonding between the O-H moieties within the 

polymer chains. The broad shape is attributed to different hydrogen bonding 

environments that the O-H moieties reside in the medium, for example, a hydroxyl group 

bonded to two hydrogen bonds will vibrate at a higher frequency than that bonded to 

three hydrogen bonds. Hence, there is a distribution of intensities in the frequency range 

3000-3700 cm
-1

 based on such environments that broaden the peak. Free O-H groups 

resonate at the same frequency. Hence, absence of hydrogen bonding is characterized by 

narrow/sharp peaks.
52

     

                  Figure 3.3 shows the ATR-FTIR spectra of PVB before and after the above 

mentioned conditions. The pure ZnSe crystal was used as the background. As can be 

seen, there are four prominent changes in the spectrum before and after exposure. Firstly, 

the absorption peak at 3450 cm
-1

 was found to increase in intensity. This is due to the 

ingress of water into the polymer matrix.
53

 However, there may be contribution from 

water formed within the polymer due to the exposure since it is known to be a 

degradation product of PVB generated by dehydration of the vinyl alcoholic groups of 

the polymer.
54

 Secondly, there is an increase in the 1640 cm
-1

 peak intensity. This is due 

to the O-H deformation mode of water. Again, there may be contribution from C=C 

vibrations because dehydration of the alcoholic groups leads to the formation of double 

bonds in the polymer chain. Butenal is also known to be a degradation product of PVB.
54

 

The OH bending modes of alcohols appear in the region 1420-1330 cm
-1 

and does not 

contribute to the 1640 cm
-1

 band.
55

 This shows that exposure to 90% RH for 72 hours 
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leads to incorporation of water in the PVB film in close proximity to the PVB-substrate 

interface (since the evanescent field penetration depth is about 300 nm at 3450 cm
-1

 for 

the PVB-ZnSe interface, Figure 2.5) as well as generation of water as a degradation 

product. Thirdly, the inset of Figure 3.2 also shows the appearance of an absorption band 

at about 1580 cm
-1

. This is assigned to the COO
-
 stretch

55
 and is likely due to all the 

carboxylate species that are generated in the polymer matrix after oxidation by ozone. 

However, further investigation of this peak is required.   

                   Lastly, there was an increase in intensity of the absorption peak at 1735 cm
-1

, 

which is attributed to the C=O stretching mode.
56

 Again, this change can be prominently 

seen in the inset figure, which zooms on the 1500-1800 cm
-1

 region. This hints to a 

structural change in the polymer film upon exposure to the combination of ozone, 

humidity and UV-B radiation. Also, the fine structure superimposed on the absorption 

bands can be attributed to the rotational transitions of water molecules in the vapor phase. 

IR radiation has sufficient energy to excite rotational transitions whose energies are much 

smaller than that of vibrational transitions. As a matter of fact, rotational levels are 

significantly populated even at room temperature (at room temperature, kT ≈ 200 cm
-1 

> 

rotational energy levels).   

                  Before discussing the possible pathways that might lead to the formation of 

carbonyl groups, it is important to understand the chemistry unleashed when ozone, 

humid air and UV-B light are brought together. It is well known that exposure of ozone 

to UV radiation leads to its photolysis resulting in the formation of both atomic and 
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molecular oxygen. Either or both of these two can be in electronically excited states 

depending upon the incident energy. UV energy of 310 nm wavelength has been found to 

generate two distinct states of O and O2, as shown by Eqn. 3.1 below, 

 

O3 + hν (310 nm)  O2 (
1
∆g) + O (

1
D)     (3.1) 

 

The O (
1
D) formed is highly reactive and can react with water, as shown by Eqn. 3.2 

below, 

 

O (
1
D) + H2O  2OH     (3.2) 

 

These reactive species are known to attack organics initiating chain reactions.
7
 According 

to studies by Reinohl 
57

 , the tertiary hydrogens present in the PVB structure are the most 

vulnerable sites of radical attack and yields hydro peroxides in the presence of atomic 

and/or molecular oxygen.. The latter cleaves easily, either by light or heat, to yield 

oxygen centered radicals. Liu et al. 
58

 has shown that such oxygen centered radicals 

facilitate ring opening and finally, formation of molecular fragments with carbonyl 

groups. This is probably the reason for the C=O intensity increase in this case. Moreover, 

thermal oxidative and photochemical degradation of PVB studied by several groups have 

been found to yield carbonyl products through ring opening and chain scission.
56-59
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3.2 WATER UPTAKE KINETICS IN DEGRADED VS. NON-DEGRADED PVB 

                  To understand if such an exposure had an effect on the physical structural 

organization of the polymer film, the degraded PVB sample was dried overnight to drive 

all of the excess water away and then exposed to de-ionized water with the aim of 

monitoring the water uptake kinetics using ATR-FTIR spectroscopy. This was compared 

with the water uptake by an unexposed PVB sample, which was dried overnight as usual 

(to drive the excess methanol away). The aim was to see if the degraded polymer became 

less resistant to water compared to the intact polymer. Figure 3.4 shows the ATR-FTIR 

spectra of the degraded and non-degraded PVB samples in contact with de-ionized water 

within 2 minutes of exposure. The pure ZnSe was taken to be the background. As can be 

seen from the intensities (peak areas) of the 3450 and 1640 cm
-1

 absorption peaks, the 

degraded sample shows a significantly greater water uptake than the intact polymer. On 

the other hand, the absorption bands corresponding to C-H, C-OH, C-O-C stretch 

intensities were found to decrease for the degraded sample compared to the non-degraded 

one. The reason for this is probably swelling of the polymer film upon ingression of 

water. Due to structural degradation, the exposed sample now allows large amounts of 

water to enter the polymer matrix and reach the polymer-ZnSe interface. Hence, there is a 

significant decrease in the density of the macromolecular structure within the probing 

depth of the evanescent field. As this was not or hardly observed for the unexposed 

sample, the effect has to be attributed to structural changes of the polymer after exposure 

to ozone, humid air and UV-B radiation. 
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                  To understand the kinetics of water uptake through both the samples after the 

first spectrum was collected within 2 minutes of exposure, ATR-FTIR spectra were 

collected every 5 minutes for 2 hours. Figure 3.5 shows the ATR-FTIR spectra of the 

degraded PVB sample upon exposure to de-ionized water taken every 5 minutes over a 

period of 2 hours. The ATR-FTIR spectrum of the PVB collected within 2 minutes of 

exposure to liquid water was used as the background. Hence, the observed changes are 

only due to ingression of water in the film and there are no polymer bands visible. From 

the spectra, it can be seen that the degraded polymer gets saturated with water within the 

first 20 minutes of exposure. To understand better, the absorbance at 3450 cm
-1

 is plotted 

as a function of exposure time in Figure 3.6. As can be seen, the absorbance shows an 

abrupt increase from 0.1009 to 0.119 and remains almost constant (0.12) over the 

remaining exposure period. For the unexposed sample (Figure 3.7), the water uptake is 

much more gradual compared to the degraded PVB film. Here also, the ATR-FTIR 

spectrum of the intact polymer collected within 2 minutes of exposure to liquid water was 

used as the background. The absorbance values were found to increase slowly but 

steadily from approximately 0.026 to 0.0641 over the span of 2 hours as shown in Figure 

3.8 but the polymer was not saturated in the investigated time bracket. This indicates that 

there has been deterioration in the water resistive properties of the film after exposure to 

ozone, humidity and UV-B radiation in a way that the PVB-ZnSe interface gets saturated 

within 20 minutes of exposure. Also, the absorbance values are almost 4 times higher for 

the degraded sample, again due to a greater water uptake compared to the intact polymer. 

Exposure to ozone, humidity and UV-B radiation may have led to the formation of 
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numerous cracks and pores in the polymer matrix leading to enhanced ingress of water 

though them to the PVB-ZnSe interface. 

 

3.3 EXPOSURE TO UV AND MOISTURE 

                  To verify if ozone is responsible for the structural changes in the PVB film, a 

PVB film spin coated on ZnSe was then exposed to 90% RH and UV-B only. Figure 3.9 

shows the corresponding ATR-FTIR spectra before and after exposure. The pure ZnSe 

crystal was used as the background for both spectra. First, only a slight increase in O-H 

stretch intensity is observed which is due to water transport to the PVB-ZnSe interface. 

The presence of water is also evident from an increase in the 1645 cm
-1

 peak intensity, 

which is attributed to the water O-H deformation mode. To understand this better, the 

spectra have been zoomed in the 1500-1800 cm
-1

 region as shown in the inset of Figure 

3.10. It is interesting to note that the increase in the O-H stretch band is almost negligible 

and much smaller than that observed when PVB was exposed to ozone, humidity and 

UV-B radiation. This indicates that for the sample exposed to all the three agents, the 

increase in the O-H stretch peak was not contributed by the external water alone. In that 

case, the sample exposed to moisture and UV-B should have shown a similar change in 

the O-H stretch intensity. This however supports the fact that water is indeed generated as 

a degradation product when the sample is exposed to all the three agents and hence, 

accounts for the observed difference in the intensities of the OH band for the samples 

exposed to different sets of parameters.  
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                  Second, there was no change in the C=O stretch intensity at 1735 cm
-1 

as seen 

from the inset of Figure 3.10. Again, the observed fine structure is due to the rotational 

transitions of the gaseous water molecules excited by the IR energy. It is important to 

recall that nitrogen gas is used to generate the humid air and there was no source of 

oxygen (atomic or molecular) for this exposure. So, this proves that an oxygen (atomic or 

molecular) source is required to bring about structural degradation of PVB. 
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Figure 3.1a.PVB film on a ZnSe IRE before exposure to 0.1 ppm ozone, 90% RH and 

UV-B light b.PVB film on a ZnSe IRE after exposure to 0.1 ppm ozone, 90% RH 

(nitrogen) and UV-B light for 72 hours. 

a 

b 
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Figure 3.2.ATR-FTIR spectra of PVB spin coated on a ZnSe IRE. The pure ZnSe IRE 

was used as the background. The spectrum is averaged over 400 scans. 
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Figure 3.3.ATR-FTIR spectra of PVB spin coated on a ZnSe IRE before and after 

exposure to 0.1 ppm ozone, 90% RH and UV-B (310 nm) radiation for 72 hours. The 

pure ZnSe IRE was used as the background for both spectra. Each spectrum is averaged 

over 400 scans. The inset shows the same spectrum zoomed in the region 1500-1800 cm
-1 

to show the intensity increase in both C=O stretch and O-H deformation modes.  

 

750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000

0.00

0.03

0.05

0.08

0.10

0.13

0.15

0.18

0.20

0.23

A
b

s
o

rb
a

n
c
e

Frequency (cm
-1
)

 before exposure

 after exposure

1500 1550 1600 1650 1700 1750 1800

0.000

0.002

0.004

0.006

0.008

0.010

A
b

so
rb

a
n

ce

Frequency (cm
-1
)

C=O stretch 

O-H deformation 

mode of water 



41 

 

500 1000 1500 2000 2500 3000 3500 4000 4500

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

A
b

so
rb

a
n

ce

Frequency (cm
-1
)

 degraded PVB

 non-degraded PVB

 

 

                                                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.ATR-FTIR spectra of the degraded and non-degraded PVB samples in contact 

with de-ionized water within 5 minutes of exposure, using pure ZnSe as background and 

averaged over 128 scans.  
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Figure 3.5.ATR-FTIR spectra of the degraded PVB sample showing abrupt water 

uptake upon exposure to de-ionized water over a period of 2 hours. The degraded 

polymer was used as the background after drying in a desiccator for 48 hours. Each 

spectrum is averaged over 128 scans. 
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Figure 3.6.IR absorption intensities at 3450 cm
-1

 vs. exposure time for the degraded 

PVB film spin coated on a ZnSe IRE in contact with de-ionized water.  
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Figure 3.7.ATR-FTIR spectra of the non-degraded PVB sample showing gradual water 

uptake upon exposure to de-ionized water over a period of 2 hours. The dry polymer was 

used as the background. Each spectrum is averaged over 128 scans.  
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Figure 3.8.IR absorption intensities at 3450 cm
-1

 vs. exposure time for the non-degraded 

PVB film spin coated on a ZnSe IRE in contact with de-ionized water. 
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Figure 3.9.ATR-FTIR spectra of PVB spin coated on a ZnSe IRE before and after 

exposure to 90% RH and UV-B (310 nm) radiation for 72 hours. The pure ZnSe IRE was 

used as the background for both spectra. Each spectrum is averaged over 400 scans. The 

inset shows the same spectrum zoomed in the region 1500-1800 cm
-1 

to show the 

intensity increase in the O-H deformation mode only. 
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                                                             Chapter 4 

 

RESULTS AND DISCUSSION: WATER UPTAKE BY POLYMER COATED 

ALUMINUM: STABILITY OF ALUMINUM-POLYMER INTERFACES 

 

4.1 WATER UPTAKE BY PVB-COATED ALUMINUM 

                  In this chapter the results on water transport to aluminum-PVB interfaces 

monitored using ATR-FTIR spectroscopy are discussed. They are compared to 

measurements with an aluminum-eponol system. To investigate the response of the Al-

PVB interfacial zone to liquid water, samples as described above were exposed to de-

ionized water as shown in Figure 4.1. Figure 4.2 shows the corresponding ATR-FTIR 

spectra at different exposure times. The background spectrum was collected from the dry 

sample before exposing it to the water and is represented by the horizontal line at zero 

absorbance. Hence the spectral features indicate only the changes occurring at the PVB-

Al interface upon exposure to water.  As can be seen from the spectra, a broad and strong 

band appeared between 3000 and 3700 cm
-1

, with a maximum at around 3450 cm
-1

 and 

continued to grow as a function of exposure time. This peak is attributed primarily to 

both symmetric and asymmetric OH stretching vibrations of water molecules although 

there may be minimal contributions from OH stretching due to aluminum hydroxide 
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formation at the interface.
22,31

 The increase in peak area indicates that the evanescent 

field generated at the PVB-Al interface encounters more and more water molecules 

within its reach with increase in exposure time and also possibly formation of aluminum 

hydroxide at the probed interface. It is known that water is capable of displacing the 

weaker polymer-metal interactions with stronger water-metal oxide/hydroxide bonds (40-

65 kJ/mol) at the interface, the process being thermodynamically favored.
40

 The band at 

1650 cm
-1

 can be assigned to the deformation mode of water molecules while those at 

and below 1100 cm
-1

 are attributed to contributions from other water modes and Al 

corrosion products. It is known that various Al-O and Al-OH modes appear in the region 

850 – 1100 cm
-1

.
60

 These can be a mixture of OH bending vibrations and twisting of 

AlOOH and also, Al-O vibrations of Al2O3.
31

 With increase in exposure times, a small 

but sharp peak appeared at about 980-1000 cm
-1

. The inset in Figure 4.2 shows that this 

peak actually grows with time and is assigned to the longitudinal stretching vibrations of 

Al-O
22 

indicating that ingress of water at the PVB-Al interface corrodes the Al thin film 

beneath the PVB layer. This peak is also observed when a 50 nm Al film (without PVB) 

is exposed to de-ionized water for 5 hours, as shown in Figure 4.3. The Al film before 

exposure was used as the background. Other Al-O/Al-OH modes are also visible in the 

850-1200 cm
-1

 region in addition to the obvious water peaks at 3400 and 1640 cm
-1

. The 

negative peak at around 2350 cm-1 is due to a decrease in carbon dioxide within the 

probing depth of the evanescent field upon exposure to water.       
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                  The OH stretch band (3000-3700 cm
-1

) shape is highly indicative of the 

physical state of water incorporated at the PVB-Al interface. It is well known that water 

confined in a hydrophilic polymer behaves differently than water in bulk liquid phase due 

to interactions of water molecules with the polar groups of the polymer leading to their 

restricted motion, either directly or through other water molecules.
61

 Water has been 

found to exist in the form of clusters, chains and dimers etc. in hydrophilic polymers.
53

 

Water might also be incorporated in the porous oxide/hydroxide film at the interface. To 

understand how this compares with pure water structure, the ATR-FTIR spectrum of de-

ionized water (OH stretch region) along with its calculated fit including the component 

peaks is depicted in Figure 4.4. The overall spectrum could be fitted using three Gaussian 

peaks. In accordance with the generally accepted assignments.
62

 the component peak at 

about 3200 cm
-1

 can be attributed to the strong intermolecular coupling of water molecule 

symmetric stretch modes within a symmetric hydrogen bonding environment. The peak at 

about 3400 cm
-1

 is due to the weaker interactions of water stretching vibrations 

associated with a more distorted hydrogen bonding network. The peak at about 3510 cm
-1

 

is assigned to the coupling of the asymmetric stretching vibrations of the water 

molecules. The fitting result for water incorporated at the PVB-Al interface is shown in 

Figure 4.5. Similar to pure water, water trapped at the PVB-Al interface can also be fitted 

using the three Gaussian peaks described above. Tables 4.1 and 4.2 give the fitting 

parameters for pure water and water in the PVB film respectively. As can be seen from 

the difference in band shape of the two spectra, there is an increased contribution from 
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the weakly hydrogen bonded water molecules (peak at 3400 cm
-1

) relative to the strongly 

bonded ones (3200 cm
-1

) in the polymer than in pure water. Such an observation can be 

attributed to the breaking of the water network upon entering the polymer matrix and the 

weaker hydrogen bonding of water molecules to the polymer functional groups (polar 

sites), although the details of the electronic perturbation of the water molecules due to 

PVB is difficult to infer with this information.
63

  

                  To understand the changes in the C-H stretching region (2800–3000 cm
-1

) in 

more detail, the 5 hours exposed sample was plotted using the one hour exposed sample 

as the background as shown in Figure 4.6. Negative peaks in the region 2850 – 2960 cm
-1

 

indicate that there is a decrease in C-H intensities with longer exposure to water. There 

can be two plausible explanations for such an observation. First, water incorporation in 

the polymer matrix may lead to swelling of the resin with the effect that the 

macromolecular structure of the polymer would be less dense within the probing depth of 

the evanescent wave. Second, the water reaching the interface will result in hydrolysis in 

wet de-adhesion processes. The polymer will partly de-adhere from the substrate and in 

that case, the absorption bands would be negative with respect to the intact 

interface.
22,27,40 

However, it is not possible to distinguish between swelling and 

delamination using ATR-FTIR data. Delamination and swelling effects are even more 

prominent when a ZnSe IRE spin coated with a 10 μm PVB film only is exposed to de-

ionized water. Figure 4.7 shows the ATR-FTIR spectra of a ZnSe IRE spin coated with a 

10 μm PVB film only exposed to de-ionized water with the pure ZnSe as background. 

The C-H region has been zoomed in the inset of Figure 4.7.  
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4.2 WATER RETENTION AT THE PVB-ALUMINUM INTERFACE 

                  After the water exposure experiments were concluded, both the PVB and Al-

PVB samples were stored in an evacuated desiccator for over 48 hours till they appeared 

visually dry. Then, ATR-FTIR spectra were collected using these dried samples to see if 

water could still be detected at the corresponding interfaces, as shown in Figure 4.8. The 

respective dry sample data before exposure were used as the background. While the PVB 

sample showed no trace of water, an appreciable OH stretch band was still observed for 

the PVB-Al sample. This means that although PVB lost most of the water absorbed 

during exposure reversibly, a significant amount of water was trapped at the PVB-Al 

interface. It indicates that the now hydrophilic Al surface seems to be responsible for 

such water retention. Extensive research on aluminum surfaces has revealed the complex 

nature of such surfaces.
64-66

 On an aluminum surface, a thin layer of aluminum oxide is 

always spontaneously formed in contact with air.
30

  It is known that native surface layers 

on Al are made up of an anhydrous inner layer of amorphous Al2O3 covered by a 

hydrated outer layer, the latter being extremely important for the adhesion properties of 

the metal.
67

 α-Al2O3 (corundum) and γ-Al2O3 are known to be the common oxides of 

aluminum. The oxy-hydroxides include α-AlO(OH) (diaspore) and γ-AlO(OH) 

(boehmite) while bayerite, gibbsite and nordstrandite are the three forms of hydroxides 

formed. In contact with water, hydroxyl functionalities are incorporated into either 

octahedral or tetrahedral sites on the crystal structure of alumina.
30,64

 The oxide layers 
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are generally considered to be non – crystalline and porous. Investigation on the nature of 

the oxide film on Al has revealed that the composition of the oxide ranges from 

anhydrous to trihydroxide, depending on the temperature and pressure at which it was 

formed. It is known that films grown in the range 20-90˚C exhibit a duplex structure 

consisting of an inner layer of a porous structure of pseudoboehmite (or poorly crystalline 

boehmite) and an outer layer of large bayerite crystals.
67

 This is the temperature range 

relevant for the present study.  It is known that boehmite is composed of layers of edge 

shared AlO6 octahedra with terminal hydroxyl groups.
68

 This oxide/hydroxide layer 

might differ morphologically when under a polymer layer but is still responsible for 

making the metal surface hydrophilic. Also, it is known that on a metal oxide/hydroxide 

surface, a water monolayer would spontaneously bond with the surface hydroxyl groups 

by replacing the weaker polymer-oxide/hydroxide linkages. Probably, such a surface 

structure is responsible for retaining water molecules at the interface by formation of 

hydrogen bonding as envisioned in Figure 4.9.  

                   

4.3 WATER UPTAKE BY EPONOL COATED ALUMINUM 

                  It is interesting to compare the stability of the aluminum-PVB interface to 

water with that of a second polymer. Epoxy polymers are known to exhibit high adhesion 

and a good resistance to heat and chemicals. Hence, an epoxy polymer based on di-

glycidyl ether of bisphenol A (DGEBA) was chosen for the purpose. It can be 

synthesized by reaction of bisphenol A and epichlorohydrin.
69

 Different components in 
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the structure are known to perform specific functions to improve the resin’s performance, 

for example, the polar –OH groups enhance adhesion with the substrate while the chain 

length determines the flexibility of the polymer.
70

 Commercially, the resin comes in a 

blend of solvents, methyl ethyl ketone and propylene glycol methyl ether (75:25 wt %) 

and has the name eponol resin 53 BH 35.    

                  Similar to the PVB-Al samples, an eponol coated aluminum-ZnSe sample was 

exposed to de-ionized water. The resulting changes of the eponol-Al interface structure 

were monitored with time. The corresponding ATR-FTIR spectra are shown in Figure 

4.10. The dry sample before exposure was used as the background. The increase in 

intensity of the OH peak in the region 3000-3700 cm
-1

 indicates that more water was 

present at and near the aluminum-eponol interface because the penetration depth of the 

evanescent wave at the eponol-Al interface is smaller than that at the PVB-Al interface 

(Figures 2.2 and 2.3). This is further corroborated by an increase in the water OH 

deformation mode intensity at 1640 cm
-1

. The peak at around 980-1010 cm
-1

, attributed to 

the longitudinal Al-O modes was observed within the first hour of exposure but was 

found to remain almost constant over the remaining exposure period, in contrast to the 

aluminum-PVB system, where the peak was found to increase with time. The horizontal 

line at zero absorbance indicates the background i.e. the polymer coated aluminum before 

exposure to deionized water.    

                  Similar to the aluminum-PVB system, fitting results of the water band (Figure 

4.11) reveal that there is an increase in water molecules residing in a weakly hydrogen 

bonded environment relative to that seen in pure bulk water, where the dominant 
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contribution comes from associated (strongly hydrogen-bonded) chains of water 

molecules. The spectral fit parameters are given in Table 4.3.  

                  Interestingly, both aliphatic and aromatic C-H peaks were found to increase in 

intensity relative to the dry sample with exposure time, again, in a striking contrast to 

what was observed at the PVB-Al interface when exposed to water. This increase is 

especially prominent after the sample was exposed to water for 15 hours. Figure 4.12 

shows the corresponding ATR-FTIR spectrum. The dry sample before exposure was used 

as the background. Such an increase in C-H intensity was also observed when an eponol 

coated ZnSe sample (no aluminum) was exposed to 90% humidity for 20 hours. Figure 

4.13 shows the corresponding ATR-FTIR spectrum. The dry polymer before exposure 

was used as the background. The reason for this observation is not fully understood but is 

probably related to a rearrangement of the macromolecular polymer chains within the 

matrix upon interaction with water molecules. It is clear that aluminum does not play a 

role in this C-H intensity increase. Although there isn’t sufficient data to understand the 

processes going on when water interacts with eponol, it is clear that there are no 

swelling/delamination effects. On the basis of these observations, it can be inferred that 

eponol protects the aluminum film beneath itself better compared to PVB.  
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Figure 4.1.Schematic of an Al-PVB sample exposed to de-ionized water 
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Figure 4.2.ATR-FTIR spectra of a ZnSe IRE sputter coated with a 50 nm Al film and a 

10 μm PVB film in contact with de-ionized water with the dry sample before exposure as 

background. The exposure times were 1, 3 and 5 hours respectively. Each spectrum is 

averaged over 400 scans. 
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 Figure 4.3.ATR-FTIR spectrum of a ZnSe IRE sputter coated with a 50 nm Al film in 

contact with de-ionized water for 5 hours with the dry sample before exposure as 

background and averaged over 400 scans.  
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Figure 4.4.Peak fitting of the OH stretch mode of pure de-ionized water. 400 scans were 

acquired and the pure ZnSe was used as the background. 

 

 

 

 

 

 

 

 

Figure 4.5.Peak fitting of the water OH stretch mode from the 1 hour water exposed 

aluminum-PVB sample. 
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Peak Index Peak type Area Integral Peak center 

(cm
-1

) 

Max. Height FWHM 

(cm
-1

) 

1 Gaussian 55.57428 3214.9 0.25735 204.36 

2 Gaussian 40.1993 3372.5 0.21012 179.73 

3 Gaussian 20.039 3520.5 0.09677 195.18 

 

Table 4.1.Parameters for the pure water OH stretch spectral fits 

 

 

 

Peak Index Peak type Area Integral Peak center 

(cm
-1

) 

Max. Height FWHM 

(cm
-1

) 

1 Gaussian 1.03023 3221.4 0.00248 389.78 

2 Gaussian 0.97111 3413.1 0.00324 281.29 

3 Gaussian 0.21646 3517.2 0.00126 160.79 

 

Table 4.2.Parameters for PVB confined water OH spectral fits 

 

 

 

 



60 

 

 

 

 

Figure 4.6.ATR-FTIR spectrum of A ZnSe IRE coated with 50 nm Al and PVB exposed 

to de-ionized water for 3 hours with the same sample exposed for 1 hour as the 

background. The spectrum is averaged over 400 scan. 
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Figure 4.7.ATR-FTIR spectra of a ZnSe IRE spin coated with a 10 μm PVB film in 

contact with de-ionized water with the dry sample before exposure as background. The 

exposure times shown are 5 minutes and 2 hours. Each spectrum is averaged over 400 

scans. 
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Figure 4.8.ATR-FTIR spectra of both Al-PVB and PVB samples dried over 48 hours 

after the water exposure experiments, using the respective dry samples (before exposure) 

as backgrounds. Each spectrum is averaged over 400 scans. 
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Figure 4.9.Schematic of the possible interactions of water molecules with the Al 

oxide/hydroxide film at the Al-PVB interface. PVB (right) loses water completely after 

drying.  

 

 

 

 



64 

 

 

 

 

Figure 4.10.ATR-FTIR spectra of a ZnSe IRE sputter coated with a 50 nm Al film and a 

10 μm eponol film in contact with de-ionized water with the dry sample before exposure 

as background. The exposure times were 1, 3 and 5 hours respectively. Each spectrum is 

averaged over 400 scans. 
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Figure 4.11.Peak fitting of the water band from the 1 hour exposed aluminum-eponol 

sample. 

  

Peak Index Peak type Area Integral Peak center 

(cm
-1

) 

Max. Height FWHM 

(cm
-1

) 

1 Gaussian 1.33398 3250.1 0.0052 245.62 

2 Gaussian 1.51372 3438.7 0.0065 217.46 

3 Gaussian 0.52275 3519.1 0.0026 192.42 

 

Table 4.3.Parameters for eponol confined water OH stretch spectral fits 
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Figure 4.12.ATR-FTIR spectrum of a ZnSe IRE sputter coated with a 50 nm Al film and 

a 10 μm eponol film in contact with de-ionized water for 15 hours with the dry sample 

before exposure as background, zoomed in the region 2500 – 3700 cm
-1

 showing an 

increase in the C-H peak intensities and averaged over 400 scans. 
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Figure 4.13.ATR-FTIR spectrum of eponol spin coated on ZnSe and exposed to 90% 

humid air for 20 hours, using the dry sample before exposure as the background. The 

spectrum is averaged over 400 scans. 
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Chapter 5 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

                  With the ever increasing use of organic polymers as high performance 

coatings for corrosion protection of metal structures that are ubiquitous today, it is 

extremely important to evaluate the response of these resins to a host of environmental 

agents to which these adhesively bonded structures are constantly exposed in day to day 

life. Understanding the degradation mechanisms of these polymers has become integral in 

designing improved coating systems for a wide array of environments. The 

polymer/metal interface is the most sensitive region, being extremely fragile in nature 

and any detrimental changes in this zone will cause the structure to deteriorate via 

delamination of the polymer from the metal surface.  

                   In the first part of this study, Poly (vinyl butyral-co-vinyl alcohol-co-vinyl 

acetate) was used as the test polymer, whose degradation upon exposure to ozone, 

humidity and UV-B radiation was assessed employing Attenuated Total Reflection 

Fourier Transform Infrared (ATR-FTIR) spectroscopy. The polymer was found to 

structurally degrade when exposed to 0.1 ppm ozone, 90% humidity and UV-B light as 

evident from the formation of carbonyl products, which proceeds via ring opening and 

chain scission. Also, the exposed PVB showed a much greater water uptake reaching 
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saturation within a very short time compared to its unexposed counterpart. Interestingly, 

there was no sign of structural degradation when the polymer was exposed to humidity 

and UV-B alone, without the ozone. This proves that ozone (or rather atomic oxygen 

formed from ozone) is required for structural deterioration of the polymer. These changes 

were detected at a few nanometers from the PVB-ZnSe interface within a 10 μm PVB 

film. 

                  In the second part of the thesis, the response of an aluminum-PVB interface to 

liquid water was studied in situ over time using ATR-FTIR spectroscopy. The interface 

was formed between a 10 μm PVB film spin coated on a 50 nm aluminum film. From the 

relevant ATR-FTIR spectra, water was found to be incorporated at the interface leading 

to swelling and delamination of the polymer from the aluminum surface. Corrosion 

products (aluminum oxide/hydroxide) were also seen to form at the interfacial region. 

The aluminum-PVB interface was also found to retain water at the interface, long after 

the water on the sample dried. A comparison with an epoxy resin, diglycidyl ether of 

bisphenol-A also forming an interface with aluminum gave some contrasting results. 

Although water was still detected at the interface, the C-H intensities were seen to 

increase. It was discussed [in  chapter 4], that this is probably due to a rearrangement of 

the macromolecular polymer chains upon interaction with water. Corrosion products 

were seen to form within the first hour of exposure and remained constant throughout the 

remaining time. 

                  This study is an attempt to gain a better understanding of polymer degradation 

and the stability of polymer-metal interfaces, representing a key to improve the durability 
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of adhesively bonded structures. However, extensive research is required to gain a 

thorough insight into the physical and chemical mechanisms responsible for the failure of 

coatings. Quantification of such degradation employing appropriate mathematical models 

would be equally helpful. For example, a useful study can be the quantification of the 

absorption band at 1580 cm
-1

 observed when a PVB film is exposed to ozone, humidity 

and UV-B radiation [Chapter 3] that would give us the total amount of carboxylate 

moieties (oxidized carbon) generated due to the degradation. Again, it would be 

interesting to understand the extent of damage in the bulk of the polymer using 

transmission FTIR spectroscopy, in tandem with the interfaces. A comparison between 

the two would help understand the extent of impact at different depths of the polymer 

film which may shed light on the mechanistic aspects of such degradation. Moreover, the 

approach should be extended to multilayer structures of polymers and other aggressive 

media like SO2, NOx and temperature cycling. Finally, these laboratory exposed samples 

should be compared to field samples for lifetime predictions of coating formulation.  
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