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(ABSTRACT) 

The use of water based adhesive primers in enhancing the durability of aluminum 

adhesively bonded with epoxy was studied. The effects of the thickness of both the 

aluminum oxide surface layer and the primer layer on bond durability were established. 

5052 aluminum alloy was oxidized by phosphoric acid anodization prior to primer 

coating. The oxide layer thickness was controlled mainly by changing anodization voltage 

and directly measured using a HR-SEM (high resolution scanning electron microscope). 

The oxide layer was also examined by AES (Auger electron spectroscopy) and XPS (X 

ray photoelectron spectroscopy). The surface oxide layer was porous and the thickness 

varied from 0.2 to 2.2 um. The anodized aluminum substrates contained 3 atomic % of 

phosphorus and were coated with several solid concentrations of water based adhesive 

primers. These primers contained non-reactive polyurethane emulsions, and were dried at 

room temperature. The primer thicknesses were measured by ellipsometry. The primer 

penetrated into the aluminum oxide pores, confirmed by observing the primer surface 

after the aluminum oxide was removed by dissolving in dilute NaOH aqueous solution. 

All adhesive bonding was done using the wedge test configuration with a structural epoxy 

adhesive, Naviloc® XY 0210, which was cured for 30 min. at 180°C. The wedge samples 

were immersed in 80°C water and crack lengths were monitored as a function of time. 

Both the initial crack length and crack propagation were minimized when the primer



thickness was a little less than the aluminum oxide thickness. In a separate study, the 

aluminum oxide surfaces were aged in hot water or hot humid environment before 

bonding. The crack lengths of the aged samples for both 60°C water immersion and 70°C 

295 %R.H. conditions were similar to those of non-aged sample. On the other hand, when 

the samples were aged in 80°C water, the oxide was hydrated and the crack length 

increased. The locus of failure also changed from cohesive failure in the adhesive for the 

lower temperature aged samples to a mixed mode of cohesive failure and aluminum oxide- 

primer interfacial failure for the 80°C aged samples.
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Chapter I: INTRODUCTION 

The number of aluminum alloy bonding applications has been increasing recently 

in the automobile industry[1]. Primer coating of aluminum substrates is one of the main 

techniques to promote bonding performance. The coating is used to protect the aluminum 

oxide surface layer, which is not stable and is hydrated to hydroxide over time at elevated 

temperature and high humidity, resulting in a drastic decrease in bond strength. In 

addition, the primer may improve adhesive wetting and as a consequence, the bond 

durability may increase. Solvent based organic primers have been used for a long time, but 

environmental regulations now require the substitution of volatile organic compounds 

(VOC) by materials, such as water based adhesive primers. However, the bond strength 

of water based adhesive primers is usually lower than for solvent based ones, because an 

emulsifier and small amount of water remain in the bulk primer after drying and thereby 

prevent maximum adhesion. Water based primers which have some reactive functional 

groups, such as silane coupling agents or epoxy emulsions, have been proposed 

recently[2], but such primers usually require special treatment. For example, epoxy 

emulsions have to be heated to remove water which is strongly adsorbed in the emulsion 

particles. Silane primers should be heated only to relatively low temperatures (up to 

80°C) and these primers are also sensitive to surface contamination. 

Non-reactive water based adhesives have been widely used for wood panel and 

food paper package applications. Because the mechanical strength of those substrates is 

not as strong as metals and the surface of the substrates is rough and porous, good surface 

wetting and penetration are obtained using the non-reactive water based adhesives. The 

interlocking strength in such systems is good enough for those applications. The surface 

oxide layer of anodized aluminum is also porous, and similar interlocking effects on 

adhesion strength have been reported[3]. If water based adhesives are used as primers in



aluminum bonding and structural adhesives wet the primer coating, then load-bearing 

properties should be maintained for long periods. 

This thesis describes a study conducted to optimize bond strength of adhesive 

bonded aluminum using a water based adhesive as a primer. First, different aluminum 

oxide surface layers were produced by changing phosphoric acid anodization conditions, 

and the topography of the oxide layer and oxide thickness were investigated. Secondly, 

control of the primer coat thickness was studied. A thinner range (0.3 to 1.5 um) of 

primer thickness was investigated compared to current industrial applications[4]. Finally, 

bond durability of this system was evaluated by wedge test. The influence of the surface 

oxide layer and the primer layer on bond durability was the principal focus of this work.



Chapter II: LITERATURE REVIEW 

2.1. Water Based Adhesives 

Solvent based systems have been widely used as structural adhesive bonding 

primers to optimize the service life of the bonded components. These primers typically 

contain two kinds of materials[5] which are now subject to new environmental 

regulations. One is an organic solvent which contains high levels of volatile organic 

compounds (VOCs), and which is released into the atmosphere during application. The 

other material is a chromium compound which is used as a corrosion inhibitor of metallic 

surfaces and chromium compounds are known carcinogens. Water based adhesives have 

been proposed as candidate replacements of solvent based adhesives for more than 15 

years[6]. However, there have been only a few successful applications of substituted 

water based adhesives until the 1990s. 

There are two general types of water based adhesives: solutions and emulsions. A 

major application of water based adhesives is in the furniture and wood-working 

industries. Animal glues[6] which have been used for centuries are mainly used for 

bonding of wood and paper products. Solutions are soluble in water and the concentration 

of polymer is relatively low compared to emulsions due to viscosity constraints. On the 

other hand, the emulsions are dispersed in the aqueous phase and stabilized by addition of 

small amounts of surfactants. Since they are insoluble in water, the viscosity increase is 

small and high concentrations of polymer can be obtained, up to 70 % (wt/wt). The 

solutions are usually soluble in the water even after drying, and applications are 

restricted. This sensitivity to moisture is one reason that emulsion polymers have been 

developed. 

Some of the water based adhesives have been proposed as _ polymeric 

adhesive/metallic substrate primers, and these adhesive primers are under-coatings to



protect the metallic surface from corrosion. But many of the proposed water based 

adhesive primers have reactive functional groups and require drying at elevated 

temperatures[4]. In general, those primers are aqueous emulsions of epoxy or phenolic- 

based resins[7]. 

Silane primers are also used as structural adhesive primers[8]. However, they 

usually require application from dilute aqueous solutions for stability and to be bonded 

with adhesives immediately after the priming or stored at room temperature under 

vacuum condition|[9]. 

Comyn et al.[10] reported the analysis of the dried surface after application of a 

vinyl acetate copolymer emulsion and surfactants used in the formulation were usually 

observed on the dried surface. These surfactants decreased the bond strength, and these 

non-reactive polymer emulsions are also restricted for applications similar to the solution 

water based adhesives. 

2.2. Aluminum Adhesive Bonding 

2.2.a. Aluminum Surfaces and Pretreatments 

Aluminum is the most extensively utilized nonferrous metal, and can be joined by 

a variety of means including adhesive bonding. The usefulness of aluminum is enhanced 

by its chemical tendency to form a stable thin oxide layer on the surface that resists 

corrosion. However, since pure aluminum tends to be ductile and lacks mechanical 

strength, aluminum alloys are widely used for high performance applications. For 

example, the tensile strength of a 7075 alloy is approximately equal to that of some steels, 

but with a 30% decrease in density. The surface composition of these aluminum alloys is 

much different from the bulk composition, and the major component of alloys, such as 

magnesium and copper usually migrate into the surface due to the chemical activity



differences. Wightman and coworkers have demonstrated the importance of surface 

studies in trying to understand adhesively bonded systems| 11-13]. 

Brockmann explained that the good adhesion properties of the oxide layer produced by 

the anodizing processes are attributed to their high porosity, compared to other 

pretreatment techniques[3,14]. 

Pretreatments are required to remove a weak boundary layer from the aluminum 

surface, which is formed during the alloy manufacturing and storage. This layer can reduce 

the bond strength and may include not only the thin surface oxide layer, but also 

lubricants and other organic contaminants. Pretreatments can also modify the physical 

and chemical nature of aluminum surfaces. Venables et al.[15] demonstrated the 

importance of the microscopic morphology of the aluminum oxide surface for good 

bondability of the aluminum oxide, and has reviewed this area in detail[16]. The FPL 

etched aluminum oxide morphology using STEM (scanning transmission electron 

microscopy) and XPS was described and a constant composition was obtained after five 

minutes of anodization. The surface layer was Al,(SO,)3 on top of a Al,O3 matrix. This 

top layer covers and protects the oxide from water[15]. Later, these results were 

combined with depth profiles of porous oxides obtained using the AES technique[17] 

which led to the development of the phosphoric acid anodized (PAA) oxide structure 

shown in Figure 2.1. 

Stralin and Hjertberg[18] investigated the hydration of aluminum and magnesium- 

enriched surface oxides were found to have the shortest induction periods. It was 

concluded that Mg-included aluminum oxide led to an increase in the number of nucleation 

sites and the nucleation rate. Kinloch and Smart[19] explained that the magnesium rich 

surface layer is thought to arise during the heat treatment given to the alloy during its 

manufacture. Magnesium oxide is preferentially formed at the surface of the aluminum
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Figrue 2.1 Oxide morphology of PAA treated aluminum surface [16]



oxide[20]. However, according to the Kinloch, this magnesium oxide is almost completely 

removed by PAA treatment[19]. 

Organic corrosion inhibitors are also used to improve the wetting of adhesives 

onto aluminum oxide surfaces[21,22]. Water soluble inorganic based primers, such as 

aluminum alkoxide, are reported to enhance the adhesion durability[23]. 

2.2.b. Structural Epoxy Adhesives 

Unmodified epoxy resins are thermosetting polymers, such resins are usually 

highly crosslinked, have a high modulus, excellent tensile strength, low creep and low 

shrinkage during the crosslinking, but tend to be brittle materials. The addition of reactive 

liquid rubbers to uncured epoxy resin is a widely used technique to improve the 

‘toughness’ of the cured epoxy material, and also to increase the fracture resistance. The 

elastomer in the early days was a nitrile-butadiene liquid rubber which has reactive 

functional groups at both chain ends, and phase separation occurred during the 

crosslinking causing the elastomer particles to be dispersed in the epoxy matrix. When a 

stress is applied, the epoxy matrix will maintain its high modulus, while the elastomer 

particles initiate shear deformation ahead of a crack, thus resulting in an energy absorbing 

mechanism. Yee and Pearson and other researchers have extensively investigated the 

toughening mechanisms in elastomer-modified epoxies, and they concluded that 

micromechanical deformation contributes to toughness[24-29]. 

Pocius et al.[30] demonstrated that acrylic elastomer particles in an epoxy resin 

improve the fracture resistance. Qian et al. investigated epoxy toughening with 

polymethyl methacrylate (PMMA) copolymers dispersed as an emulsion in the liquid 

epoxy before curing[31]. It was demonstrated that the PMMA used as a shell polymer 

covers an insoluble core elastomer, such as poly(butadiene-co-styrene) and this core-shell 

structure improved the fracture toughness. Bishopp explained the epoxy toughening



mechanism[32] as the continuous phase of the epoxy matrix is initially compatible with 

the elastomers, and that phase separation occurs to form a dispersion of rubber-based 

particles within the bulk epoxy during the cure. Bishopp demonstrated that polyurethane 

toughened epoxy matrices[32] by combining the urethane oligomers with the liquid 

epoxy. 

Epoxy toughening can be accomplished also by modifying the curing agents. Ochi 

et al.[33] proposed an epoxy toughening mechanism where the low-crosslinked epoxy 

matrix cured with a dicyandiamide model material (1-o0-tolylbiguanide) caused shear 

yielding within the epoxy matrix. Aliphatic amines are rarely used in epoxy adhesives due 

to their high reactivities and highly crosslinked products[34], compared to the aromatic 

amines. 

2.3. Theories of Adhesion 

2.3.a. Adhesion Theory 

Bateup[35] and many other researchers agree that the theory of adhesion can be 

mainly divided into four aspects. Those are: 

(1) Mechanical interlocking theory 

(2) Diffusion theory 

(3) Electrostatic theory 

(4) Adsorption theory 

The mechanical interlocking theory attributes adhesion to the interlocking of the 

adhesive and adherend with irregularities, pores, and roughness of the adherend surface. 

Packham[36,37] reviewed the mechanical interlocking theory, and commented about 

Venables as a contributor of this theory. Boroff and Wake[38] explained the adhesion of 

rubber to textile materials by the mechanical interlocking theory. 

The diffusion theory was originally presented by Voyutskii[39], and it deals with 

polymer-polymer bonding. This theory is limited in application since mobility of both



adhesive and adherend is required. Similar solubility parameters are a prerequisite and the 

polymer chains in the adhesive must be sufficiently mobile for entanglements to occur. 

The electrostatic theory was proposed by Derjaguin[40]. Here an electrical double 

layer exists at the adhesive-adherend interface and the charge causes a stable bonding, and 

the sticking of particles to plane surfaces is a typical example. 

The adsorption theory is a widely utilized adhesion theory, and the adhesion is 

considered as a force of attraction between atoms in the two surfaces. There are two basic 

bonding types depending on the strength. Primary bonding leads to strengths on the order 

of 1,000 kJ/mole. Covalent, ionic and metallic bonds are specific example of primary 

bonding, and Lee demonstrated the adsorption theory[41] from XPS and SERS (surface- 

enhanced Raman spectroscopy) experimental results. Secondary bonding are dipole- 

dipole interactions, acid-base interactions, dipole-induced dipole attractions, and London 

dispersion forces with typical strengths of 0.01~100 kJ/mole. 

There are usually large differences between the calculated theoretical values and 

the experimental strengths for adhesion. The differences may be attributed to defects and 

air voids in the adhesive-adherend interface. Any one or more likely a combination of 

these theories may be required to best describe the actual bonding to anodized aluminum 

oxide and primer depending on the type of adhesive. Parameters which limit polymer- 

metallic bond strength are listed below[42]. 

(1) Metal surface preparation and its cleanliness; 

(2) Adhesive surface cleanliness; 

(3) Viscoelastic properties of adhesive and the adhesion conditions (stress, 

temperature,) both before and after any physical aging of the adhesive in 

the bond joint; 

(4) Joint geometry design; 

(5) Residual stresses in joints induced by adhesive shrinkage, TEC (thermal 

expansion coefficient) mismatch.



2.3.b. Adhesion Durability 

Gledhill and Kinloch[43] reported that the concentration of water influenced the 

joint durability in a way that no environmental failure was observed when the moisture 

concentration was below a certain critical limit. The moisture uptake under an external 

load increased with the load[44]. Hand et al.[45] showed that the adhesives gain moisture 

within 1~2 days under humid conditions. To improve the aluminum bonding durability, 

protection of the metallic oxide surface from moisture has been developed. Primer coating 

is the most popular protection method not only for protecting the surface but also for 

avoiding organic contamination which tends to accelerate the oxide degradation. Organic 

corrosion inhibitors are usually contained in the primer to improve the durability of 

adhesion[46]. 

The durability of adhesively bonded aluminum alloys have been reported over the 

past 20 years[3,47-50]. Brockmann et al.[3] investigated the durability and concluded that 

there was a weak boundary layer of polymer near the aluminum surface oxide layer and 

failure occurred within this layer. This weak boundary layer also influenced the oxide 

stability. The overall performance of a polymer adhesive/metallic substrate is affected 

by[15,51]: 

(1) Surface roughness, needed to provide good mechanical interlocking. 

(2) Long-term stability of the Al,O3 in a humid environment[52]. 

(3) Corrosion inhibitors which slow down the transformation of Al,O3 to AIOOH 

and, 

(4) Effect of corrosion inhibitors on the curing of the polymeric adhesive. 

On the other hand, Berbezier et al.[53,54] reported that a microstructural change 

occurred in the primer layer in contact with the aluminum oxide, and this ‘interphase’ 

primer is about 200 nm thick. This change resulted in drastic bond strength decreases. 

Arslanov[55] reported that the hydration of aluminum oxide reconstructs the interface 
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and the bond strength recovered to the initial level. The influence of residual thermal 

stresses was investigated by Orsini and Schmit[56], and was always significant in 

structural adhesive joints. 

2.4. Adhesion Testing 

Fracture testing is the most widely utilized testing method to evaluate the bond 

performance. Three basic modes of failure are recognized in adhesive bond structures for 

all testing techniques. An opening or cleavage stress mode is called mode I failure; in-plane 

shear or sliding stress is mode II; and sidewise shear (out-of-plane shear) or tearing stress 

is called mode III. These three failure modes are shown in Figure 2.2[57]. The adhesive 

bond strength depends on the loading rate and temperature[58], and this dependence is 

mainly due to the viscoelastic property of the polymeric adhesive. 

The single lap shear test is the most widely used test method for bonding and it is 

described by ASTM-01002[59]. The advantages of the single lap shear test are a simple 

and inexpensive specimen geometry and a simple test apparatus. However, there is a 

wrong assumption for the single lap shear test and that is that all loading is not in shear. 

Because the specimen is not symmetric to the stress line, bending deformation and stress 

concentration at the edges of the bond usually occur before fracture. Therefore other test 

methods, such as the T-peel test are required to appropriately evaluate bond strengths. 

The wedge test is a mode I failure test, and has primarily been used for industrial 

quality inspections. The wedge test was originally proposed by personnel at the Boeing 

Co.[60]. This test is a simplified DCB (double cantilever beam) test and although 

qualitative, it is less expensive compared to the DCB test. By measuring the crack length 

over a certain time period, the strain energy release rate, G;, is calculated. The equation is 

given as: 
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Mode | Mode II Made Ill 

Figure 2.2 Fracture modes [57] 
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G.=y’ Eh’ {3[a+ 0.6 h? + h*} / 16{La + 0.6 hf +a h’}? 

where y is the displacement at the load point corresponding to the wedge thickness, E is 

the adherend modulus, h is the thickness of the adherend and a is the crack length from the 

load point[60]. The bond line thickness is also known to affect the test result. According 

to Bascom et al.[61], a maximum fracture energy of the adhesive was obtained when the 

bonding thickness was equal to the size of the crack tip deformation zone[62].There is a 

peak fracture strength for a bond line thickness less than 1 mm as shown in Figure. 2.3. 

When the bond thickness is thinner than the optimum thickness, the size of the 

crack tip deformation zone was restricted, thereby limiting the toughening mechanism by 

crack tip blunting. On the other hand, a lower fracture energy was observed for thicker 

bonds due to the formation of high stress fields well ahead of the crack tip[63]. This 

phenomenon also changes with the temperature and the instrument crosshead speed, and 

the optimum bond thickness increases when the temperature increases and/or the 

crosshead speed decreases. 
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Chapter Il: EXPERIMENTAL 

3.1. Materials 

ASTM 5052 aluminum alloy coupons were obtained from two companies; wedge 

test coupons were provided by Reynolds Metal Company (Richmond, VA), and T-peel 

test coupons were provided by Kobe Steel Co. (Kobe, Japan). The 5052 alloy contains 

2.2~2.8 % (by weight) of magnesium, and other elements as shown in Table 3.1. Water 

based adhesive primers were provided by several companies, and those are shown in 

Table 3.2. The structural adhesive (Naviloc® XY 0210 a one-part epoxy paste adhesive) 

used for the bonding studies was provided by Toyoda Gosei Co. (Nagoya, Japan). 

Properties of the adhesive are shown in Table 3.3. 

3.2. Sample Preparation 

3.2.a. Plasma Treatment 

Surface cleaning of the aluminum and ferrotype coupons for studying the primer 

thickness was carried out in a March Instruments Plasmod® unit at a radio frequency of 

13.56 MHz. The plasma was generated at 50 watts for 2 minutes in the backfilled vacuum 

chamber, in which the oxygen gas flow rate was 130 cc/min at 1 torr and the pressure 

before backfilling was 0.1~0.2 torr. 

3.2.b. Phosphoric Acid Anodization (PAA) 

The aluminum alloy coupons were anodized before adhesive bonding to improve 

bond durability. The PAA consists of three treatments; alkali washing, acid etching and 

acid anodization. The aluminum coupons were immersed in 5% (by weight) sodium 

hydroxide aqueous solution at 65°C for 3 minutes. The surface contaminants and thin 

oxide layer were removed in this treatment. After the alkali washing, the coupons were 
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Table 3.1 5052 Aluminum alloy composition 

  

Element concentration (wt%) 
  

Mg Fe Si Cr Zn Cu Mn Al 

2.2~2.8 040 0.25 0.15~03 O01 O11 O11 >95 
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Table 3.2 Water based adhesive primers 

  

  

No. Polymer Solid concentration Provided by 

(%) 
1,2 epoxy/polyamine (2 part) 66 Kanebo NSC 

3 polyacrylate/silicone 35 Sanyo Kasei 

4~7 n.a. n.a. Daicel Chemical 

8 polyacrylate 50 Saiden Kagaku 

9 polyacrylate/styrene 57 Chuo Rika Kogyo 

10 polyvinyl acetate n.a. Hoechst Japan 

11~13 polyacrylate n.a. Hoechst Japan 

14 na. n.a. Toyo Morton 

15, 16 polyurethane 50 Hodagaya Kagaku 
  

n.a. means the data not available 
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Table 3.3 Structural adhesive properties 

  

  

Property Value 

Density 1.2 (g/cm?) 

VOC content <2% 

Viscosity 1000 Pa-s 

Tensile strength >40 MPa 

Young’s modulus > 1 Gpa 

Single lap shear strength* > 20 MPa (cohesive failure) 

T-peel strength* > 100 N/25mm (cohesive failure) 
  

*data obtained with 5052 aluminum substrates as received 
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immediately washed in deionized water and dipped in a 50% (by volume) nitric acid 

solution at room temperature for 2 minutes. Before anodizing, the coupons were washed 

again in deionized water. Then the coupons were anodized in a 15% (by weight) 

phosphoric acid solution at 30 °C for 15 minutes. The anodization was done using a 

power supply(Sorensen 150-6B) at constant voltage throughout the anodization. A piece 

of graphite (30 x 60 x 5 mm) was used as the cathode. The aluminum coupon and the 

graphite were securely held by the sample holder which was made of PMMA 

(polmethylmethacrylate), and the distance between the electrodes was fixed at 25 mm. 

The schematic diagram of the PAA apparatus is shown in Figure 3.1. 

3.2.c. Spin Coat 

The water based adhesive primers were coated on the aluminum coupon using a 

custom spin coater. The primers were reduced in solid concentration by adding deionized 

water in varying amounts. The coupon was mounted on the spin coater stage and several 

droplets of the primer solutions were placed on the coupon and spread homogeneously 

across the coupon using a spatula. A variable transformer was attached to the spin coater 

to control the acceleration rate which enabled the use of relatively large coupons, e.g., a T- 

peel specimen on the small stage. The samples were rotated at 1700~1800 r.p.m. 

measured by an optical tachometer, (Cole-Parmer Instrument 87303-00) for 20 sec. The 

samples were dried at room temperature for more than 24 hours before the next step. 

3.3. Instrumental Analysis 

3.3.a. X-ray Photoelectron Spectroscopy (XPS) 

A Perkin Elmer PHI 5400 ESCA spectrometer was used to conduct XPS analysis 

at 15 keV and 400 watts with an emission current of 30 mA. Pressure inside the analysis 
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chamber was maintained below 6.6 x 10° Pa (5 x 10° torr) during the course of analysis. 

A hemispherical analyzer operated in the fixed analyzer transmission (FAT) mode and a 

magnesium X-ray anode (Ka = 1253.6 eV) were used in the analysis. Samples with 

dimensions of 1 x 1 cm were mounted onto the spectrometer probe with double-sided 

tape, and the dimensions of the analyzed area on the samples were typically 1 x 3 mm. 

No neutralization with the electron gun was used since only minimal charging effects were 

expected. Survey scan analysis over a binding energy range of 0 to 1100 eV was 

conducted for all samples to determine the elements present in the top 5~10 nm of the 

surface examined, and was sensitive to 21 atomic %. After the survey scan, multiplex 

scans were done on all major photopeaks observed in the survey scan at 5 

minutes/element to quantify the peak area and to determine the precise binding energy 

(BE) for each element. 

The carbon 1s (C 1s) photopeak at 285.0 eV was used as a reference binding 

energy and this was achieved by adjusting the spectrometer work function for each 

sample analyzed via instrument software. To calculate the atomic concentrations and do 

the curve fitting, PHI 5000 series software (version 4.0) was used. The full width at half 

maximum (FWHM) of C 1s photopeak was maintained at 1.6 eV. A PHI 10-360 

hemispherical energy analyzer was operated in the constant pass energy (Eg) mode, where 

E, = 44.75 eV for survey scans and Ep = 17.9 eV for high resolution narrow scans. 

3.3.b. Ellipsometry 

Film thickness of the water based adhesive primers was measured by an 

ellipsometer (Gaertner Scientific L116A) with a 1 mW helium/neon laser (632.8 nm). Film 

thicknesses between 10 and 1000 nm should be measurable using this method. The primer 

was coated on a polished aluminum and a ferrotype, which were very flat to avoid light 

scattering. The incident light angle was fixed at 70° and the polarizer drum was 45°. Both 
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substrate refractive index and film thickness were calculated using a Gaertner standard 

program (GC5A+SubCA+SC6A+SC7A) software for an IBM computer. Five points 

from each of three coupons at the same condition were measured to optimize the 

precision of the film thickness. 

3.3.c. Contact Angle Analysis 

Contact angle analysis was conducted to measure the energy of the topmost 

molecular layers of surfaces, and to select the water based adhesive primer which had the 

highest surface energy. Deionized water and methylene iodide (CH,I,) were chosen as 

liquids to calculate the surface energy. Three drops (5 ul) of the liquids were carefully 

placed on the different substrates with a microliter syringe held approximately 5 mm 

above the sample surface. The sessile contact angle of the drop was measured using a 

contact angle goniometer (Rame-Hart 100-00 15 NRL) equipped with a camera and video 

monitor. The left and right sides of each drop were measured. In this experiment, only the 

dispersion and polar contributions to the surface energy (y° and ¥’, respectively) were 

assumed to be present, and both types of contributions were assumed to be related to 

their respective works of adhesion (W,) through a geometric mean relationship[65]: 

W (dispersive) = 2 [ysey 7] 1/2 

W,(polar) = 2[ys* 1") 2 

The total work of adhesion is assumed to be the sum of the dispersive and polar 

contributions. The y,? and y," data for the deionized water and methylene iodide are 

shown in Table 3.4[66]. By measuring the contact angles (@) of two liquids for each 

primer surface, the ys? and ys" values are calculated from the following equation : 

1+ cos 0 =2 {[ysPyP]? + [yey Py? / 
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Table 3.4 Surface energy components (in mJ/m’) for 

water and methylene iodide at 20°C 

  

  

Liquid YL YL YL 

Water 21.8 51.0 72.8 

Methylene Iodide 49.5 1.3 50.8 
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3.3.d. Scanning Electron Microscopy (SEM) 

SEM was done on a scanning electron microscope (ISI SX-40) using an electron 

beam voltage of 20 kV. Coupons (5 x 5 mm) were placed on a sample stage and a silver 

paint was used to make the sample electroconductive. The coupons were sputter coated 

with about 20 nm of gold using an Edward 150B system to prevent surface charging 

effects by the electron beam, and then mounted onto the sample holder. 

3.3.e. High Resolution Scanning Electron Microscopy (HR-SEM) 

HR-SEM was used for measuring the aluminum oxide thickness due to the PAA 

pretreatment, and the results were compared with the values obtained from Auger 

electron spectroscopy. A Philips EM420-T STEM system at a beam voltage of 40 kV 

was used to take the photomicrographs. Approximately 2 x 5 x 0.5 mm samples were 

sputter coated with about 10 nm of a Pd-Pt alloy to reduce the charging effect. The 

properly deposited Pd-Pt layer does not alter the morphology within the resolution of 

the microscope. 

3.3.f. Auger Electron Spectroscopy (AES) 

A Perkin Elmer PHI 610 scanning Auger microprobe with a single pass cylindrical 

mirror analyzer (CMA), and a electron beam voltage of 3 kV, and a beam current of 0.10 

uA was used to collect survey scans and depth profiles. An ion beam (1 x 1 mm) current 

of 5.0 WA and an ion beam voltage of 4 kV were used for depth profiling by argon ion 

sputtering. Auger survey analysis provides identification of elements present within 10 

nm of the surface, and the element sensitivity is >1 atomic %. 
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3.4. Adhesive Bonding 

The wedge and T-peel samples were prepared and adhesion performances were 

measured. Before primer coating, the aluminum coupons (25.0 x 150 x 4.5 mm for wedge 

and 25.0 x 200 x 0.8 mm for T-peel) were PAA anodized. The coated coupons were dried 

for more than 24 hours atmosphere pressure at room temperature. Some coupons were 

not primer-coated to compare the primer effects on adhesive performance. The structural 

adhesive was applied onto the coupon using a cylindrical tube and the approximately 5 

mm bead-shaped paste adhesive was lined in the middle of the coupon. Excess adhesive 

was squeezed out by pressing the adhesive coupon. The adhesive thickness was 

controlled at 0.25 mm using the same thickness Teflon® films which were inserted at 

both ends of the adhesive coupon (25.0 x 25.4 mm at the wedge/peel end, and 25.0 x 5.0 

mm at the other end). The adhesive coupon was clamped by aluminum angle pipes (25 x 

300 x 2.0 mm) and bolted, and then cured in a 180°C air-circulated oven (Blue M, POM- 

146A-1) for 30 minutes. This is a similar cure schedule to the actual automotive assembly 

paint oven schedule. The adhesive joints were cooled at room temperature without any 

temperature control. The joints were stored in a desiccator for more than 48 hours, and 

excess adhesive squeezed out from the joints during the cure was removed using a belt 

sander. The schematic diagram of the adhesion process is shown in Figure 3.2. 

3.5. Wedge Testing 

The wedge test was conducted to measure the adhesion durability. A 3.2 mm thick 

aluminum wedge was inserted into the wedge samples, which are described in the section 

3.4. A universal testing machine (Instron® 1123) was used to drive the wedge into one end 

of the joints at a crosshead speed of 25.4 mm/min. Such a procedure minimizes the error 

attributed to variations in initial crack length. The position of the initial crack was 
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measured on both sides of the wedge sample with a ruler to the nearest 0.5 mm at 24 

hours after the wedge insertion. The joints were then immersed into a water bath at 80°C, 

and the crack length was monitored. The joints were removed from the environments 

periodically to measure the propagation of the crack with time. 

3.6. T-Peel Testing 

The T-peel test is similar to the wedge test where the mechanical adhesion 

strength can be measured and compared to the wedge test which measures crack length. 

The bonded joint was stored in the desiccator and/or exposed to the water bath at 80°C 

for 7 days. One end of the joint was easily bent by hand to a 90° angle, which forms the 

T-shape geometry. The adhesion strength was measured using the universal testing 

machine (Instron® 1123) at the crosshead speed of 200 mm/min. The strength was 

calculated by IBM software, which calculates the plateau value at a steady failure 

propagation rate. 

3.7. Substrate Aging 

Some aluminum coupons were aged in water or humid conditions before bonding 

to evaluate the primer protection effect against the environment. Both wedge and T-peel 

specimens were evaluated. The primed or non-primed coupons were immersed in either 

60°C water or 70°C 95% R.H. air for 7 days. After aging, the substrates were bonded and 

adhesive strengths were measured for T-peel samples. The wedge samples were exposed 

to 80°C water for 7 days and the crack propagation was monitored. 

3.8. Statistical Data Treatment 

All data obtained were analyzed statistically to determine the variability of the 

1/2 measurements. All measurements are reported as x + ts(n)"’*, or x + zs, where x is the 
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average value, s is one standard deviation for a small number of measurements, t or z is a 

value of t-test or z-test, which depends on n, the number of measurements ( when n S$ 20, 

t should be used)[67]. The value of s was calculated by 

En(x, -xy 1/2 

S>= ee 

n- 1 

where x; is the specific measurement. The values of t and z are the value at P = 0.05. 
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Chapter IV: RESULTS AND DISCUSSION 

4.1. Contact Angle Analysis (CAA) 

The contact angles were measured for 16 different water based adhesive primers to 

calculate the surface energies of those primer surfaces. The surface energy of the 

aluminum surface, which was cleaned by wiping with ethanol, was also measured as a 

reference. Deionized water and methylene iodide were used for this experiment and the 

results are shown in Table 4.1. Zero values for the contact angle mean that the water 

droplet spread out on the primer surface and an exact value for the surface energy of the 

primer could not be obtained. The calculated surface energy parameters for each primer 

are listed in Table 4.1 and plotted in Figure 4.1. 

These primers were provided from several companies with their recommendations 

that the primers are suitable for aluminum bonding applications, and some of the primers 

are actually used in the industrial field. The surface energy varies widely in the figure, and 

there appears to be no correlation between the polar and dispersive contributions of these 

primers. On the other hand, comparing the data to that of the aluminum surface, the 

primer surface energies are higher, and the adhesive bonding might be expected to improve 

by using any of these primers. 

Primer #15 showed the highest total surface energy, and it will effectively wet the 

aluminum surface. However, the highest surface energy does not always means that it 

shows the highest bonding performance, as discussed in the literature review. Primers #8, 

#9 and #14 were selected to use in the T-peel test to compare the CAA result and the 

bonding performance. The results are shown in Table 4.2. The primers were spin coated 

on the oxygen plasma treated aluminum surface with the original solid concentrations. 

Therefore, the primer thickness was not controlled. Although the T-peel strengths were 
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Table 4.1 Contact angle analysis results 

  

  

  

        

No. polymer Contact angle* Surface energy (mJ/m7) 

H,0 CH2Ch, Ys Ys Ys (Yet 6°) 

1 epoxy 0 47.242.2 24.4 48.5 72.9 

2 epoxy 56.143.9  34.0+3.3 35.4 16.4 51.8 

3 acrylate/silicone 74.942.3 40.2+5.2 35.5 6.38 41.9 

4 n.a. 51.642.4  39.0+6.3 32.3 20.7 53.0 

5 n.a. 51.843.3  39.9+4.1 31.8 20.8 52.6 

6 n.a. 32.442.4 74.843.4 11.5 51.6 63.1 

7 n.a. 58.242.5  49,7+11.4 27.5 19.0 46.4 

8 acrylate 0 60.7+5.7 17.4 55.8 73.1 

9 acrylate/styrene 47.842.2  51.0+5.0 25.4 27.3 52.7 

10 vinyl acetate 56.5+4.1 45.0+1.6 29.8 18.8 48.6 

11 acrylate 47.742.2 43.2+4.8 29.6 24.7 54.3 

12 acrylate 65.142.0  56.7+9.2 24.4 16.1 40.5 

13 acrylate 64.341.6  51.0+2.7 27.6 15.0 42.6 

14 n.a. 86.541.4  50.343.0 31.8 3.0 34.7 

15 urethane 0 39.9+4.0 28.0 45.4 73.3 

16 | ___wethane | 64.6413 341427 | 368 10 478 
(aluminum) 75.842.6 55.7+1.1 26.7 8.8 35.5 

* forn=6 
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Table 4.2 T-peel bond strength results 

  

T-peel strength* 

(N/25mm) 

Failure mode 

  

Sample Polymer 

No. 

8 polyacrylate 

9 polyacrylate/styrene 

92.9 + 189 

8.56 + 19.7 

68.1 + 36.3 

77.3412.2 

primer cohesive + 

adhesive interfacial 

adhesive interfacial 

primer cohesive + 

adhesive interfacial 

primer cohesive + 

adhesive interfacial 

  

14 n.a. 

15 polyurethane 

* forn=2 
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lower than expected, primers #8, #14 and #15 showed comparable values to the structural 

adhesive, which has a T-peel strength of more than 50 N/25mm. The failure mode of these 

three samples was a mix of primer cohesive and adhesive interfacial failure. This means 

that the primer-aluminum adhesion is stronger than primer bulk strength and adhesive- 

primer adhesion. 

There are several differences between the CAA condition and the T-peel test 

condition. One is a thermal history since the T-peel test sample was heated to cure the 

epoxy adhesive before testing, but the CAA sample was not. The color of the primer 

changed from white to yellow during the cure for all samples. This thermal history may 

affect the adhesion. The most significant difference is that the CAA is related to the 

overall bonding performance. The CAA measures at the liquid-solid interface, and the 

liquid moves freely, resulting in a unique contact angle, depending on the physical and 

chemical interaction to the solid. On the other hand, the T-peel test measures not only at 

a single solid-solid interface, but at two interfaces (aluminum oxide/primer, and primer/ 

adhesive), and the result is not as simple as the CAA result. 

From the combined CAA and T-peel test results, #15 was selected to study the 

following adhesion durability test. 

4.2. Phosphoric Acid Anodization Study (PAA Study) 

4.2.a. Time Effect 

The time of anodization was investigated as a variable in surface pretreatment. 

Before anodization, the aluminum sample was chemically cleaned in the NaOH solution, 

and etched in the HNO; solution. The aluminum surface was partially dissolved and 

craters were created during this etching. The surface topography was obtained by SEM 

and is shown in Figure 4.2. Since the anodization condition depends on the material and 

its geometry, at first the current control mode was employed for the power supply to 
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Figure 4.2 SEM photomicrographs of acid pre-etched aluminum 

surface, (a) 500x (b) 3,000x 
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decide what voltage was appropriate for this anodization system. A constant current of 

129 A/m? (12 A/ft”) was applied to the aluminum samples, and the voltage was almost 

constant at 25 V throughout the experiment. Therefore a constant voltage of 30 V was 

established as a standard condition in the following studies. 

As the anodization proceeded, the aluminum surface was electrically etched, and 

simultaneously dissolved in the acid solution. The topographical changes are shown in 

Figures 4.3 and 4.4. After 5 minutes, small holes were already observed on the surface, 

and the hole size is much smaller than the crater size. Since the hole size is very small, the 

original crater keeps its shape up to 40 min. anodization, but surface dissolution also 

occurs and the original surface characteristics disappear after 80 min. anodization. This 

result shows that the topography was not changed by the presence of magnesium, which 

is the major alloying element. This phenomenon is also reported for different aluminum 

alloys[68]. 

The surface atomic composition of the anodized aluminum substrates was 

measured by XPS, and the results are shown in Table 4.3 and Figure 4.5. Acetone wiped 

and oxygen plasma treated aluminum surfaces are also shown in Table 4.3. Acetone wiped 

data shows that there is a lot of carbon on the surface indicating that the aluminum surface 

was covered by contaminants. The silicon peak may be due to contamination occurring 

during handling. The oxygen plasma cleaned the surface and the original aluminum alloy 

and surface oxide film appears. The plasma removes the organic contamination and as a 

consequence the oxygen Is and magnesium 2s peaks appear to be larger than for the 

acetone wiped surface. Magnesium migrates to the surface and this Mg-rich surface layer 

was observed by the Auger depth profile, as shown later in Figure 4.15. This migration is 

also reported by other researchers using another alloy[69]. A fluorine peak also appears 

but the alloy does not contain fluorine. This is probably due to the contamination in the 

plasma chamber, and similar results were reported in a previous paper[70]. 
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Figure 4.3 SEM photomicrographs of PAA treated (Smin.) aluminum 

surface, (a) 500x (b) 3,000x 
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Figure 4.4 SEM photomicrographs of PAA treated aluminum surfaces 

at 5,000x, PAA (a) Omin. (b) 20min. (c) 40min. (d) 80min. 
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Table 4.3 XPS atomic concentration (in atomic %) of aluminum 

  

  

surfaces * 

Al. Surface Condition C ls O ls Al 2p Mg 2s Others 

Acetone Wipe 68.18 20.11 8.05 2.56 Si 1.10 

O, Plasma 2 min. 23.93 50.00 16.56 7.00 F 2.51 

PAA 0 min. 32.59 42.92 18.72 0.03 P 5.74 

PAA 20 min. 24.73 48.44 23.66 0.16 P 3.01 

PAA 40 min. 20.45 50.48 24.31 0.15 P 4.61 

PAA 80 min. 23.41 48.30 24.13 0.29 P 3.87 

  

*forn=1or2 
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od



After the nitric acid pre-etching, the aluminum is oxidized again in the phosphoric 

acid. Interestingly, the magnesium content decreases significantly during the pre-etching, 

and it increases slowly as the anodization proceeds. The phosphorus peak appears 

throughout the anodization, and this comes from the phosphoric acid solution. The 

phosphate is adsorbed in the aluminum oxide layer and this adsorption has been reported 

to enhance bond durability[69]. As the anodization goes on, the O 1s peak and the Al 2p 

peak increase, but they do not change after 20 minutes. Since XPS gives chemical 

information for about 5 nm thickness, the oxidation occurring more than 5 nm beneath the 

surface could not be taken into account. On the other hand, this result reveals that the 

surface chemical composition does not change after 20 minutes except for the magnesium 

increase. Figure 4.6 shows changes in the C 1s XPS photopeak. Exposure to an oxygen 

plasma gives rise to a higher binding energy peak and this agrees with other results[70,71]. 

The chemical shift of the main C 1s peak as a result of anodization is too small to say 

there is any change. The Al 2p and O Is photopeaks also show no change as a result of 

anodization. 

The aluminum oxide thickness should increase during the anodization, and this 

may affect the adhesion performance. Figure 4.7 is a T-peel bond strength vs. anodization 

time plot. The water based adhesive primer was not used because of the experiment’s 

simplicity, and each anodized aluminum was bonded using the rubber toughened epoxy 

adhesive. It appears that there is statistically no significant change in bond strengths for 

anodization time up to 40 min. The visually observed failure mode for all samples was 

cohesive failure, which was confirmed by observing the surface by SEM as shown in 

Figure 4.8. Microvoids are observed in the higher magnification photomicrograph, and this 

is a typical example of a rubber toughened epoxy adhesive fracture surface. The adhesion 

strength between the aluminum and adhesive was superior to the mechanical strength 
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Figure 4.6 XPS carbon 1s photopeaks of aluminum surfaces, 

(a) as received, (b) plasma treated, (c) PAA 0 min., 

(d) PAA 20 min., (e) PAA 40 min., (f) PAA 80 min. 
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Figure 4.7 T-peel bond strength vs. anodization time plot 
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Figure 4.8 SEM photomicrographs of T-peel failure surface, 

(a) 200x (b) 2,000x 
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of the bulk adhesive in this condition and the thickness of the aluminum oxide layer did 

not affect the bond strength. 

4.2.b. Voltage Effect 

(1) HR-SEM observation 

Next, the effect of anodizaiton voltage on the aluminum oxide layer was 

investigated. The oxide thickness and topography were observed using HR-SEM (high 

resolution scanning electron microscopy) and Auger electron spectroscopy. Figure 4.9 

shows the difference between the SEM and HR-SEM photomicrograph images. The 

image shown is the PAA treated aluminum surface, and the anodization condition was 30 

V constant voltage for 15 min. Although both pictures are almost at the same 

magnification, their topographies are different. The SEM image shows that there is a 

whisker-like protrusion partially covering the surface. On the other hand, the HR-SEM 

image shows that the entire surface is covered by much smaller protrusions. Since HR- 

SEM resolution is higher than that of SEM, the HR-SEM image is more reliable and HR- 

SEM was used in the following oxide observations. 

The higher magnification photomicrographs are shown in Figure 4.10. The 

anodization condition for these samples was 40 V constant voltage for 15 min. These 

images clearly show a honeycomb structure of the aluminum oxide surface which could 

not be obtained from SEM. Davis and Venables[72] reported that the PAA creates a 

hollow hexagonal cell oxide structure. By changing the anodization voltage, the aluminum 

oxide thickness may be controlled and the thickness can be measured directly from the 

HR-SEM sample cross section image. The anodized sample was cooled by immersing in 

liquid nitrogen to make the sample more brittle. Then, the sample was rapidly bent along 

a notched line which was made before the anodization. The cross section sample was cut 

44



  

  

  
Figure 4.9 SEM and HR-SEM photomicrographs of 30V PAA treated 

aluminum surface, (a) HR-SEM 12,500x (b) SEM 15,000x 
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Figure 4.10 HR-SEM photomicrographs of 40V PAA treated 

aluminum surface, (a) 25,000x (b) 100,000x. 
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to fit a small sample cell (less than 1 mm thickness) and Pd-Pt coated to prevent charging. 

The anodization voltage was constant at several voltages from 0 to 40 volts, but the 

anodization time was held constant at 15 min. The HR-SEM photomicrographs for 

sample prepared at different anodization voltages are shown in Figure 4.11 to 4.13. The 

micrographs show that there is a single oxide layer whose thickness increased during the 

anodization, and the oxide topography has also changed. As the anodization proceeded, 

the thickness increased, and the sample also became more porous. The pore diameter also 

became larger. On the other hand, the bulk aluminum beneath the porous layer appears to 

be unchanged. For 40V PAA treated aluminum, the oxide wall topography changes to a 

feather-like porous column, and this shape results from the combination of the etching 

and dissolution. 

These photomicrographs reveal that the oxide thickness change corresponds to the 

anodization voltage. The oxide thickness was measured directly from the HR-SEM 

photomicrograph and the picture was carefully taken, since the picture angle was not 

always perpendicular to the oxide column. Therefore, the sample was rotated several 

times before the photomicrograph was taken, and the maximum column length was 

considered as the observed oxide thickness. These observed oxide thicknesses are plotted 

in Figure 4.14. The aluminum oxide thickness varies from 0.2 to 2 um depending on the 

voltage. The higher voltage leads to greater scatter in the thickness but the observed oxide 

thickness is also larger. 

When the higher voltage was applied to the sample, the oxidation reaction 

occurred very rapidly, and a lot of heat was generated near the oxide surface. Although the 

anodization condition was constantly controlled by a thermostat and a magnetic stirring 

bar, such local heat generation might have affected the scatter in the data. Figure 4.14 

shows that there is a linear relationship between the voltage and observed thickness, 
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Figure 4.11 HR-SEM photomicrographs of PAA treated aluminum 

surfaces, (a) PAA 10V, 100,000x (b) PAA 20V, 50,000x 
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Figure 4.12 HR-SEM photomicrographs of 30V PAA treated aluminum 

surface, (a) 6,500x (b) 100,000x 
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Figure 4.13 HR-SEM photomicrographs of 40V PAA treated aluminum 

surface, (a) 25,000x (b) 100,000x 
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Figure 4.14 Observed aluminum oxide thickness vs. PAA voltage plot 
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and higher voltage results in the thicker oxide film formation. Therefore, the aluminum 

oxide thickness can be controlled linearly by changing the anodization voltage. 

(2) Auger Depth Profile 

The oxide thicknesses of the anodized aluminum samples were also measured by 

Auger depth profile analysis. The depth profile reveals the chemical composition of the 

surface after a certain sputtering time. As the sputtering goes on, the aluminum oxide 

layer was sputtered away, so the chemical composition of the sputtered surface changes. 

Figure 4.15 shows the depth profile result fora PAA 0 min. aluminum sample. 

The oxygen and magnesium contents at the beginning are higher than those after 4 

minutes. This high oxygen content means an existence of an oxide layer on the aluminum 

surface. The magnesium has a small peak around 2 minutes and both the oxygen and 

aluminum contents also change at the same time around the 2 minutes. This indicates that 

there is a magnesium-rich layer between the oxide layer and the bulk aluminum alloy. Such 

an observation agrees with results reported for another aluminum alloy[72], which has 

copper as a major alloying component. This sputtering time required to change the 

chemical composition should be correlated to the oxide thickness, and the sputtering times 

for the different anodization voltages are plotted in Figure 4.16. The sputtering time was 

defined at the point where the oxygen and aluminum content reach the same level as the 

bulk alloy. This point is circled in Figure 4.15. Figure 4.16 illustrates that the relationship 

between the sputtering time and the anodization voltage is close to a linear relation, but it 

is not exactly the same as the HR-SEM result. Hofmann[73] explained that this non- 

linearity of sputtering time mainly depends on the chemical composition change of the 

sample. Since each chemical compound has a different sputtering speed, the overall 

sputtering speed results in a complex expression. 
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According to Hofmann, a total instantaneous sputtering speed z is given by mole 

fractions Xa and Xb for a binary system as: 

z= Xaz,+ Xb Zp 

where Z, and Zp are the sputtering speeds of the pure components. In the present work to 

measure the oxide thickness, the chemical composition of the oxide layer is relatively 

constant. On the other hand, the curve in Figure 4.16 is non-linear and the oxide 

topography, shown in Figure 4.13 is changing as the anodization voltage increases. 

Overall, the sputtering speed cannot be constant. 

By combining this result (see Figure 4.16) to the HR-SEM result (see Figure 

4.14), a master curve of oxide thickness vs. sputtering time was made, and the plot is 

shown in Figure 4.17. Again, this curve is not a straight line due to the sputtering time 

non-linearity. However, a calculated linear regression line is well correlated. Comparing 

the two measurements, the Auger depth profile measurement is easy and fast and the data 

error is small. There is no special sample preparation required for the Auger measurement. 

The HR-SEM observation, however, takes time to determine the correct angle 

perpendicular to the oxide cross section, and sample preparation is very time-consuming 

work. Although the HR-SEM observation gives a lot of other information, such as 

topography and roughness, the Auger depth profile is a better method to measure the 

oxide thickness using the master curve. 
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4.3. Primer Coating Study 

4.3.a. Primer Thickness Control 

The selected water based primer described in section 4.1 (sample # 15) was 

diluted with deionized water, and the resulting solutions were spin coated on polished 

aluminum or ferrotype surfaces. The polished aluminum and ferrotype had to be used 

because the substrate surface should be flat enough for exact thickness measurement to 

avoid light scattering, resulting in a large error. Even the polished aluminum has a certain 

roughness, therefore only two primer thicknesses on the aluminum were measured and the 

results were compared to those from the ferrotype surface. The ferrotype, mainly used 

for a positive photograph plate, is a chromium coated steel and the surface is very 

smooth. 

Before the primer coating has applied, the ferrotype was oxygen plasma treated 

for good wetting, and the surface composition of the plasma treated ferrotype obtained 

by XPS is shown in Table 4.4. The primer thickness was assumed to be controllable by 

changing the solid concentration, and this is confirmed by previous researchers[74]. 

However, the chemical composition of the dried primer film may not be same in the case 

of the very dilute concentrations. XPS was used to determine the chemical composition of 

the primer films. The solid concentration was reduced up to 40 times, which is calculated 

to be 1.25 % (by weight) from the original 50 %. The XPS results for the 1.25 % and 5 % 

primer surfaces are shown in Table 4.4. The oxygen content of the thinner primer film is 

higher than that of thicker film. These primer films are much thicker than the XPS 

measurement depth, and therefore the 1.25 % primer film surface may contain more polar 

components than the 5 % primer. 

Primer film thickness was measured directly by ellipsometry and the results are 

shown in Figure 4.18. For ferrotype surfaces, the data show a linear relationship 
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Table 4.4 XPS atomic concentration (in atomic %) of coated 

aluminum surfaces 

  

  

  

Sample C ls Ols Nis Cr 2p S 2p 

Plasma treated Ferrotype 39.9 41.4 2.0 14.2 2.5 

Primer 1.25 % 65.1 32.7 2.2 n.a. n.a. 

Primer 5.00 % 74.0 22.9 3.1 n.a. n.a 

nai <1% 
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between the solid concentration and the primer thickness. On comparison, the primer 

thickness on the polished aluminum is a little thicker at 1.67 %, but the data at 3.33 % is 

almost the same as for the ferrotype substrate. The relatively large thickness difference at 

1.67 % may be explained by the surface roughness of the polished aluminum which tends 

to trap the primer in valleys. As a consequence, the primer thickness gets thicker. 

Because this is not the main issue, further discussion is not warranted. Since the surface 

roughness and chemical composition are both different, these data are considered to be 

almost equivalent and the linearity of the ferrotype surface may be applied to the 

polished aluminum surface. 

4.3.b. Aluminum Oxide Replica Observation 

From the primer thickness measurement, it was shown that the primer thicknesses 

of the order of 1 um can be controlled by changing the solid concentration of the primer. 

This thickness is almost equal to the aluminum oxide layer thickness, which is 

controllable by changing the anodization voltage. Before the adhesion durability is 

discussed, it is very important to determine whether the primer actually penetrates the 

small aluminum oxide honeycomb structure. Aluminum is known to easily dissolve in a 

dilute NaOH aqueous solution, but the primer is not. Primer penetration was observed by 

dissolving the aluminum and the residual primer surface was inspected by SEM. 

Figure 4.19 shows a schematic diagram of the experiment and a low magnification 

SEM photomicrograph of the primed surface. The aluminum partially remains 

undissolved in the lower portion of the SEM photomicrograph. The primer film may 

swell, because it was originally a water based material, and longer exposure in the NaOH 

aqueous solution might cause primer surface damage. Therefore the coated sample was 

partially immersed in the solution, and the interphase area was observed by SEM. The 

primer surface topography, where aluminum was completely dissolved, is shown in 
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Figure 4.19 Aluminum oxide replica preparation schematic diagram 

and SEM photomicrograph 
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Figure 4.20 (a). Figure 4.20 (b) shows the SEM photomicrograph of primer surface near 

the interphase. Comparing the two micrographs reveals that the primer forms some fibril- 

like structure, which is less than 1 {1m in diameter and more than 30 um in length. This 

fibril mark can be seen in Figure 4.20 (a). 

Originally the solid primer shape is spherical and the outer surface is covered by 

an emulsifier which stabilizes the polymer phase against coagulation in the aqueous 

phase. This spherical shape can be still seen in Figure 4.20 (b), but coagulation might have 

occurred during the film formation, and that size is larger than the emulsified polymer 

particles. While the primer film is drying, water is continuously evaporating, and the solid 

polymer begins to coagulate. Since this coagulation occurs before water fully evaporates, 

there is certain amount of free volume generated and/or a small amount of water is trapped 

in the polymer film. The particles shown in Figure 4.20 (b) are probably the coagulated 

polymer, and some polymer may have crystallized during the coagulation. The 

crystallized polymer does not swell as an amorphous polymer, and this crystallized 

polymer may be removed from the primer surface during the immersion, and coagulated 

amorphous polymer swelled and formed a relatively smooth surface, which is shown in 

Figure 4.20 (a). 

If polymer is coagulated or crystallized in the original primer solution, polymer 

cannot penetrate the tiny aluminum oxide pores. Figure 4.21 shows the SEM 

photomicrographs of the aluminum surface. By carefully looking at the higher 

magnification micrograph, three layers (from left, porous aluminum layer, whisker-like 

primer surface, and primer particle layer) can be observed. The aluminum layer looks 

porous due to the dissolution. On the other hand, the primer particle layer seems to 

consist of coagulated polymer and smooth polymer. Between the aluminum and the 

polymer layer, a small whisker-like primer surface exists, and some of the coagulated 

polymer particles also have the whisker-like topography. 
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Figure 4.20 SEM photomicrographs of aluminum oxide replica at 

1,500x, (a) primer area (b) interphase area 
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Figure 4.21 SEM photomicrographs of undissolved aluminum area, 

(a) 1,500 x (b) 5,000 x 
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Figures 4.22, 4.23 and 4.24 show the SEM comparisons between the aluminum 

oxide replica and the 30V PAA treated aluminum surfaces. These aluminum oxide replicas 

are located in the interphase, which is shown in Figure 4.19. At the highest magnification 

(15,000x), the primer surface contains whiskers. Comparing this micrograph (Figure 4.24 

(b)) to the cross sectional HR-SEM photomicrograph (Figure 4.12 (a) etc.), the diameter 

of these whiskers are comparable to the aluminum oxide pore size. Therefore, this 

whisker-like primer surface is considered to come from the polymer which penetrated 

into the porous aluminum oxide structure. 

4.4. Wedge Testing 

In the previous section, it was shown that both the aluminum oxide thickness and 

primer thickness could be controlled on the order of 1 um by changing the anodization 

voltage and the primer solid concentration, respectively. In this section, those thickness 

effects on bond durability were investigated. A 80°C water immersion environmental 

condition was chosen for the wedge testing, because a preliminary experiment revealed 

that the crack would not propagate in wedge specimen placed in water up to 65°C. 

4.4.a. PAA Voltage Effect 

First, Figure 4.25 shows wedge test results where the anodization voltage varied 

from 0 to 40V. It is well-known that PAA pretreatment improves the bond 

durability[15]. The present results are consistent with this conclusion. As anodization 

voltage is increased up to 20V, the crack growth gets smaller, which means that the bond 

durability improves. On the other hand, if the voltage is increased to more than 20V, the 

crack length increases. The crack growths for 0V, 10V and 30V samples are larger than 

those for 20V and 40V samples. Therefore, it seems that there is a optimum oxide 

thickness to improve the bond durability. As the oxide thickness increases, the surface 
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Figure 4.22 SEM photomicrographs at 1,500x of (a) 30V PAA treated 

aluminum surface and (b) replica surface 
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Figure 4.23 SEM photomicrographs at 5,000x of (a) 30V PAA treated 

aluminum surface and (b) replica surface 
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Figure 4.24 SEM photomicrographs at 15,000x of (a) 30V PAA treated 

aluminum surface and (b) replica surface 
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area of the anodized aluminum increases and interlocking to the adhesive is expected to 

improve the bond durability. On the other hand, the thickest oxide layers may prevent 

good wetting by the primer and/or adhesive and fracture stress tends to concentrate in the 

fragile oxide layer, resulting in poor bond durability. Since the two effects occur 

simultaneously, the oxide layer sometimes improves the adhesion, but it may also 

decrease adhesion. 

Second, wedge results for unprimed and primed substrates anodized at 0V, 10V 

and 30V are shown in Figure 4.26. The primer thickness was about 1.0 um obtained using 

a 3.3 % solid concentration. The 0V and 10V PAA treated aluminum oxide thicknesses are 

less than 1.0 [um, so those oxide layers were considered to be fully covered by the primer. 

The 30V aluminum oxide, however, is calculated to be around 1.5 um thick and as a 

consequence the oxide should be only partially covered and the surface should have some 

original roughness. 

Figure 4.26 clearly shows that all three primed surface improved the bond 

durability even for the 30V anodization. The failure mode of each specimen was observed 

by an optical microscope and some of them were also observed by SEM. All failure 

modes were cohesive within the adhesive, which means the fracture always occurs in the 

bulk epoxy adhesive. This result indicates that bond durability is a complex process. 

Although the bond fracture occurred in the epoxy adhesive, the primer affects the bond 

durability. The primer may help wetting, but the durability improvements of 10V and 

30V are not significantly different from that of OV. 

Since the fracture occurred in the adhesive layer, adhesive thickness may also 

affect the bond durability and the primer effect might be emphasized by changing the 

adhesive thickness. The wedge thickness was held constant at 3.2 mm, so a thicker 

adhesive layer may reduce the stress due to the opening displacement change, and the 

crack length may also become smaller. The influence of the adhesive thickness upon 
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the bond durability is shown in Figure 4.27. The primer was not used for this experiment, 

so the bond durability only depends on the adhesive thickness for different aluminum 

oxide layers. The locus of failure was all cohesive in the adhesive layer. Except for the 

PAA 30V data, the crack length increased for all oxide layers as thickness of the adhesive 

decreased. The initial crack length for 40V increased significantly, and the crack growth 

was faster. This occurred probably due to the combination effect of the large oxide 

thickness and small adhesive thickness. The large oxide thickness makes for a fragile layer 

and caused a large initial crack, and the thinner adhesive cannot absorb the fracture energy 

compared to the thicker adhesive. From this result, the conditions of PAA 30V and 0.25 

mm adhesive thickness were chosen to study the primer influence upon the bond 

durability. 

4.4.b. Primer Effect 

Figure 4.28 shows wedge test results for different primer thicknesses on PAA 

30V treated aluminum substrates. The primer improved the bond durability except for the 

25% case. The initial crack length and the crack length after immersion in 80°C water for 

192 hours for each polymer solid concentration are shown in Figure 4.29 and Appendix I. 

This figure clearly shows how the primer thickness affects the bond durability. As the 

primer thickness increases up to 1.06 um (3.33%), both the initial crack length and the 

crack length after 192 hrs decrease. The aluminum oxide thickness of these samples was 

constant at about 1.5um, so it seems that the bond durability is optimized when the 

primer thickness is slightly less than the oxide thickness and the surface roughness effect 

of the oxide layer still works for bonding to the structural adhesive. 

In the literature review, water based adhesive primer thickness was revealed to be 

usually around 10 um in industrial applications [4,75], which is a similar thickness to the 

25 % data in Figure 4.29. The primer can physically protect the aluminum oxide from 
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environment, but excess primer reduces the bond performance like the thicker aluminum 

oxide layer. Therefore thickness control of both the primer and the aluminum oxide is 

important. For structural bonding applications, this thickness control probably works 

more effectively, since the mechanical strength of the bulk primer is far less than that of 

structural adhesive, resulting in a significant stress concentration at the primer-adhesive 

interface. The present results show that the bond durability was optimized by controlling 

the primer thickness to be slightly less than the aluminum oxide thickness. 

4.4.c Substrate Aging Effect 

One of the advantages in using primers is that the primer layer covers the 

aluminum oxide and protects the highly structured oxide from corrosion which causes 

poor adhesion performance. The corrosion is mainly induced by water and high 

temperature. In this section, whether the thin primer layer can protect the oxide layer 

from water, was investigated. Before adhesion, the 1.67 % primer coated (0.53 um 

epuivalent thickness) and unprimed samples were aged in severe environments. These 

specimens were exposed for up to 7 days under three conditions: 

(1) immersion in water at 60°C 

(2) immersion in water at 80°C 

(3) exposure in humid air (>95% R.H.) at 70°C 

(1) and (2) were conducted using a stirred water bath, but humid air for (3) was produced 

by putting a water-filled desiccator into a 70°C oven, so that the humid air was not 

circulated. 

XPS analysis results for the unprimed aluminum oxide surfaces are tabulated in 

Table 4.5. The carbon atomic concentration was initially 13.8 % and this carbon probably 
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Table 4.5 XPS atomic concentration (in atomic %) of aged aluminum 

  

  

surfaces 

Sample C ls O Is Al 2p P 2p 

Before aging 13.8 53.8 29.2 3.2 

70°C, 295%R.H. 2 days 27.1 45.8 24.0 3.1 

70°C, 295%R.H. 7 days. 34.1 41.4 21.9 2.6 

60°C, water 2 days 19.2 51.9 24.8 4.1 

60°C, water 7 days 20.2 50.2 25.2 4.4 

80°C, water 2 days 17.4 57.0 23.2 3.1 

80°C, water 7 days 20.2 57.7 20.7 1.4 
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came from surface contamination. As the aging proceeded, the aluminum oxide surfaces 

were more contaminated and the carbon atomic concentration increased. This carbon Is 

peak change is shown in Figure 4.30. As the aging proceeded, the carbon 1s peak seemed 

to shift to the higher binding energy, especially for 80 °C water. The complex carbon 

contaminants might have stained the substrate, and the higher binding energy was so 

broad that curve fitting didn’t work. On the other hand, the oxygen 1s and aluminum 2p 

peaks didn’t shift throughout aging, (the oxygen peak is shown in Appendix D). 

However, the atomic concentrations of oxygen and aluminum decreased for 60°C water 

immersion and 70°C humid air conditions. On the other hand, the O 1s content increased 

in 80°C water. This difference indicates that the aluminum oxide changed on immersion in 

the 80°C water. 

The aged surfaces were observed by SEM, shown in Figures 4.31 - 4.33. Before 

aging, the whisker-like protrusion partially covered the aluminum oxide surface, as shown 

in Figure 4.31 (b). Comparing this photomicrograph to Figure 4.32 (a), which is the 

surface after 70°C, >95% R.H. 7 days, the protrusion appears to be unchanged. On the 

other hand, Figure 4.32 (b), which was taken after 60°C water immersion 7 days, looks 

different and a relatively uniform and porous surface appears. This topography changed 

drastically after aging in 80°C water. The surface topography of the 80°C water aged 

aluminum oxide didn’t change for 2 days (see Appendix E). However, after 7 days the 

SEM observation (see Figure 4.33) revealed that the aluminum hydroxide flakes were 

formed and the surface topography significantly changed in this hot water. The flake 

diameter is around 5 um and this structure was also reported by Ko and Wightman[13], 

and the chemical structure of this flake was investigated by Brockmann[3] and 

Venables[51] who concluded that the flake was a hydrated aluminum hydroxide. 
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Figure 4.30 XPS carbon 1s photopeaks of aged aluminum surfaces, 

(a) before aging, (b) 70°C >95% R.H. 2 days, (c) 70°C 295% R.H. 7 

days, (d) 60°C water 2 days, (e) 60°C water 7 days, (f) 80°C water 2 

days, (g) 80°C water 7 days 
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Figure 4.31 SEM photomicrographs of 30V PAA treated aluminum 

surface (before aging), (a) 1,500x (b) 15,000x 
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Figure 4.32 SEM photomicrographs at 15,000x of (a) 70°C 295% R.H. 

7 days aged, and (b) 60°C water 7 days aged aluminum surfaces 
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Figure 4.33 SEM photomicrographs of 80°C water 7 days aged 

aluminum surface, (a) 1,500x (b) 15,000x 
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According to Davis et al.[52], this hydration occurs by dissolution of phosphate 

in the aluminum oxide, therefore the phosphate plays an important role in the hydration 

and the topography changes. Table 4.5 shows the atomic concentration of phosphorus 

measured by XPS (see p.77), and the phosphorus concentration was a minimum of 1.4 % 

after 80°C water immersion for 7 days. This result agrees with Davis et al.[52] and the 

extent of the hydration may be monitored by phosphorus atomic concentration. The 

water based adhesive primer was expected to protect the oxide surface from phosphate 

dissolution. 

Figure 4.34 shows the wedge test results using the aged primerless aluminum and 

aged primed aluminum substrates. This figure shows that the primed surface data are 

similar to the primerless surface data before aging, which means that the primer actually 

protects the aluminum oxide surface from the environment and the primer itself doesn’t 

degrade the bond durability. This effect is clearly shown in the hot humid environment. 

As already mentioned, the phosphorus concentration of the primerless aluminum surface 

after 70°C, 295% R.H. 7 days decreased from 3.2 to 2.6 % (see Table 4.5). This XPS 

data agrees with the wedge test result in that the hot humid condition affects the bond 

durability more than the 60°C water immersion condition. In addition, the XPS data 

shows that the phosphorus content increased after 60°C water immersion, which suggests 

that more phosphate ions migrated or accumulated onto the aluminum oxide surfaces. 

This surface phosphate concentration may retard hydration and as a consequence, crack 

growth becomes slower. The reason why the phosphorus content increased during the 

60°C water immersion is not clear. However, this result indicates the relationship 

between the bond durability and the phosphorus content on the aluminum oxide surface. 

Figure 4.35 shows the durability comparison of 60°C water immersion to 80°C. 

The XPS and SEM results already indicated the poor durability of the 80°C water 

immersed sample, and this wedge test agrees quite well with the surface analysis. 
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The primer improves the bond durability, especially since the primerless wedge samples 

completely delaminated in 48 hours, compared to the primed samples which did not 

delaminate. The crack length of the primed sample after 80°C water immersion also 

increased, and the failure mode of this sample also changed. 

For the wedge test, the XPS analysis of the failure surfaces didn’t work as well as 

SEM (data shown in Appendix H). Since the other aluminum surfaces which were not 

bonded were also exposed to the hot water or humid environment without any protection, 

the wedge failure surfaces were heavily contaminated during the test due to the 

dissolution of non-protected aluminum surfaces. Therefore, the XPS data reflect a lot of 

contaminants (see Appendix H), and the failure surfaces were mainly examined using 

SEM. 

The SEM observations of the wedge test failure surfaces are shown in Figures 

4.36 and 4.37. Before aging, no hydration occurred, so the primer or adhesive wet well on 

the oxide layer and the failure took place in the adhesive layer. Figure 4.36 shows the 

failure surface of a non-aged primed sample, and the same topography was obtained for a 

primerless sample (see Appendix G.1). Therefore, the locus of failure is considered to be 

cohesive within the adhesive layer. On the other hand, the topography of the 80°C water 

immersed sample was different as expected, and it revealed that the failure occurred at 

either the hydrated aluminum-primer interface or cohesive within the adhesive layer (see 

Figure 4.37 (b)). From this result, the primer seems to protect the aluminum oxide layer, 

but 80°C hot water easily diffuses through the primer layer and the aluminum surface is 

immediately hydrated, and this hydration leads to poor bond performance. 
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Figure 4.36 SEM photomicrographs of wedge test failure surface 

(primed, before aging), (a) 150x, (b) 1,500x 
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Figure 4.37 SEM photomicrographs of wedge test failure surface 

, (b) 1,500x 

  

(primed, 80°C water 7 days aged), (a) 150) 
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Chapter V: SUMMARY 

This work was performed to study bond durability by using water based adhesive 

primers on an aluminum alloy and to investigate the optimum condition of this bonding 

system. The influence of aluminum oxide and primer thicknesses on bond durability was 

also investigated. 

The highest surface energy primer was selected from 16 primers by contact angle 

analysis. However, the T-peel test revealed that the surface energy is not directly 

correlated to the bond strength when the failure occurs in the bulk adhesive layer. 

Phosphoric acid anodization study showed a linear relationship between the anodization 

voltage and the aluminum oxide thickness. As the voltage increased from 10 to 40 volts, 

the oxide thickness also increased from 0 to 2.2 um. HR-SEM (high resolution scanning 

electron microscope) was used to determine the aluminum oxide thickness, and the oxide 

layer cross section clearly showed its topography. In addition, the oxide thickness was 

measured from Auger depth profiles. By combining the Auger depth profile data and HR- 

SEM observation, a master curve of thickness versus sputtering time was produced. 

Primer thicknesses were changed by diluting the solid concentration and were 

measured by ellipsometry. The primer thicknesses coated on the ferrotype were linearly 

correlated to the solid concentration and the thickness range calculated was from 0.4 to 

1.7 um, which was almost the same as the aluminum oxide thickness range controlled by 

the anodization voltage. The primer penetration into the aluminum oxide pores was 

confirmed by observing the primer topography after the aluminum oxide was dissolved in 

a dilute NaOH aqueous solution. 

Since these results showed that both the aluminum oxide thickness and the primer 

thickness were controllable, the bond durability was investigated by changing both 
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thicknesses. Crack growth is minimized when the primer thickness is a little less than the 

aluminum oxide thickness. The adhesive thickness also affected the crack growth. 

The aluminum oxide surfaces were aged in hot water or in a hot humid 

environment prior to bonding. When the substrates were aged for 7 days in 60°C water 

immersion or 70°C 295% R.H., wedge test results revealed that the primer protected the 

oxide layer and the crack growth was similar to that for non-aged surface. On the other 

hand, when the samples were aged in 80°C water, the oxide was hydrated and the crack 

length became larger than the original crack length. SEM observation showed that the 

locus of failure changed from cohesive failure in the adhesive to a mixed mode of cohesive 

and aluminum oxide-primer interfacial failure. 
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APPENDIXES 

A. Preparation of anodized aluminum samples 

B. SEM photomicrographs of PAA treated aluminum surfaces, 

B.1. PAA 10 min. 

B.2. PAA 20 min. 

B.3. PAA 30 min. 

B.4. PAA 80 min. 

C. AES depth profile results of aluminum surfaces, 

C.1. As received aluminum 

C.2. PAASV. 

C.3. PAA 10 V. 

C.4. PAA 40 V. 

D. XPS oxygen 1s photopeak changes by aging 

E. SEM Photomicrographs of aged aluminum oxide surface 

F. Wedge test crack length vs. exposure time plot, after aging 2 days PAA 30V 

G. SEM photomicrographs of wedge test failure surfaces, 

G.1. Before aging, primerless 

G.2. 80°C water 7 days, primed 

H. XPS atomic concentration (in atomic %) for wedge test failure surfaces 

I. Wedge test crack length vs. primer thickness plot, PAA 30V no aging 
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A. Preparation of anodized aluminum samples 

1. Immerse the aluminum specimen in 5% (w/w) sodium hydroxide aqueous solution 

at 65°C for 3 min. 

2. Rinse immediately with deionized water at room temperature. 

3. Immerse the aluminum specimen in 50% (v/v) nitric acid (con) aqueous solution at 

room temperature (25°C) for 2 min. 

4. Rinse immediately with deionized water at room temperature. 

5. Immerse the aluminum specimen in 15% (w/w) phosphoric acid aqueous solution 

for certain time either at constant current or constant voltage, maintaining the 

solution temperature at 30°C. 

6. Rinse immediately with deionized water at room temperature and dry the specimen 

at 80°C for 10 min. 

The aluminum specimen is connected to the anode. The cathode for the 

anodization is graphite. The electrode separation distance is constant at 25.0 mm. 
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B.1. SEM photomicrographs of PAA 10 min. treated aluminum 

surface, (a) 500x (b) 3,000x 
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B.2. SEM photomicrographs of PAA 20 min. treated aluminum 

surface, (a) 500x (b) 3,000x 
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B.3. SEM photomicrographs of PAA 30 min. treated aluminum 

surface, (a) 500x (b) 3,000x 
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B.4. SEM photomicrographs of PAA 80 min. treated aluminum 

surface, (a) 500x (b) 3,000x 
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F. Wedge test crack length vs. exposure time plot, after 
aging 2 days PAA 30 V, primer thickness 0.53 pm 
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G.1. SEM photomicrographs of wedge test failure surface, 

before aging, primerless, PAA 30V, (a) 150x (b) 1,500x 
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G.2. SEM photomicrographs of wedge test failure surface, 

80°C water immersion 7 days, primed, PAA 30V,(a) 150x (b) 1,500x 
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H. XPS atomic concentration (in atomic %) for wedge test failure 

  

  

  

  

  

surfaces 

Sample conditions C ls O ls Al 2p Mg 2s 

Primed, one side 35.4 46.6 14.4 3.6 

before aging the other side 28.9 53.1 14.2 3.8 

Primerless, one side 29.6 52.9 13.8 3.7 

before aging the other side 25.3 57.5 13.2 4.0 

Primed, one side 22.6 56.9 14.7 5.8 

80°C water 7 days the other side 13.7 60.4 18.5 7.4 

Primerless, one side 45.3 38.5 11.6 4.6 

80°C water 7 days the other side 17.3 57.4 18.2 7.1 
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