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Propositions, part of the thesis: Polymer bonding and adhesion on 
aluminium and magnesium alloys 
 
1. Without chemical bonding, adhesion cannot exist. 
 
2. Contrary to what is usually assumed, the quality of adhesion of coatings on 
metal substrates is mainly determined by the local (oxide) composition of the 
substrates.  
 
3. Improving adhesion on metals through roughening is not due to “mechanical 
interlocking”, but mainly because removing the top layer creates a fresh oxide 
and removes organic contamination.  
 

A.F. Harris, A. Beevers, International Journal of Adhesion and Adhesives 1999, 
19, 445. 

 
4. It is wrong to assume bonding of PET molecules on aluminium is through 
molecular end-groups only since saponification of the ester groups can also 
lead to bonding possibilities. 
 

F.M. De Wit, Ö. Özkanat, J.M.C. Mol, H. Terryn, J.H.W. De Wit, Surface and 
Interface Analysis 2010, 42, 316. 

 
5. It is not possible to measure delamination with Scanning Kelvin Probe (SKP) 
for systems where the delamination mechanism is dominated by displacement 
of polymer-metal bonds by water. 
 
6. Rights are not social privileges but objective facts, identifying the freedoms 
we need to live our lives - whether a majority in society agrees or not.  
 
Thomas A. Bowden in “Supreme Disappointments”, Ayn Rand Center for 
Individual Rights, November 3rd, 2008, http://tinyurl.com/9fr3lga 
 
7. Persuasion is clearly a sort of demonstration, since we are most fully 
persuaded when we consider a thing to have been demonstrated.  
 
Aristoteleʼs Rethoric, Book 1, 1355a (translation by W. Rhys Roberts) 



 

 

 
8. Since mobile phone use by children increases the chances of brain tumors, 
more public information on the risks in the Netherlands is urgently needed. 
 

F. Soderqvist, M. Carlberg, K.H. Mild, L. Hardell, Environmental Health 2011, 
10. 

 
9. “Green” subsidies on electric cars are misplaced, because “electrifying” all 
cars would result in a worldwide depletion of lithium or nickel resources in 
around 15 years if the number of new cars stays at the level of 2010. 
 

H. Wouters and D. Bol in Material Scarcity An M2i study 2009 
 
10. The importance of adhesion is usually only noticed, when it is not present. 
 
These propositions are regarded as opposable and defendable, and have been 
approved as such by the supervisors prof. dr. R. Boom and prof. dr. ir. H. Terryn 
 



 

 

Stellingen behorende bij het proefschrift: Polymer bonding and adhesion on 
aluminium and magnesium alloys 
 
1. Zonder chemische binding kan er geen hechting zijn.  
 
2. In tegenstelling tot wat doorgaans gedacht wordt, wordt de kwaliteit van 
hechting van organische deklagen op metalen wordt hoofdzakelijk bepaald door 
de lokale samenstelling van de substraten  
 
3. Het verbeteren van hechting op metalen door opruwen kan niet worden 
toegeschreven aan “mechanische interlocking”, maar is voornamelijk het gevolg 
van het verwijderen van de oppervlaktelaag, wat een vers oxide creëert en 
organische vervuiling verwijdert. 
 
4. Het is verkeerd om aan te nemen dat binding van PET moleculen op 
aluminium alleen door moleculaire eindgroepen tot stand komt, omdat 
verzeping van de ester groepen ook kan leiden tot bindingsmogelijkheden. 
 

F.M. De Wit, Ö. Özkanat, J.M.C. Mol, H. Terryn, J.H.W. De Wit, Surface and 
Interface Analysis 2010, 42, 316. 

 
5. De kwaliteit van de hechting van organische deklagen op metalen substraten 
wordt hoofdzakelijk bepaald door de locale samenstelling van de substraten. 
 
6. Rechten zijn geen sociale privileges maar objectieve feiten, die de vrijheden 
definiëren die we nodig hebben om onze levens te leven - of de meerderheid 
het daar nou mee eens is of niet.  
 
Thomas A. Bowden in “Supreme Disappointments”, Ayn Rand Center for 
Individual Rights, November 3rd, 2008, http://tinyurl.com/9fr3lga 
 
7. Overtuiging is een soort bewijs, want we zijn het meest overtuigd als we 
aannemen dat iets bewezen is  
 
Aristotelesʼ Rethoric Book 1 1355a, 11 
 



 

 

8.  “Groene” subsidies op elektrische autoʼs zijn misplaatst, omdat het elektrisch 
maken van alle autoʼs tot gevolg zou hebben dat de wereldwijde voorraden 
lithium of nikkel binnen circa 15 jaar uitgeput zijn als het aantal nieuwe autoʼs 
gelijk zou blijven aan het niveau van 2010.  
 
H. Wouters and D. Bol in Material Scarcity An M2i study 2009 
 
9. Omdat het gebruik van mobiele telefoons bij kinderen de kans op 
hersentumoren vergroot, is er dringend meer openbare informatie over de 
risicoʼs in Nederland nodig.  
 

F. Soderqvist, M. Carlberg, K.H. Mild, L. Hardell, Environmental Health 2011, 
10. 

  
10. Het belang van hechting wordt meestal pas opgemerkt bij het ontbreken 
ervan. 
 
Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als 
zodanig goedgekeurd door de promotoren prof. dr. R. Boom en prof. dr. ir. H. 
Terryn 



Polymer bonding and adhesion

on aluminium and magnesium alloys

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,

door 

Frederik Mathijs DE WIT







 
 voorzitter

 



 



 
 Technische Universiteit Delft

 Technische Universiteit Delft




 





s 
( )

Printed by: Ipskamp Drukkers, Enschede, The Netherlands



Table of contents

Chapter 1 - Introduction
          7

Chapter 2 - Background
        13

2.1 Introduction and scope
   15

2.2 Materials used
   15










2.3 Aluminium and magnesium oxides
   23










2.4 Theories of bonding and adhesion of organic molecules and coatings on

     metals
   32



















Chapter 3 - Experimental
        51

3.1 Introduction
   53

3.2 Materials
   53















3.3 Pre-treatments and application methods
   57







3.4 Experimental equipment and methods
   59













Chapter 4 - Analysis of the surface composition of pre-treated 

aluminium alloys
        63

4.1 Introduction
   65

4.2 Results…
   65


   


   

4.3 Discussion
   73







4.4 Conclusions
   76

Chapter 5  - Electrochemical behavior of pre-treated aluminium and 

environments
        79

5.1 Introduction and background
   81

5.2 Results
   85

5.3 Discussion
   89

5.4 Conclusions
   91

Chapter 6 - Bonding of succinic acid and di-methyl terephthalate       95

6.1 Introduction
   97

6.2 Results
   99












6.3 Discussion
 107







6.4 Conclusions
 112







Chapter 7 - Bonding and stability of succinic acid on magnesium 

alloy
      115

7.1 Introduction
 117

7.2 Results
 117
















7.3 Discussion
 128










7.4 Conclusions
 130



Chapter 8 - Adhesion of PETG
      133

8.1 Introduction
 135

8.2 Results
 136







8.3 Discussion
 141










8.4 Conclusions
 145

Chapter 9 - Summarizing conclusions
      149

Introductory chapters
 151

Surface Characterization (chapters 4 and 5)
 151

Nanoscopic/molecular interactions at the interface (chapters 6 and 7)
 154

Macroscopical/mechanical testing of adhesion (chapter 8)
 156

Epilogue and outlook
      159

Summary
      161

Samenvatting
      163

Publications related to this work
      165

Dankwoord
      167

Curriculum Vitae
      169



Chapter 1 - Introduction





 to the testing of 

not

ʼ

€ annually

, 

water



qualitatively

quantitatively

, 

nanoscopic



References




1999


 International Journal of Adhesion 

and Adhesives 2009, 29


 Voorkomen corrosie kan miljoenen euro schade besparen 

2007




Journal of Physical Chemistry B 2004, 108




Langmuir 2004, 20




Langmuir 2004, 20




Progress in Organic Coatings 2004, 51


 Journal of the Electrochemical Society 2003, 150



Figure 1.1



Chapter 2 - Background 





2.1 Introduction and scope

2.2 Materials used

2.2.1 Aluminium, magnesium and alloys



geopolitical reasons

Table 2.1 

 and 

Metal Annual worldwide 

production (tonnes)

Estimated worldwide 

reserve 

Steel

 tonnes

* tonnes

** tonnes

 tonnes



Figure 2.1. 



Table 2.2 

Series name System Common 

alloys

Used in Yield strength 

(MPa), alloy

transportation

personal

transportation

ʼ

Table 2.3 

Series name System Common alloys

*



Table 2.4 

Series name System Applications

Transport containers

      

   

      

salt water service 

2.2.2 Applications of aluminium-magnesium and magnesium-aluminium 

alloys



Figure 2.2

2.2.3 Protection (from corrosion) of aluminium-magnesium and magnesium-

aluminium alloys



 have 





2.3 Aluminium and magnesium oxides

2.3.1 Composition of aluminium and magnesium alloy oxides

Aluminium alloys

 and 

anodizing  

)   



Magnesium alloys

Figure 2.3



2.3.2 Chemical properties of aluminium-magnesium oxide surfaces 



Figure 2.4

4 Al -> 4 Al3+ + 12 e-
 
 
 
 
 
 
 (2.1)

3 O2 + 12 e- -> 6 O2-
 
 
 
 
 
 
 (2.2)

2 H2O + 2e- -> 2 OH-  + H2
 
 
 
 
 
 (2.3)



 developed 

water

2 Mg + O2 -> 2 MgO
 
 
 
 
 
 
 (2.4)

MgO + H2O -> Mg(OH)2

 
 
 
 
 
 (2.5)

Mg + 2 H2O -> Mg2+ + 2 OH- + H2 
  
 
 
 
 (2.6)

Mg

Mg2+ + 2 OH- -> Mg(OH)2
 
 
 
 
 
 (2.7)



Figure 2.5



CO2 (aq) + OH- -> HCO3
- (2.8)

HCO3
- + OH- -> CO3

2- + H2O (2.9)

 to 

5 Mg(OH)2 + 4 CO2 -> Mg5(CO3)4(OH)2 + 4H2O (2.10)

)

Figure 2.6



alloys




 or patented  

, etching is 



 



2.4 Theories of bonding and adhesion of organic molecules and coatings on 

metals

of adhesion

Bonding

Adhesion



looking at practical coating adhesion

Table 2.5

Type From [44]  

kcal/mol*

From [58] 

kJ/mol

From [46]

kcal/mole

Primary bonds Ionic  

Metallic
Donor-acceptor 

bonds interactions

 

Secondary Bonds    

Hydrogen bonds  

Van der

 

 

Waals bonds

 

Waals bonds

2.4.2 Bonding physics and chemistry of polymers on metals: interaction at 

oxides
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Figure 2.7 
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has taken place



ʼ

2.4.3 Organic coatings and representative molecules

a

 (at the end of the chapter) (please refer to 

Δ



2.4.4 Macroscopical mechanical adhesion testing 



Table 2.7

coating adhesion

Test Test standard 

or reference

Advantage Disadvantage

Tape Test

2.4.5 Failure

mode



2.4.6 Relation between bonding and adhesion

ʼs 





Figure 2.8 



Figure 2.9

Itʼ



Table 2.6a.

Δ
A
≡ IE   EPS - pK  K

A(A)

Organic acid pKA(A) SiO2 Al2O3 MgO

Trichloroacetic acid

Ethanol

Table 2.6b.

Δ
A
≡ IE   EPS - pK  K

A(B)

Organic Base pKA(B) SiO2 Al2O3 MgO

Urea
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Chapter 3 - Experimental





3.1 Introduction

3.2 Materials

3.2.1 Substrates 

3.2.1.1 Aluminium alloy AA1050

×

3.2.1.2 Aluminium alloy AA5182

×



Table 3.1

Element AA1050 AA5182 AZ31

Mg

Si

Mn

Ti

3.2.1.3 Magnesium alloys

3.2.1.4 Vacuum evaporated metals



3.2.2 Preparation 

3.2.2.1 Solvents and cleaning

3.2.2.2 Grinding and polishing

μ

Table 3.2. 

  

Step
Plane 

grinding

Fine 

grinding

Diamond 

polish 1

Diamond 

polish 2

Diamond 

polish 3

Oxide 

polish

grain size μ μ μ μ μ

Red Red
Disc speed 

Until plane

3.2.3 Molecules

3.2.2.1 Succinic acid



3.2.2.2 Dimethyl terephthalate (DMT)

Figure 3.1 Chemical structure of succinic acid

Figure 3.2 Chemical  structure of di-methyl terephtalate (DMT, left) and polyethylene 

terephthalate (PET, right)

3.2.4 PETG coatings

μ

reaction, which is as follows






3.3 Pre-treatments and application methods

3.3.1 Pre-treatments of alloys

3.3.1.1 Alkaline Pretreated Aluminum

3.3.1.2 Pseudoboehmite Oxide



3.3.1.3 Acid Pretreated Aluminum

3.3.1.4 Dehydroxylated Aluminum

3.3.1.5 Temperature sensitization

3.3.2 Application of molecules

3.3.2.1 Succinic acid

3.3.2.2 DMT



3.4 Experimental equipment and methods

∆

 

and Mg

RAS)



3.4.3 Asymmetrical Double Cantilever Beam

Crack propagation was performed in an ADCB set-up mounted in a reflection optical 

microscope, see figures 3.3. and 3.4. For details on ADCB experiments and related 

issues reference is made to [10] and [11]. In ADCB the energy release rate G(a) is 

calculated with the most important input parameter the measured crack length a. 

This is done by using [11]: 

      (3.1)

with E1 = 2 GPa and E2 = 70 GPa, which are the Young’s moduli  of PETG and an 

aluminium alloy respectively, Δ the fixed crack opening set by the thickness of a 

razor blade (100 µm). Λ = C13E2h23 + C23E1h13 and Ci = 1 + 0.64 hi/a and i = 1, 2. In 

practice a >>  h1 , h2, which are the thickness of the coating and the substrate, 

respectively. C1 and C2 are introduced due to the mixed mode of de-lamination of 

the two different materials. Taken into Δ is a mathematical correction factor for the 

fact that the crack runs through the interface and not exactly through the centre of 

the total thickness of coating and substrate. Also at all  times, for the remaining 

adhering portion of the beam L, L >> a should hold. 

From the prepared samples, the PETG film was lifted by hand with a razor blade 

from the substrate to initiate a crack. Another razor blade (thickness 100 µm) was 

inserted at the interface. The crack front was observed through the PETG with a 

CCD camera of an Olympus microscope with macro objective. In the experiment 

the position of the knife is fixed, and the sample is clamped on one side of the 

stage. The stage with clamped sample is then pushed onto a fixed knife at the 

height of the interface between the PETG and aluminium at a speed of 20 µm/s. 

The de-lamination is followed in real-time and at certain positions a still is taken.



Figure 3.3

Figure 3.4 

3.4.4 Potentiodynamic measurements
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Synopsis



4.1 Introduction

) 

in acid 

)

Mg  

 



4.2 Results

Figure 4.1. 



4.2.1 AES analysis of chemically pre-treated samples 

 spectra that is 

 

, 

ʼ



Figure 4.2b.



Figure 4.2c. 



Figure 4.2d.

Table 4.1. 

Pre-

treatment

Alkaline Boiling Acid Dehydr-

oxylated

RT 100°C 200°C

Thickness 

4.2.2 AES analysis of heat pre-treated samples



, is indicated as an 

Figure 4.3 a. 



Figure 4.3 b.

Figure 4.3 c. 



4.3 Discussion

4.3.1 AES analysis of chemically pre-treated samples



Table 4.2. 

Pre-

treatment

Alka-

line

Boiling Acid Dehydr-

oxylated

RT 100°C 200°C

Metallic 

at 

solid 

state**

solid 

state**

Metallic 

at 

solid 

state**

*

*

4.3.2 AES analysis of heat pre-treated samples



, which is consistent 



Figure 4.4 

4.4 Conclusions
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saline environments



Synopsis

potentials, E g



5.1 Introduction and background

achieved

ʼ a

pit

pit a

a = icrit

a = icrit, E = Epit

Epit



potential (Ecorr

that Epit 

corr

Ecorr = Epit

, can 

 on 

g pit

g

Epit g

 
 
 
 


pzc

 

)
 
 




Figure 5.1. , , 

 have shown that the corrosion of 

 concentrations in the 

pit

pzc

g

 is present at 

g



Table 5.1 pit

Species pHPZC Eg References Calculated 

Epit (V vs. 

SCE)

α

α δ

* Eg pit

pit 



Figure 5.2 

, 

5.2 Results



Figure 5.3 

 



Table 5.2  

Substrate/

pretreatment

Initial OCP

(V vs. 

SCE)

Eq. OCP 

(V vs. 

SCE)

Original

Mg/Al (AES) 

concentration

Original 

oxide 

thickness 

(nm, AES)

pHPZC

calculated

with eq. 5.2



Table 5.3 

Substrate/

pretreatment

(grit #)

Initial OCP

(V vs. SCE)

Final OCP 

(V vs. SCE)

Original

Mg/Al (AES) 

concentration

Original oxide 

thickness (nm, 

AES)

 

water

pit

pit



Table 5.4 pit

Substrate/

pretreatment

(grit #)

Original

Mg/Al (AES) 

concentration

Assumed 

composition 

from eq. 5.2

IEPS 

calculated 

from eq. 5.2

“Virtual” Epit 

(V vs. SCE)

Calc. with 5.1

 

water

5.3 Discussion



, where it was 

 decreases

pit



 has an Epit

5.4 Conclusions

pit 

corr

pit

corr = Epit

pit 

 

pit g pzc
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Chapter 6 - Bonding of succinic acid and 

di-methyl terephthalate

“



Synopsis



6.1 Introduction 

in transport

positron annihilation





Figure 6.1 

6.2 Results

6.2.1 FTIR-RAS analysis of bonding of succinic acid to chemically pretreated 

aluminium alloy surfaces

 and 

 region is related to the loss of 

 region, which contains the 

 regions contains 



Figure 6.2 

 , 



Figure 6.3

νas and νs  and 

νs



Table 6.1 

Alkaline

pre-treated 

AA5182

Vacuum

Evaporated

Aluminium

Dehydroxy-

lated AA5182

Pseudo-

boehmite

AA5182

Acid 

pre-treated

AA5182 

Assignment*

Singly 

bonded 

succinic 

COO-

νas (COO-)

νs (COO-)

νs (COO-) or

CH2 wagging

*νs and νas 

given ion

Δν 

(νas νs

νs

Table 6.2 

Δν (νas νs) 

Alkaline

Pretreated 

AA5182

Vacuum

Evaporated

Aluminium

Dehydroxylat

ed AA5182

Pseudo-

boehmite

AA5182

Acid pre

treated

AA5182 

Assignment*

νas (Al-COO-)

νs (Al-COO-)

166 (bb) 175 (bb) 144 (bb) 167 (bb) 182 (bb) νas - νs

*νs and νas 

given ion



Figure 6.4

6.2.2 FTIR-RAS analysis of bonding of succinic acid on heat-treated 

aluminium alloy surfaces, vacuum evaporated magnesium and AZ31

 part of the 



Table 6.3 

Vacuum 

Evaporated

Magnesium

11 days aged 

at RT AA5182

11 days aged 

at 100°C 

AA5182

11 days aged 

at 200°C 

AA5182

Alkaline

pre-treated 

AZ31

Assignment*

νas (COO )
νas (COO-)

νs (COO-)

νs (COO-) or

CH2 wagging

*νs and νas 

given ion

Δν 

), there 

  to 



νas

Table 6.4 

Δν (νas νs) 

Alkaline

Pretreated 

AZ31

11 days aged 

at RT

AA5182

11 days aged 

at 100°C

AA5182

11 days aged 

at 200°C

AA5182

Vacuum 

Evaporated

Magnesium

Assignment*

νas (Mg/Al-

COO-)

νs (Mg/Al-

COO-)

146* 153* 146 146 142 (bb) νas - νs

νas (Mg-COO-)

νs (Mg-COO-)

~380 (ud) 367 (ud) 341 (ud) νas - νs

*νs and νas

given ion

6.2.3 FTIR-RAS analysis of bonding of dimethyl terephthalate (DMT) on 

pretreated aluminium alloy surfaces
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Figure 7.1  FTIR-RAS overview spectrum of alkaline pretreated AZ31 substrate, 

recorded with respect 
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Assignment*
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νas (Mg/Al-COO-)
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νs (Mg-COO-)

341 (ud) νas - νs

 

7.2.2 Aqueous stability of succinic acid on the differently prepared substrates
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νas ) 

δ



Figure 7.3 FTIR-spectra of several pre-treated AZ31 samples bonded with succinic 

acid after immersion in triple deionised water for 15 minutes. For clarity, some 

spectra are shown with a different vertical scaling, which is indicated by the 

multiplication factor. Spectra were recorded with respect to a background before 

immersion in succinic acid.
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νas (Mg/Al-COO-)

νs (Mg/Al-COO-)

Associated with 

water

the aging period

ν



Figure 7.4 FTIR-RAS spectra from AZ31 substrates after aging in ambient air for 

indicated periods. Spectra are shown with respect to a background prior to aging 

and therefore only show the changes that have occurred due to the aging process.

δ



7.2.4 Bonding of succinic acid molecules on aged samples

 is assigned to 

νas

νs

δ  



Figure 7.5 FTIR-RAS spectra of AZ31 after the adsorption of succinic  acid on 

substrates aged in ambient air for the indicated periods. Spectra are shown with 

respect to a background prior to immersion in succinic acid and therefore only show 

the changes due to adsorption of succinic acid.

7.2.5 Morphological characterization
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δ



Figure 7.8 Impression of the configuration of succinic  acid molecules on a mixed 

Mg/Al surface.
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